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FOREWORD

T his conference  w as the first o f  its kind to be o rgan ized  by the In ternational 
A tom ic E nergy A gency. Its m ain purpose w as to gather rep resen tatives o f  un iversi
ties, research  institu tes, governm ental agencies and industry , as well as IA EA  staff, 
to  report on and  to  assess the significance and im pact o f  nuclea r science and techno l
ogy in develop ing  countries ra th e r than to  rep o rt on a g iven  scientific  subject, w hich 
is usually  the function  o f  conferences.

O ne hundred  and tw elve partic ipan ts from  32 M em ber States and the A gency 
partic ipated . T h irty -fou r papers from  17 countries w ere p resen ted , w hich are 
included in the p roceed ings, as w ell as reports o f  th ree  w orkshops on ‘Basic and 
applied re sea rch ’, on ‘T he IA E A ’s involvem ent in the im plem entation  o f  national 
nuclear p ro g ram m es’, and on ‘Policy and  m anagem ent issues’.

T he p resen tation  o f  these reports c learly  reflects the fact that all the nuclear 
activ ities involved in the p rogram m es o f  industria lized  coun tries are  in p rogress in 
develop ing  coun tries, i.e . m ost o f  the aspects o f  applications in the field o f  nuclear 
pow er, research  reacto rs, food and ag ricu ltu re , industry and  earth  sciences, and life 
sciences. T he stage o f  developm ent o f  these activities varies considerab ly  in the 
develop ing  coun tries, as do the policies and the econom ic situation in the individual 
countries.

T he w orkshop  reports  show  the rô le o f  basic research  in creating  a scientific 
cu ltu re  and in develop ing  scientists fo r nuclea r technology , and the sp in -o ff effect o f 
nuclear activ ities in scientific  com m unities as w ell as in industry . T he necessity  o f 
p rogram m es having c lea rly  defined  long term  objectives, tak ing into account all the 
national realities and p rio rities , also  em erged  from  the d iscussions, and it is recog
nized that the A gency p lays an effective ro le as a cata lyst in im plem enting these 
p rogram m es.

T he In ternational A tom ic E nergy A gency is very  gratefu l to  the G overnm en t o f  
G reece and to the s ta ff o f  the N ational R esearch  C en tre  fo r the Physical Sciences 
D em ocritos fo r the ir valuable assistance and co -operation  in the organization  o f  this 
conference.
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KEYNO TE ADDRESS

NUCLEAR SCIENCE AND TECHNOLOGY 
IN DEVELOPING COUNTRIES: 
POTENTIAL AND PERSPECTIVES

N O R A M L Y  B IN  M U SL IM  
D epartm en t o f  T echnical C o-opera tion ,
In ternational A tom ic E nergy A gency,
V ienna

1. IN T R O D U C T IO N

It w ould  be  an  am bitious en terp rise  to  analyse the poten tia l and perspectives o f  
nuclea r science and technology  in develop ing  countries in less than  an hour. T h is is 
a  b road  subject w ith  m any com plex  facets. M any develop ing  countries a re  concerned  
w ith  all a reas o f  nuclear activ ities and fu rth er developm ent o f  these activ ities depends 
on  num erous factors the analysis o f  w hich  w ould  requ ire  m ore  tim e than w e have 
available.

I have decided , th e re fo re , to  review  only  the m ain  fields o f  nuclear science and 
technology , and to  ou tline perspectives as they  appear from  the A gency ’s v iew point.

2 . N U C L E A R  PO W E R

If  du ring  the last few  decades the peaceful app lications o f  iso topes and radiation 
have advanced m ore rap id ly  in develop ing  countries than the m eans o f  nuclear pow er 
p roduction , the reason  is undoubted ly  tha t nuclea r pow er involves considerab le  finan
c ial investm ents and req u ires  substantia] in frastruc tu re , and tha t in the field  o f  energy 
a long-term  fo recast is perhaps m ore necessary  than  in m any o th er sectors. Such a 
fo recast is com plex  and  d ifficu lt because  it has to in tegrate  a policy involving o ther 
energy  sources as w ell as a num ber o f  factors associated  w ith the national econom y 
and w ith support industries, such as the capability  o f  guaran teeing  the operational 
m ain tenance o f  the equ ipm en t, o r  outside factors such as the  p rice  o f  uran ium  o r oil. 
A  forecasting  e rro r  in this a rea  m ay have g rave  consequences because the response 
tim e o f  the ‘sy s tem s’ involved is long: fo r exam ple , an  average  o f  roughly  ten years 
is needed fo r a nuclear p o w er p rogram m e to begin  to take  p ro p e r shape.

T he success o f  a  nuclear pow er p ro jec t depends m ainly on  the follow ing: the 
availability  o f  an  adequate  and qualified  labour fo rce  a t all levels suited to  the 
im plem entation  o f  m ajo r p ro jec ts; a  decision  m aking and p lanning s tructu re  fo r pu t
ting  the p ro jec t into effect; and industrial support not only fo r construction  bu t even 
m ore fo r m ain tenance and  repa ir pu rposes.
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4 NORAMLY BIN MUSLIM

T he first im portan t step in the nuclear field  fo r a developing country  is the 
p repara tion  o f  a sound and w idely  supported  national developm ent p lan  fo r the app li
ca tion  o f  nuclear energy . W ith  such a p lan , and only w ith  such a p lan , can  the effec
tive developm ent o f  the hum an resources and  industrial in frastructu re  requ ired  be 
ensured . T his w ill open the d o o r to  all the non-pow er app lications w hich , as w e will 
see la te r, a re  o f  obvious in te rest in all a reas o f  econom ic activ ity  as w ell as the area 
o f  health , w hile pav ing  the w ay fo r the consideration  o f  nuclea r pow er if  national con 
d itions should w arran t this.

I have already  poin ted  ou t the d ifficu lties entailed  in feasib ility  studies p rio r to 
the decision  to  launch a  nuclear pow er p ro jec t. I t should  be  added  tha t those  studies 
can  only be  carried  ou t by energy  experts from  the groups involved , bu t in this area , 
perhaps m ore than  in o thers, assistance from  outside is absolu tely  necessary . M any 
o ther factors m ust also be w eighed at such  a tim e. T h ese  include the political w ill 
o f  the G overnm en t involved to  carry  th rough  such a long-term , com plex  p ro ject; the 
public understand ing  and accep tab ility  o f  nuclear pow er; the national industria l capa
b ility  to  bu ild , opera te  and m aintain  such a  p ro jec t; and , certain ly  no t least, the  avail
ability  o f  adequate  financing on  term s tha t m ake such a p ro ject econom ically  as w ell 
as technically  feasib le . I shall no t discuss here  the obvious vital subjects concerning 
the technical aspects o f  n uc lea r pow er, nam ely , nuclear safety  and  p ro tec tion , the fuel 
cycle , sto rage and decom m ission ing .

W hat are  the p rospects fo r the developm ent o f  nuclear pow er in developing 
countries?

G enerally  speaking , since energy consum ption  is a reflection  o f  a co un try ’s 
developm ent, one can p red ic t that energy  consum ption  w ill have to  increase in the 
fu ture; in th is respect, it is in teresting  to note that e lec tric ity  consum ption  is g row ing 
faster in  develop ing  coun tries than  in  industria lized  coun tries. T he vital question is 
then , at w hat rate.

T he in troduction  o f  nuclear e lectric  pow er in developing countries has been 
slow er than  anticipated . T h ere  are  today 21 nuclear units in  operation  and 18 units 
a re  u nder construction , n ine o f  them  in only tw o coun tries , nam ely Ind ia  and  the 
R epublic o f  K orea, the o thers being located in  A rgen tina , B razil, C hina, C uba, Iran , 
M ex ico , and the Philipp ines.

C onsidering  the reacto rs cu rren tly  know n to be  connected  to  the g rid  and those 
under construction , the estim ated  grow th o f  nuclear p o w er capacity  in developing 
countries up to  1990 is around  12.7 G W (e), w hich rep resen ts 10% o f  the co rrespond 
ing figure fo r all coun tries, i.e . 120.5 G W (e).

F o r the m ore  rem ote fu ture , low  IA E A  estim ates o f  nuclear elec tric  pow er 
generating  capacity  w ould be, excluding developing countries w ith cen trally  p lanned 
econom ies in E u rope , 30 G W (e) and 40  G W (e) in 1995 and 2 000 , respectively , 
w hich  w ould  rep resen t (fo r both  estim ates) 4%  o f  the total capacity .

Such forecasts should be considered  as rough estim ates only , as they involve 
unpred ic tab le  fac to rs o r developm ents , e .g . possib le  re-exam ination  o f  national plans 
fo llow ing the C hernobyl acciden t, o r the in troduction  o f  sm all- and m edium -size 
p o w er reacto rs fo r w hich econom ic assessm ents a re  in  p rogress.
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N uclear techniques have becom e essen tial tools fo r use in  research  and develop
m ent in the food and ag ricu ltu re  sector. T hese  techniques a re  used m ainly fo r the 
optim ization  o f  anim al nu trition  o r o f  the use o f  fe rtilize rs, the creation  o f  new  varie
ties o f  p lants o r m ore  effective and less harm fu l pestic ides, the erad ica tion  o f  harm ful 
insects and the p reservation  o f  foodstuffs. D evelop ing  countries have not been  slow  
in show ing in terest in these techniques and  in  using them  pro fitab ly . M ore  often  than 
not they are  engaged in  develop ing  these techniques w ith the assistance o f  the Join t 
FA O /IA E A  D iv ision  and a re  benefiting  from  approxim ately  150 technical co 
operation  pro jects.

3. FOOD AND AGRICULTURE

3.1. Animal nutrition

In m any coun tries, particu larly  in trop ical o r  sub trop ical reg ions, the shortage 
o f  m eat and m ilk  is m ainly  a resu lt o f  poo r p roductiv ity  ra ther than  insufficient 
livestock.

S ince rad ioactive tracers  can  be used  to  study the p rocesses o f  ferm en tation , the 
u tilization  o f  p ro te in  in the rum en  and assim ilation  processes in the in testine, they 
m ake it possib le  to  select inexpensive nu trien ts, such as straw , thereby  help ing  to  
increase anim al w eight and m ilk  p roduction . T hese  gains m ay also  resu lt from  better 
rep roductive  m anagem ent o f  these an im als; fo r th is pu rpose , radioim m unoassay  
(R IA ) techniques a re  used  to  determ ine  the num erous factors involved.

B oth R IA  and tra ce r techniques are  also  being used successfu lly  to  contro l 
anim al d iseases.

3.2. Pesticides and fertilizers

In  ag ricu ltu re , the in tensification  o f  c ro p  grow ing  in develop ing  countries is 
being accom panied  by a substantial increase  in the use o f  insectic ides; the use o f  fer
tilizers w ill take the sam e path . G enerally  speak ing , the use o f  fertilizers, insecticides 
and herb icides has a  beneficial e ffec t, bu t they can often  also  be harm ful due to the 
fact that such p roducts (o r by -products) a re  carried  in to  the g round  and surface 
w aters. Instances o f  eu troph ication  o f  lakes caused  by fertilizers leached from  crop 
soils a re  w ell know n.

O ptim ization  o f  the u tilization  o f  these substances calls fo r know ledge o f  the 
tran sp o rt phenom ena and effects o f  in teraction  w ith the env ironm ent to w hich they 
are  exposed a fter they have been  applied ; trace r techniques are  the p referred  
approach  to  carry ing  ou t such studies successfully . O ne can , for exam ple, determ ine 
to w hat ex ten t the rate o f  insectic ide loss depends on tem pera tu re , p rec ip ita tion , sun
shine and the type  o f  soil and crop .
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A nother im portan t nuclea r technique applied  to  help increase food production  
is seed irrad ia tion , using gam m a radiation  o r  fast neutrons to  induce m utations. The 
genetic d iversity  from  w hich  species are selected  is thereby  en larged  and , w hen com 
b ined , they are  able to  p roduce  varieties w ith the desired  p ropertie s , such as better 
y ie ld , resistance  to  unfavourab le  external conditions, salt w ater to lerance , g rea ter 
resistance to  d iseases, and  so on.

A s one m ight guess, th is technique is o f  in terest to  a  large num ber o f  developing 
coun tries. T he  IA E A  has a very  active p rogram m e in this field  and supports som e 
20 technical co -operation  p ro jects.

T he  A gency has stressed  the value o f  these techniques fo r developing countries 
and m any o f  them  are  now  in active use in the develop ing  w orld . T hese applications 
w ill continue to  expand as they  address vital concerns and a re  quite well accepted  by 
th e  pub lic . T he exact ra te  at w hich these applications w ill g row  depends on  specific 
conditions in each coun try , especially  on econom ic conditions.

3.4. Food irradiation

P reserva tion  o f  food by irrad ia tion  is a  w ell-proven  technique. It inhibits the 
germ ination  o f  vegetables; it p rolongs the ir shelf-life ; it con tro ls pathogenic agents, 
parasites and insects w hich  attack  foodstuffs, and it ensures m icrobial sterilization  o f  
spices and d ried  ingredients.

T his technique is o f  p rim e  in terest to  develop ing  coun tries, especially  those in 
trop ical reg ions, fo r p reserv ing  food p roduc ts and ensuring  d isin fection  o f  spices. 
Som e o f  these coun tries, as w ell as a num ber o f  industria lized  coun tries, have 
approved  the irrad ia tion  o f  m any products unconditionally  on a prov isional basis. The 
conclusions reached in 1981 under an in ternational food irrad ia tion  p ro jec t, w hich 
guaran teed  that p roducts irrad ia ted  at a  total average  dose below  10 k ilogray w ere 
safe , and the adoption in  1983 o f  a C odex  laying dow n standards fo r irrad ia ted  food 
a re  likely to  encourage p rog ress in the use o f  the technique. W e have seen during 
the last th ree  years in the A gency ’s technical co-opera tion  p rog ram m e a rising  
in terest am ong develop ing  M em ber States in the app lication  o f  th is technology; th is 
is a  trend  that is firm ly  under w ay. The issue o f  public understand ing  and acceptab il
ity o f  food irrad ia tion  is the m ajo r obstacle to  the rap id  expansion  o f  the application 
o f  th is techno logy . T here  is now  a general recognition  o f  the w idespread requ irem ent 
fo r g rea te r effo rt to  be m ade to  gain  the p u b lic ’s acceptance o f  the m any significant 
benefits tha t food  irrad ia tion  o ffers.

4 . IN D U S T R Y  A N D  E A R T H  SC IE N C E S

Som e applications in  the a rea  o f  industry  and the ea rth  sciences w ere  am ong the 
first nuclea r techniques to  be  developed  and  have  now  becom e estab lished  as conven
tional p rac tices often  im plem ented  on a com m ercial basis.

3.3 Mutagenesis and seed selection
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4.1. Thickness, density and level gauges

A lm ost all large paper-m ak ing  m achines a re  equipped  w ith nuclea r gauges 
prov id ing  con tinuous in fo rm ation  on the surface density  o f  the paper w hich is being 
m anufactured ; a lm ost all the  m ajo r steel m ills a re  equipped  w ith nuclear th ickness 
gauges. In add ition , level gauges a re  used fo r industria l p rocesses in th e ir thousands.

T hese devices a re  no longer the subject o f  research  and developm ent except in 
the case o f  very  specific p rob lem s. T h e ir in troduction  into the develop ing  countries 
is slow ly fo llow ing the industria lization  process. It should  be  noted  tha t the IA E A - 
U N D P  R egional C o-opera tion  P ro jec t (R C A  fo r A sia  and the P acific) is p lay ing  a 
very  positive and stim ulating  ro le  in in troducing  this type  o f  equ ipm ent in the A sia- 
Pacific  reg ion , particu larly  as fa r as p ap e r and steel gauges a re  concerned .

4.2. Tracers in industry

T he app lication  o f  trace rs  in industry  has developed  rapid ly  since W orld  W ar II. 
It p rov ides a sim ple m ethod o f  troub le-shoo ting  in the m anufacturing  industry , solves 
various m easurem en t p rob lem s and  p rov ides increasingly  sophisticated  solu tions to 
p rob lem s o f  op tim izing  p rocesses and con tro l. F o r the la tte r, the tra ce r m ethod  ow es 
its success to  the fact that it is the only technique w hich can  deal w ith  the d ispersion  
phenom enon. T h is phenom enon  is o f  crucia l im portance  in  the industria l processes 
in  w hich it is exploited  (m ixers , chem ical reactions) o r  w here it is guarded  against 
(transport o f  flu ids in p ipes).

In  m any industria lized  coun tries, this m ethod  is used on  a com m ercial basis by 
serv ice com panies and m any com panies have a specialized  service in  th is area. In 
o th er coun tries it is only app lied  in  the labora to ry  o r  on a p ilo t scale and the u tilization  
o f  tracers  in  factories is licensed  only w ith  d ifficu lty . A  m ore  liberal a ttitude w ill 
undoubtedly  em erge  here  since p rocess optim ization  is a  constan t p reoccupation  o f  
industries and eng ineering  com panies and  the trace r technique is often  the only 
applicab le  one.

T he am oun t o f  rad ioactiv ity  handled  in  in-plant tra ce r tests is a lw ays very  low  
and these tests alw ays involve very  short-lived  iso topes.

O nly a  few  developing coun tries are  successfully  using  tracers  in industry . The 
regional co-opera tion  p ro jec t already  m en tioned  (R C A  fo r A sia and th e  Pacific) is 
p rom oting  th e ir in troduction  o r  developm ent in  ten (the figu re  w ill p robab ly  soon be 
tw elve) coun tries in  th is reg ion . T h ere  is reason  to  believe  that this activ ity  is likely 
to  increase in  develop ing  coun tries since the cost o f  the necessary  in frastructu res is 
neg lig ib le  com pared  to  the benefits obtained  and it is bound  to  follow  the process o f  
industria lization .

4.3. Non-destructive testing

N uclear m ethods o f  non-destructive testing , essen tially  gam m a rad iography , are 
com m only  used  in m ost o f  the develop ing  coun tries. Q uality  con tro l o f  equipm ent is
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often  a  vital question  and also  a  com petitive factor. T his is probably  the m ain  reason  
fo r the ir w idespread  use. V arious activities ca rried  ou t at in ternational level w ith the 
partic ipa tion  o f  the IA E A  are designed to  harm on ize  the tra in ing  m ethods fo r techni
cians concerned  w ith non-destructive testing . O ne can  expect th is type o f  assay to  
increase still fu rther in  develop ing  countries in  the w ake o f  p rogress in  national 
m anufacturing  — it w ill no doubt do so in the longer run  w hen , fo r som e o f  them , 
quality  con tro l w ill b e  necessary  a t m arket level. A  g lim pse o f  the fu tu re  in  this sense 
is perhaps g iven us today by S ingapore, w here a policy  o f  purchasing  turnkey facto 
ries is pu rsued  and particu la r em phasis is p laced on the  developm ent o f  quality  con 
tro l m ethods fo r m ateria l in tended fo r export.

4.4. Radiation chemistry

T he use  o f  rad iation  as a source o f  energy  fo r d iffe ren t industria l p rocesses has 
g radually  developed  into a num ber o f  fully established applications. S tarting  in the 
early  ’fifties w ith industrial rad iation  sterilization  o f  m edical supplies, new  applica
tions cam e in  as a  resu lt o f  ex tensive fundam ental and applied  rad ia tion  research . 
R adiation-induced  m odification  o f  po lym ers w as developed into successful industrial 
p rocesses, especially  in the w ire  and cable industry , pack ing  industry , e tc. L ater, 
rad ia tion  cu ring  covered  a b road  range o f  app lications, substitu ting  and com plem ent
ing u ltrav io le t rad iation  p rocesses, heat p rocesses, and  so on.

A t p resen t, som e 150 h igh-capacity  industria l sources o f  rad iation  (m ainly 
“ C o  gam m a) a re  used  in about 45 countries fo r industria l rad iosteriliza tion . Several 
hundred  elec tron  beam  accelera to rs are  in  com m ercial use fo r d iffe ren t types o f  radi- 
aton crosslink ing  and cu ring . N ew  processes are  be ing  developed  and they are 
expected  to b ecom e com m ercial in the n ea r fu ture: rad iation  processing  o f  food 
p roducts fo r pu rposes o f  p reserva tion , rad ia tion  decontam ination  o f  w aste  p roducts 
fo r safe re-u tiliza tion  (sew age, sludge), rad iation  trea tm en t o f  industria l flue gases 
fo r env ironm ental p ro tec tion , d ifferen t b iom edical app lications, and so on.

C on tra ry  to  w hat is com m only  believed , rad iation  p rocessing  is in m any cases 
a m ore  app rop ria te  technology  fo r develop ing  coun tries than  any com peting  
technology  based on  a lternative  energy sources. Industria l rad iosterilization  is, for 
exam ple , a sim ple and re liab le  p rocess, safe fo r the env ironm ent and fo r the person 
nel handling rad iation  sources. T he safety standards applied  a re  the sam e in  develop
ing as in  the m ost developed  countries. T he  sam e cannot be said fo r com peting 
technologies based  on the use o f  toxic gases , w here the h igh safety standards in 
advanced coun tries a re  never ach ieved  in less developed  countries.

T he poten tial fo r rad iosterilization  w as recognized  long ago by developing 
coun tries, m any o f  them  having non-industria l rad iosterilization  facilities. T he 
benefits a re  ev iden t and  th e  im pact on  general standards o f  health  care  is quite sign ifi
can t. H ow ever, the benefits in  o th er spheres o f  activity  are  no t yet fully appreciated  
o r  u tilized . O ne o f  the m ain  reasons m ay w ell be the status o f  national p rogram m es 
in  rad iation  sciences and technology: rad iation  eng ineering , rad iation  physics and
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chem istry , w here  there  is a  lack  o f  in frastructu re , app rop ria te  background  and re le 
vant in fo rm ation , m aking  it d ifficu lt to  identify  industrial opportun ities and to  p repare  
and execute  industria lly  o rien ted  rad iation  technology p ro jects.

It has been  noted  in th e  past that those countries having relatively  w ell- 
developed  rad ia tion  research  program m es w ere  in a  b e tte r position  to  apply  the new  
technology  a t an  ea rlie r stage, and to  carry  ou t the tran sfe r o f  th is technology . M ore 
sophisticated  technologies such as rad iation  crosslink ing  and  cu ring  a re  being  tran s
fe rred  very  slow ly; there  are  m any d ifficu lties invo lved , m ainly due to  the lack  o f 
a national research  capability  fo r quality  con tro l, p rocess con tro l, p rocess develop
m ent, m aterial developm ent, and so on.

T he poten tia l fo r the industrial app lication  o f  rad ia ton  has been  identified  in 
m any develop ing  countries and the need w ill defin ite ly  increase , a longside general 
industria liza tion , w ith  the g row ing  necessity  fo r b e tte r standards o f  health  care , 
safety  o f  personnel, and fo r new  and b e tte r quality  p roducts, env ironm ental conserva
tion , and so on . It is obvious tha t the developm ent o f  an  adequate  in frastruc tu re  and 
prom otion  o f  rad ia tion  research  in d iffe ren t areas w ill be instrum ental in prov id ing  
the m inim al requ irem en ts fo r the developm ent and tran sfe r o f  rad iation  technolog ies.

4.5. Nuclear analytical techniques

N uclear analytical techniques, like all analy tical techniques, affect m any 
branches o f  research  and technology . T hey have been  included u nder this heading 
since the ir applications a re  particu larly  im portan t in  industry  and in the earth  
sciences. T hey  include activation  analysis by ep itherm al and fast neu trons, and v ari
ous trace r techniques such as analysis by isotopic d ilu tion , X -ray  fluorescence 
induced  by nuclear rad iation  and , by ex tension , X -ray  fluo rescence , regard less o f  the 
m ode o f  excita tion , a lthough the basic phenom enon involved is no t nuclear but 
a tom ic. T hese  techniques are  w idely  used in m any analy tical labora to ries w hich also 
deal w ith non-nuclear m ethods. A ctivation  analysis, in particu la r, is used in som e ore 
p rospecting  sec to rs, geo logy , m edicine, env ironm ental m onito ring  and industrial 
research . M any o f  the IA E A ’s technical co-opera tion  p ro jec ts concern  th e  in troduc
tion  o f  these techniques in develop ing  coun tries in  w hich a num ber o f  laboratories 
have been  set up.

T hese labo ra to ries, w hen they involve activation  analysis, a re  set up around 
nuclea r research  reacto rs o r neu tron  g enera to rs and usually  p rov ide the analytical 
support fo r the research  perfo rm ed  at the nuclea r research  cen tres as w ell as fo r o ther 
o rgan izations o f  the coun tries concerned . X -ray  fluo rescence is not dependen t on the 
availability  o f  large facilities such as a  nuclea r reacto r o r  a partic le  accelera to r; it is 
em ployed , fo r exam ple , in p rospecting  and m ining opera tions, in industry  and in v a r
ious research  institutes.

A n activation  analysis labora to ry  is often  p lanned  in  association  w ith a research  
reac to r to  p rov ide  support fo r o ther ac tiv ités, w hich a re  not alw ays determ ined  
befo rehand . T h is m ay lead to the developm ent o f  an analytical m ethod as an end in
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itse lf and no t as a m eans fo r solving a specific type o f  p rob lem . A  risk  o f  th is kind 
can be  avoided by pay ing  carefu l attention to  the needs o f  the end users o f  these 
techniques.

O ne can  p red ic t that nuclear analytical techniques w ill continue to  m ultiply in 
develop ing  coun tries. T hese requ irem en ts a re  now  w ell know n in the m ost advanced 
coun tries and the ro le o f  nuclear techniques in  relation  to  non-nuclear techniques is 
w ell understood . It seem s that these needs ex ist in develop ing  coun tries and  have ce r
tain ly  not yet been fully exp lored .

4.6. Isotope hydrology

It is a  com m onplace to  po in t out tha t w ater supply p roblem s are  crucial to  
develop ing  coun tries. N uclear techniques m aking use , first, o f  artific ial tracers , then 
o f  env ironm enta l tracers  such  as deu terium , o x y g en -18, tr itium , c a rb o n -14 and so 
on , w ere  am ong the first developed , since 1950—1955. T he p roblem s dealt w ith 
involve all the stages o f  the w ater cycle and the usefulness o f  these techn iques, e ither 
as a com plem ent to  non-nuclear techniques o r as a technique in itse lf fo r resolving 
the prob lem s encoun tered , is un iversally  recognized . N atu ra l labelling  o f  w aters by 
the stable iso topes o f  hydrogen  and oxygen o r  the rad ioactive decay o f  natural e le
m ents w hich they contain  a re  used to  overcom e d ifficu lt p rob lem s o f  relationsh ips, 
m ix tu res, o rig in , and dating .

T he IA E A  has p layed  a m ajo r role in setting up iso tope hydro logy  laboratories 
in m any develop ing  countries.

T here  is a long w ay to  go befo re  the problem s o f  w ater resources in m ost o f 
the developing coun tries are  solved — that is w hy the activ ities o f  the laboratories 
concerned  continue to  m ake headw ay and w hy o th er labora to ries w ill com e into ex is
tence . T hey w ill thus have to  face new  p rob lem s, such as w ater po llu tion , o r  have 
to  con tribu te  to  the explo ita tion  o f  natural resources such as geo therm al resources, 
w hich until now  have been unexploited .

5. N U C L E A R  M E D IC IN E

R adioactive tracers have been w idely and fru itfu lly  applied  in the m edical field 
and w hen used  in this w ay, this is generally  referred  to  as nuclear m edicine. Som e 
60 develop ing  countries now  have p rogram m es in this area.

T he trace rs  a re  used fo r d iagnostic purposes and fo r the treatm en t o f  d iseases 
as w ell as in  m edical research . T here  are fo u r m ain  ca tegories o f  app lication , c lassi
fied accord ing  to  the w ay in w hich  the rad iation  is detec ted  and the w ay in  w hich the 
tracers  are  adm in istered .

In the first category  the trace r is adm in istered  to the patient and  the radiation  
is m easured  outside the patien t. N uclear im aging o f  the o rgans o f  the body belongs 
to  th is ca tegory , fo r exam ple b ra in  scanning, as w ell as all the  tests designed  to
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describe  a  physio logical p rocess such as the excretion  o f  a labelled  m olecu le  by the 

k idney.
T he second category  is d istinguished  from  the prev ious one by the fact that the 

tra ce r contained  in a physio log ical liquid sam ple is m easured  in v itro  to  de term ine , 
fo r exam ple, the b lood vo lum e, to  study the absorp tion  o f  v itam ins, e tc. In  the th ird  
ca tegory  the patien t does no t receive any tra ce r and all the tests are  ca rried  ou t in 
v itro ; this is the case w ith  R IA  horm one tests.

T he last category  concerns rad io iso top ic  therapy , w hich includes the w ell- 
know n trea tm en t o f  cancer o f  the thy ro id  w ith rad ioactive  iodine.

5.1. Radioimmunoassay

R IA , w hich m akes it possib le  to  study the bo d y ’s system  o f  defence  against 
parasitic  e lem ents o r  to  m ake d iagnoses, has assum ed considerab le  im portance, p a r
ticu larly  during  the last decade , as a resu lt o f  the very  sensitive m easurem ents o f  an ti
gens o r antibodies w hich it perm its.

5.2. Nuclear imaging

N uclear im aging, w hich m akes it possib le  to  see labelled  o rgans a fter ingestion 
by the patien t o f  a rad io tracer, has undergone rem arkab le  developm ent du ring  the last 
few  years , going from  the firs t scanners to  gam m a cam eras w hich, w hen connected  
to  a  com puter, m ake possib le  w hat is today called  tom ography , o r in  o th er w ords, 
sectional im ages o f  body organs.

T hese techniques and the o ther techniques involved in nuclear m edicine call for 
h ighly  specific rad iopharm aceu tical p roducts fo r w hich there  has to be very  strict 
quality  con tro l. T he p repara tion  o f  these rad iopharm aceu tica ls g ives rise  to  a very 
active industry .

5.3. Radiopharmaceuticals

T he developm ent o f  new  rad iopharm aceu tica ls , including quality  contro l p ro ce
dures and the requ ired  instrum entation , is carried  ou t a lm ost exclusively  by the m ore 
advanced and w ell-endow ed national and  p rivate  o r com m ercial labora to ries in 
technology o rien ted  coun tries. W ith  a  few  excep tions, labora to ries in the developing 
countries have no t been  p a rt o f  th is developm ent. Inc iden ta lly , as w e all know , the 
developm ent o f  new  m arketab le  rad iopharm aceu ticals is a lengthy and costly  exer
cise , lasting in m any cases several years and requiring  considerab le  econom ic and 
hum an resources.

H ow ever, the tim e lag betw een  the m om ent a new  produc t is successfully  tested  
and approved fo r clin ical use in a technolog ical country  and the tim e w hen a sim ilar 
p roduc t is p roduced  locally , usually  at the national nuclear research  cen tre  o f  a
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develop ing  coun try , is not as long as in m any o th er areas. In som e instances the lag 
is not m ore  than  a year.

T he  above is an exam ple o f  the relatively  sm ooth flow  o f  inform ation  and know 
how  w hich has been pu t to  be tter use particu larly  in the m ore advanced o f  the 
develop ing  coun tries. O f co u rse , th e  situation  is quite d ifferen t in those less advanced 
develop ing  countries w hich  do no t im port the radiopharm aceutical kits p roduced  by 
only  a few  large com m ercial suppliers.

5.4. Radioisotope production

T here  is, how ever, ano ther related a rea  o f  nuclear m edicine w here very  little 
technological tran sfe r has occu rred , nam ely the p roduction  and supply o f  rad io iso
topes and rad io iso tope genera to rs o f  m edical im portance. T he availab le  generato r 
technology  o f  the rad io iso tope  m ost w idely used  th roughou t the w orld  in nuclear 
m edicine, nam ely " T c m, is based  on very  costly  and sophisticated  radiochem ical 
p rocedures involv ing  the p roduction  o f  fission  " M o ,  the paren t rad io iso tope o f  
m etastable technetium -99m . O nly a few  o f  the m ost advanced  industria lized  countries 
p roduce  T c-genera to rs.

D evelop ing  coun tries have found it extrem ely  d ifficu lt to  absorb  and m aster this 
technology , both  fo r econom ic reasons and  th rough  lack  o f  nuclear reactors w ith 
app rop ria te  neu tron  fluxes and  p rocessing  facilities. T hose countries im port " T c m 
genera to rs in  considerab le  quan tities, although they have nuclear research  reactors 
in  operation .

T hanks to  new  concep ts, an a lternative genera to r technology is em erg ing  now  
to facilitate the use o f  m edium  to low  pow er research  reacto rs. Som e o f  these con
cepts have already  been  know n fo r m any years; how ever, there  has not been  m uch 
p rog ress. L arge  com m ercial p roducers have no t been , and are  still not, in terested  in 
m aking advances in this technology . T here  is sim ply not enough econom ic incentive 
fo r th is. Som e o f  the develop ing  countries, how ever, have realized  tha t they could 
greatly  benefit from  these new  technologies and have there fo re  started  m ajo r research  
p rogram m es to  develop  new  radionuclide genera to rs fo r clinical use in hospitals, 
u sing  the ir o w n  nuclear research  reactors.

T he la tte r exam ple show s tha t appropriate  technolog ies, o f  in terest only to 
develop ing  countries o r  o f  m arg inal in terest to  a technological one, m ust be deve
loped by the countries w hich  need the technology. F ortunate ly , in  the case o f  genera
to r techno logy , there  a re  som e advanced developing coun tries leading the research  
in this field and sharing  th e ir  experience and results w ith  cen tres in less developed 
countries.

5.5. Future outlook

T hese are  a few  reflections on the p rob lem s o f  m anufacturing  rad iopharm aceu ti
cal p roducts in  developing coun tries. In the short and m edium  te rm , it seem s likely
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th a t m ost o f  these p roducts w ill have to  be  im ported . O ne can  also  safely assum e that 
applications based  on  rad io im m unolog ical assay w ill con tinue to  m ultip ly , particu lary  
w ith the encouragem en t o f  the IA E A , since there  are  crucial p rob lem s in th is area 
w hich , perhaps m ore than  in any o ther a rea , requ ire  in ternational co-operation .

It is m uch m ore risky to  attem pt to m ake a fo recast w ith  regard  to  nuclear im ag
ing since this technique requ ires considerab le  capital and is still undergo ing  rapid 
developm ent.

6 . T R E N D S  IN  N A T IO N A L  PR O G R A M M E S A S SE E N  IN  T H E  A G E N C Y ’S
T E C H N IC A L  C O -O P E R A T IO N  PR O G R A M M E

I have tried  to set ou t h ere  the b road  ou tlines o f  developm ents tha t a re  under 
w ay in applying nuclea r technology  in develop ing  coun tries. A no ther perspective on 
this sam e issue can  be  p rov ided  by an exam ination  o f  the In ternational A tom ic E nergy 
A gency ’s ow n technical co-opera tion  p rog ram m e and the considerab le  support that 
it g ives to national nuclear p rogram m es.

A s can be  seen from  F ig . 1, the resources availab le  to  th is p rogram m e have 
grow n  considerab ly  in  the last six years . W hile  the needs o f  develop ing  M em ber 
S tates still rem ain  beyond  the resources that the A gency has availab le , th is considera
b le  g row th  in  technical co-opera tion  resources has allow ed us to  expand  substantially  
A gency activ ities and particu larly  to  undertake  m ore  long te rm , com plex  p ro jec ts that

О
О

FIG. 1. Resources available for Agency technical co-operation programmes 1980—85 (in thousands of 
US dollars).
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Agriculture 7104.3 (21.1%)
Industry & Hydrology 4625 (13.7%)

Medicine 3178.9 (9.4%)

Safety 4597.5 (13.6%)
Other 2471.6 (7.3%)

Physics 3809.1 (11.3%)
Reactor Technology 4710.8 (14%)

General 3218.7 (9.5%)

FIG. 2. Major types of activities supported by the Agency's technical co-operation programme in 1985 
(in thousands of US dollars).

hold the prom ise  o f  having a substantial im pact on im portan t national developm ent 
issues. I should  po in t ou t tha t this g row th  in  technical co -operation  resources has 
com e at a  tim e o f  grow ing  financial constrain ts upon national governm en ts and o ther 
in ternational o rgan iza tions. T his is an indication  o f  the p rio rity  recognition  g iven by 
d ono r states to  the im portance o f  peaceful nuclear applications and the general e ffec
tiveness o f  the A gency as a  de liverer o f  assistance in  th is  field .

F ig . 2 show s p ro jec ts supported  by the A gency , g rouped  into e igh t m ajo r areas. 
O ver the last few  years , the p roportion  o f  resources go ing  into each o f  these areas 
has been  relatively  stable. W e have seen a sm all decline in p ro jec ts in the prospecting  
and m ining sec to r, w hich reflec ts the decline in the dem and fo r u ran ium  after 1980. 
T he nuclear safety sec to r has begun  to increase in  im portance during  the last five 
years , and this is a  trend  w hich can be expected  to  accelerate .

A  num ber o f  national nuclear p rogram m es in develop ing  coun tries have now  
accum ulated  sufficient experience  and tra ined  m anpow er to  be  poised  a t the po in t 
w here rapid  p rogress can  be expected  as they beg in  to  tack le  app lications that have 
m ajo r econom ic consequences. T his is particu larly  true  in L atin  A m erica  and A sia. 
I look fo rw ard  w ith considerab le  confidence to  seeing in the years ahead  the substan
tial con tribu tion  tha t these program m es w ill m ake to  national developm ent. I hope 
that the A gency can be  an  effective partner in  this p rocess.
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A bstract

THE ROLE OF RESEARCH IN NUCLEAR SCIENCE AND TECHNOLOGY.
The major inputs necessary for a programme of nuclear science and technology are: (a) adequate 

manpower and facilities to generate it; (b) a programme in basic research which will act as a springboard 
for the development of technology; (c) an adequate infrastructure and resources to carry forward the 
programme. In developing countries the facilities for training manpower in the universities are generally 
weak and insufficient. A number of steps which were taken to overcome this problem in the early ’fifties 
are discussed. Basic research in nuclear science is very often considered expensive and wasteful. The 
fact that nuclear science is multidisciplinary and involves high technology makes it worth while to invest 
in it. Examples of spin-offs in basic science and technology using facilities such as research reactors 
and accelerators are described. There are several areas of nuclear science which are directly related to 
applications in health, agriculture and industry, e.g. in the utilization of isotopes. Versatile programmes 
in these applications also require an adequate infrastructure and manpower in basic nuclear physics and 
chemistry. Safety in nuclear operations is also an interdisciplinary area in which expertise can be gener
ated only by actual experience in basic sciences. The paper illustrates this aspect, using Indian 
experience.

1. IN T R O D U C T IO N

A subject o f  th is na tu re  has to  be  in troduced  in  a h isto rical perspective. T he 
early  years o f  this cen tury  saw  the advent o f  a new  th ink ing  w hich explained  the 
m icroscop ic  w orld , and th e  developm ent o f  quantum  m echanics fo r describ ing  the 
w orld  o f  atom s and nuclei. T he d iscovery  o f  varia tions in the b ind ing  energy  o f  
nuclei, the explana tion  fo r rad ioactive  decay , the e lucidation  o f  nuclear fo rces, the 
d iscovery  o f  the neu tron , nuclear fission and  fusion w ere  som e o f  the im portant 
events tha t p receded  the nuclear age. It is im portan t to  rem em ber that all such d iscov
eries w ere  m ade by a handfu l o f  people  w ork ing  in  un iversity  labo ra to ries, m uch in 
the sam e w ay as d iscoveries in  o ther a reas o f  science. H ow ever, it w as soon  realized  
tha t nuclear fo rces a re  highly  energetic  and this energy  could  be  released  fairly  easily 
by using  the neu tron . T h is opened up am azing  possib ilities in harnessing  th is energy.

15
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It is true  that scientists at first found an app lication  fo r nuclear energy  in the 
area  o f  w ar. T he dem onstra tion  o f  this energy  at H irosh im a, and its after-effects , 
linked it perm anently  w ith  h o rro r. But even  at that tim e it w as c lea r that in the long 
run  it w ould  be extrem ely  useful as a source o f  conventional energy . A s it happened, 
bo th  these facts con tribu ted  to  preven ting  the free exchange o f  in form ation  in this 
field.

In the nex t tw o decades nuclear energy  w as associated  w ith  secret laboratories 
and classified  inform ation . B asic know ledge and technology  w ere  not fully shared 
even  betw een  coun tries that w ere  o therw ise closely  linked. T o  the un in itia ted , it 
seem ed like a  supernatural p o w er w hich cou ld  b reed  a  new  b rand  o f  colonialism . 
H ow ever, the la te r p art o f  the ’forties and early  ’fifties c learly  dem onstrated  that 
scientific  facts and technology  cannot be kept secret fo r ev er and the sam e facts could 
be d iscovered  independently  by ano ther set o f  scientists in ano ther p art o f  the w orld . 
H ence, g iven  tim e, the opening  up o f  nuclea r science to  the rest o f  the w orld  w as 
inevitable. T his rea lization  w as fo llow ed by tw o im portan t events — the ‘A tom s for 
P eace ’ p lan  o f  P residen t E isenhow er and the  In ternational C onference  o n  Peaceful 
U ses o f  A tom ic E nergy  held  under the auspices o f  the U nited  N ations. L ater, the 
In ternational A tom ic E nergy  A gency cam e into being , w hich w as set up essentially  
to  d isengage nuclear sciences from  the confinem ent o f  total secrecy  and  m ake it po s
sible fo r even  the develop ing  coun tries to  share  the la rg e  econom ic advantages that 
it o ffers. T h is has perhaps been  the single m ost im portan t step in  d ispelling  the appre
hensions o f  total destruction  loom ing la rge  behind the concept o f  nuclear energy .

It is also  essential to  recall the level o f  education  and research  in science p rev a
len t a t tha t tim e in  the  develop ing  countries. I cannot possib ly  speak fo r all coun tries, 
bu t I believe tha t Ind ia  could  very  well illustrate  the position  in the develop ing  coun
tries w hich  w ere  u nder colonial ru le. T he un iversity  system  had been in troduced  in 
India as early  as 1850. T he objectives w ere w ell defined . T he  cu rricu la , the exam ina
tio n s, in  fact the  en tire  system , w ere  designed w ith  th e  v iew  tha t the p roduc t should 
be  useful fo r the purposes o f  the S tate in govern ing  the country . H ow ever, education  
creates im agination . T he idea o f  freedom  o f  thought and  action and the consequent 
need fo r self-governm en t soon took  strong roots. T he Ind ian  people began  to u nder
stand the  vita l p art p layed  by the industrial revolution  in  the W est and  the ro le o f 
science and technology  in the econom ic grow th o f  a nation.

A few  o f  those w ho com pounded this education  w ith the cu ltu ral background  
tha t they already  possessed , started  bring ing  in new  theories and changes, both  in 
political life  and  in scientific  thought. In Ind ia  particu larly , it led  to scientific  research  
w ith  a m odem  sty le and perspective. Som e ou tstanding contribu tions w ere  m ade in 
physics and m athem atics. S rin ivasa R am anujam ’s w ork  in  basic m athem atics as w ell 
as the con tribu tions o f  R am an and Saha in physics are  w ell-know n. T he nature  and 
quality  o f  research  in the un iversities at tha t tim e reflected  the background  o f  the 
p ro fesso rs , w ho often  cam e from  the labora to ries in the W est. H ow ever, the general 
education  system  w hich w as operated  m ainly  by the S tate, on the o ther hand , w as 
ju s t adequate  to  g ive the students a rud im entary  idea o f  m odern  aspects o f  arts and
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sciences. Supported  by m eagre resou rces, innovative w ork  w as p ractically  non
ex isten t in  labora to ries tha t p rim arily  depended  on  teach ing  w ith the aid o f  dem on
stration  equipm ent im ported  from  the W est. O f course , the re  w ere som e exceptions, 
such as P ro fesso r B ose, w hose ability  to  do  experim ents in an exotic w ay is well 
know n. It is against th is backdrop  tha t m any o f  the underdeveloped  coun tries gained 
independence in the ’fo rties and early  ’fifties ju s t w hen nuclea r energy  em erged  as 
a fac to r to  contend  w ith in the W estern  w orld .

T hose o f  us w ho w itnessed this phase o f  developm ent recall the organ izational 
changes that nuclea r science had b rough t about even in the w estern  w orld . It w as no 
longer a R u therfo rd  o r a  F erm i w ork ing  w ith  ju s t a  few  people  in his laboratory . 
Individual effo rts w ere  rep laced  by w ell-o rgan ized  national labora to ries w ith  a large 
num ber o f  scientists and supporting  s ta ff  w ork ing  on several d iscip lines sim ultane
ously . A ided by the new  m anagem ent techniques th e re  w as a m anifo ld  increase in 
the m om entum  o f  p rog ress. P rog ress in nuclear technology  depended  on  m ultid is
cip linary  effo rt involving the la test techno log ies , the la test in strum entation , e lec
tron ics, m ateria ls science, and chem istry , as w ell as new  fields o f  safety , calling  for 
know ledge o f, and  su rveillance of, the effects o f  rad iation  on b io log ical system s.

It is in th is perspective that one m ust consider the various aspects associated  
w ith the in troduction  o f  nuclear science and  technology  in  a develop ing  country . T o 
in troduce nuclear sciences, it w as im pera tive  to  m ake several changes in the 
organ izational pa ttern . T he university  system  w as com pletely  inadequate. T here  
existed  no tra ined  m anpow er and no t even  the cu rricu lum  could  keep pace w ith the 
p rogress in basic  nuclear science, let alone the teaching faculty . H ow  did  som e o f 
these develop ing  countries then  bu ild  effective program m es in  nuclear science and 
technology [1]? T h is paper describes such e ffo rts , w ith  illustrations d raw n  from  the 
Ind ian  p rogram m e.

2 . BA SIC R E SE A R C H

A n effective w ay to tra in  m anpow er attuned specifically  to  the requ irem en ts o f  
a p a rticu la r science is by p rovid ing  opportun ities fo r basic  research  in tha t a rea . T he 
com plex ities o f  nuclear science cannot be  learned  sitting in an  arm chair. T he novelty 
in  in strum entation , effectively  dealing  w ith  rad iation  w hich  cannot be  perceived  by 
o u r sensory organs, and the h igh  level o f  m athem atics involved in understand ing  the 
behav iour o f  com plex  system s a re  necessary  elem ents in  tra in ing  the new  b reed  o f  
scientists. T his w as done in  Ind ia  initially  by creating  an institu te fo r fundam ental 
research , called  the T ata  Institu te  o f  Fundam ental R esearch  (T IF R ). It s tarted  w ork 
ing in  the field  o f  cosm ic rays and then  expanded  its w ork  to  nuclear physics and 
h igher m athem atics. In  the initial years g rea t em phasis w as laid  on no t only u nder
standing the theoretical w ork  done ab road , bu t also on bu ild ing up  capability  in 
instrum entation , even  if  it seem ed elem en tary . T hus, counters fo r cosm ic ray 
show ers, beta  and gam m a ray spectrom eters , the e lec tron ics tha t goes w ith them ,
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m ultichannel analysers, m ass spectrom eters and accelera to rs o f  the C ockro ft & 
W alten  and V an  de  G raa ff  types w ere all bu ilt a t th is institu te. C u rren tly  T IF R  has 
500  scientists w ork ing  in  fron tie r areas ranging from  nuclear physics and radio- 
astronom y to  m olecu lar b io logy  and abstrac t m athem atics.

A fte r the C onference  on  Peaceful U ses o f  A tom ic E nergy , m any facets o f  
n uclear technologies opened up. T o pursue these it w as necessary  to  o rgan ize  a m ul
tid iscip linary  labo ra to ry , th e  B habha A tom ic R esearch  C en tre  (B A R C ), the like o f  
w hich d id  not ex ist in any developing coun try . T he personnel fo r leading the 
p rogram m es a t B A R C  w ere ready at hand in T IFR . T he first e ffort w as in setting 
up  chem ical labora to ries fo r the ex trac tion  and purifica tion  o f  nuclear m ateria ls such 
as tho rium  and u ran ium  found  w ithin the country . S im ultaneously , a  m ultid iscip li
nary  team  w ith  physicists and engineers w as form ed to  design , build  and operate  a 
research  reacto r. T he reac to r A psara w ent critical in 1956. T he only im ported  com 
ponents in  this reac to r w ere  the en riched  uran ium  fuel elem ents from  the U nited 
K ingdom . T he  availability  o f  this reac to r stim ulated  iso tope production  and research  
into nuclear physics, condensed  m atter physics and in nuclea r technology.

A t this po in t o f  tim e it becam e necessary  to  induct a m uch la rg e r num ber o f  
young  scien tists [2]. T he need  to  deal w ith  rad iation  and  advanced technology  p e r
suaded us to  set up  a special tra in ing  institu te. C arefu lly  selected  g raduates from  the 
un iversities w ere  g iven lec tu res by the sen io r w ork ing  scientists in in terdiscip linary  
areas a long w ith a h igher level course in  the ir ow n subjects. T h is one  year 
p rog ram m e w as necessary  to  convey a percep tion  o f  nuclea r science, especially  in 
areas such as rad ia tion  physics, contro l eng ineering , advanced  m athem atics and the 
em erg ing  a rea  o f  com puter science. A fte r tra in ing , they w ere inducted  into the 
labora to ries and an  opportun ity  w as available to  pu rsue  w ork  tow ards P hD  degrees 
from  th e  un iversities . T h u s , in  effec t B A R C  becam e a p art o f  the un iversity  system  
and  this coupling has indeed  been  beneficial fo r both  sides. M anpow er developm ent 
th rough  this p rocess is show n in F ig . 1. O n  an  average about 150—200 scientists and 
eng ineers have been  tra ined  p e r y ear fo r the last 29 y ears . T h is has y ielded  over 
4000  scientists and eng ineers, w ho form  the co re  o f  the Indian  nuclear pow er 
p rog ram m e today . T h ere  has been  very little  loss th rough  the so-called b ra in  drain . 
L oss o f  tra ined  m anpow er to  advanced countries is a  very  real p rob lem  fo r several 
develop ing  coun tries, bu t ou r experience is that this loss is no t entire ly  fo r financial 
reasons. A  good w ork ing  env ironm ent can  cu t dow n th is loss. T he availability  o f  such 
a  coheren t g roup  o f  tra ined  scientists has been  one o f  the p rim ary  streng ths o f  the 
Ind ian  nuclear p rogram m e.

3. B A SIC  R E S E A R C H  A N D  IT S  A B ILITY  T O  G E N E R A T E  T E C H N O L O G Y

V ery often  it is argued  tha t basic research  is the responsib ility  o f  the universities 
and  th a t specialized  organ iza tions should concen tra te  on  app lied  sciences. It is ou r 
experience tha t there  is no d is tinc t boundary  betw een  basic  and applied  sciences. T he
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FIG. I. Yearly input o f manpower from BARC training school.

versatility  o f  a  research  scien tist com es from  his m atu re  understand ing  o f  his ow n 
subject and  o f  a m ethod  o f  th ink ing  w hich helps h im  to  m ake  innovations. T o give 
an  exam ple , analy tical chem istry  is a sub ject w hich is concerned  w ith characteriz ing  
m ateria ls on  th e  basis o f  th e ir  com position  and  purity . U p to  a  stage it u sed  chem ical 
m ethods. B ut today th ere  a re  m any innovations in analy tical chem istry  w hich have 
been  con tribu ted  by  inventions in  areas o f  nuclea r science. B asic spectroscopy , the 
m ethod  o f  characteriz ing  atom s, has benefited  enorm ously  from  the developm ent o f  
de tec to rs , com pu ter analysis system s, ho lographic g ra tings and p lasm a sources 
induced by rad io frequency . X -ray  fluorescence is ano ther exam ple w here  the capabil
ities have changed  drastica lly  fo llow ing  the rep lacem en t o f  X -ray  tubes and crystal 
spectrom eters by rad ioactive  sources and  energy-d ispersive  silicon detec to rs w ith
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T A B L E  I. IM P U R IT IE S  IN  SIL IC O N  W A FE R S 
M E A S U R E D  B Y  N E U T R O N  A C T IV A T IO N  A N A LY SIS

Concentration in pplO9

I II III

Cr 15 10 10

Cu 3 3 11

Co 0.2 2 2

As 0.1 0.1 2

Sb 0.2 0.1 0.4

Au 0.04 0.08 0.08

high reso lu tion  respectively . T h is enables m ulti-e lem ent analysis to be done in  a m at
te r  o f  m inutes. T he  p ro ton  induced X -ray em ission , ‘P ix e ’, o r  the m ethod  o f  charged 
partic le  activation  using  an  accelera to r, th e  m ass spectrom eter, the use  o f  lase rs, the 
laser R am an spectrom eter, e tc . , have all con tribu ted  in changing  the face o f  analytical 
chem istry  labora to ries. B ut this needed con tribu tions from  a varie ty  o f  fields. T he 
availability  o f  neu tron  cross-sec tions, fo r instance, is a  necessity  fo r neu tron  ac tiva
tion  analysis. T he ability  to  p roduce  transportab le  neutron  sources o f  252C f  has m ade 
it possib le  to  use these analytical techniques in the field  and in  sm all laboratories.

T he  com bination  o f  the large  neutron  flux from  research  reactors and  the high 
reso lu tion  detec to rs fo r gam m a ray spectrom etry  w ith enhanced  efficiency has tran s
form ed neu tron  activation  analysis (N A A ) [3] in to  a  m atu re analy tical too l, p roviding 
rap id , quan tita tive, sim ultaneous, m ulti-e lem ent analysis fo r im purities dow n to sub- 
ppb  concen tra tion  levels. A pplication  o f  N A A  to  o th er d iscip lines such as a rchaeo l
ogy , health , the env ironm ent, forensic  science and earth  science a re  realized  through 
a  com bination  o f  trace  elem en t concentration  m easurem ents and m ultivariate  analysis 
o f  th e  data  genera ted  th rough  pattern  recognition . S tudies on  positron  annihilation  
have led to  the developm ent o f  a trip le  coincidence m easurem en t fo r enhancing  speci
ficity in the estim ation  o f  activation  p roducts w hich a re  positron  em itters. This has 
opened  the  possib ility  o f  ob tain ing  inform ation  even on the chem ical state [4].

T he po in t I w ish  to  m ake w ith the help  o f  this exam ple is tha t w ork  on  basic 
aspects natu rally  dovetails in to  vital applied  areas. Instrum ental neu tron  activation  
has been  applied  to  the characterization  o f  h igh  purity  silicon w afer and T able I gives 
the results fo r som e specific e lem ents in a  se t o f  sam ples; th e  p ractical lim it o f  de tec
tion  is b e tte r by an o rd e r o f  m agnitude fo r optim al p aram eters o f  sam ple size, d u ra 
tion o f  irrad ia tion , coo ling  and counting . T hese studies a re  vital fo r all sem iconductor 
dev ices w hich  a re  th e  hea rt o f  m odern  e lec tron ics. T ab le  II g ives th e  resu lts fo r the
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T A B L E  II. R A R E  E A R T H  IM P U R IT IE S  IN  H IG H  P U R IT Y  
T h 0 2 M E A S U R E D  BY N E U T R O N  A C T IV A T IO N  A N A L Y SIS

Element
Concentration

(pplO9)
Element

Concentration
(pplO9)

La 8 Tb < 2

Ce <30 Dy 2

Pr < 2 Er <  1

Nd < 2 0 Tm 6

Sm < 3 Yb < 2

Eu 3 Lu < 0.2

Gd < 2

individual ra re  ea rth  elem ents in h igh purity  T h 0 2, a fertile  m aterial [5]. In this 
case , p re -irrad ia tion  separa tion  to  rem ove T h  is necessary , in o rd e r to p reven t the 
fo rm ation  o f  light ra re  earth s from  fast neu tron  induced fission  o f  tho rium  and to 
m in im ize the m atrix  activ ity  arising  from  233Pa. W ithou t such characteriza tion , Th 
cannot be  accepted  as a reacto r fuel.

T he 1375 keV  resonance  in  the 19F (p ,a )160  reaction  has been  used to p rofile  
(depth  and surface  d is tribu tion ) fluo rine  in surfaces o f  m ateria ls, passivated  by con 
tro lled  exposu re , fo r use in a co rro sive  env ironm ent. F igu re  2 show s th e  resu lts fo r 
som e o f  the m ateria ls studied; also  seen is the ro le o f  surface  p repara tion /fin ish  in 
the p ick-up  o f  fluorine. T h is la tte r aspect is being looked in to  using ion beam  m odifi
cation  o f  the su rface , befo re  it is exposed  to  the fluo rine , follow ed by investigations 
o f  concen tra tion  p ro files , using ion beam  analysis (IB A ), and investigations o f  the 
chem ical state o f  the fluo rine  by e lec tron  spectroscopy  fo r chem ical analysis (E SC A ). 
T h is IBA  approach  has p rov ided  the p ro file  in fo rm ation  in an epoxy encapsulated  
coil. T his type  o f  in fo rm ation  in such m ateria ls  is not read ily  ob tainab le  using o ther 
techniques.

In forensic  science the fo llow ing is one o f  the m any in teresting  cases w here 
N A A  could  p rov ide  conclusive  deductions. A  ballpo in t pen , show n in F ig . 3 , w as 
a critical p iece o f  ev idence bu t it becam e necessary  to  determ ine  w hether it had been 
dam aged  by a bu lle t. T he testing  had to  be  en tire ly  non-destructive  fo r obvious 
reasons.

F ilte r pap er sw abs w etted  w ith d ilu te  n itric  acid  w ere used and the dam aged  su r
face w as w iped fou r tim es. T he  fifth  and sixth sw abs served  as con tro l. T he data  in 
T able III m ade it c lea r, from  the h igh  values o f  C u and Sb, that the dam age w as from  
a bu lle t jack e ted  in  copper.
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FIG. 2. Depth o f fluorine measured by l9F(p,ct)l60  reaction, using an accelerator.

Such a  m ultid iscip linary  effo rt requ ires a set-up like  B A R C . W hile  it is p laus
ib le  even  fo r develop ing  countries to set up such labora to ries by im porting  equ ip
m en t, they a re  no t likely to  y ield  results and  could  w ither aw ay fo r w an t o f  expertise , 
fo r w ant o f  in strum en ta tion  o r  fo r w ant o f  m ain tenance o f  equipm ent.

4 . U T IL IZ A T IO N  O F  R A D IO ISO T O PE S A N D  R A D IA T IO N

T he develop ing  coun tries a re  often know n fo r the poo r quality  o f  th e ir health 
serv ices, archaic  m ethods in  ag ricu ltu ra l p roduction  and  industrial ineffic iency. In 
these a reas the develop ing  coun tries look  fo r in form ation  and technology  that spill 
o v e r from  th e  m ore  advanced  countries and reach  develop ing  coun tries long after 
they  have been  invented  and  exploited . P o o r quality  seed and shortage  o f  fertilizers 
lead  to  po o r p roductiv ity . Industry  w hich opera tes w ith obso lete  im ported  m achinery  
can hard ly  ev er be  econom ically  v iable. I f  the industry  su rv ives, it is only  by paying 
the w orkers rock-bo ttom  w ages.
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FIG. 3. Picture o f a ballpoint pen through which a bullet has passed.

A nother fallou t from  the basic research  leading to  nuclear techno logy , w ith very 
fa r reach ing  econom ic and social consequences, is the p roduction  and u tilization  o f  
rad io iso topes and rad iation . T hese im pinge on ag ricu ltu re , industry  and  m edicine. 
N ote that these a re  all a reas w hich  have a special m eaning  fo r develop ing  countries, 
particu larly  i f  quantum  ju m p s are  con tem plated  to  catch  up w ith the res t o f  the w orld . 
I w ould like to  m ention  the  Ind ian  e ffo rt in  the field  o f  nuclear m edicine.

O u r experience  at B A R C  am ply  dem onstra tes that it is quite possib le  to  u nder
take production  o f  a w ide range o f  useful radio iso topes and achieve a good m easure 
o f  self-sufficiency in th is field , using m edium  flux research  reacto rs. T he isotope 
p rog ram m e o f  B A R C  w as in itiated  in the late ’fifties soon after the irrad ia tion  facili
ties in the A psara  reac to r becam e available. A ppropria te  technologies have had to  be 
developed  using indigenously  availab le  equ ipm ent. T he annual supplies o f  m edical 
radio iso topes and rad iopharm aceu ticals from  B A R C ’s new  rad iopharm aceutical 
labora to ry , IS O P H A R M , exceed  1000 cu ries . O v er 140 hospitals and m edical in sti
tu tions use these p roducts and  th e ir applications a re  benefiting  over h a lf  a m illion 
patients annually .

T he developm ent o f  this p rog ram m e w as closely  in terlinked  w ith  m anpow er 
developm ent a t u se r institu tions. T ra in ing  p rogram m es and extension  serv ices to
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T A B L E  III. N E U T R O N  A C T IV A T IO N  A N A L Y SIS  M E A S U R E M E N T  O F  Ba, 
C u , Sb A N D  Pb IN  T H E  SW A B SA M PL E S

Sample
No.

Sample description Amount in micrograms8

Filter paper swab in 0.1N HNO3 Ba Cu Sb Pb

1 1st and 2nd swab ND 70 0.2 1

2 3rd and 4th swab ND 50 0.2 1

3 5th and 6th swab ND 13 0.01 1

4 Reagent ND 0.05 0.01 1

ND = not determined.
a Nearly equal weights of filter paper were used for swabbing, hence the amounts can be compared.

m edical p rac tioners in  the areas o f  rad iation  m ed ic ine , radiological safety , rad io 
im m unoassay and  hosp ita l rad iopharm acy  have been  accorded  high prio rity  during 
the last ten years . O v er 500  m edical and param edical personnel from  u se r institutions 
have been tra ined  at B A R C . A s a resu lt, 70 new  nuclear m edicine and rad io 
im m unoassay cen tres have been  set up  in  th is country  du ring  the last six years . M any 
o f  these are  in  non-m etropo litan  a reas and  the ir activ ities have am ply dem onstrated  
the im portance o f  nuclear m edicine in ru ra l regions.

Ind igenous developm ent o f  rad iopharm aceuticais and radioim m unoassay kits 
has been  th e  m ain  im petus fo r th e  g row th  o f  nuclear m edicine in Ind ia . W hile  m any 
o f  the m ore sophisticated  app lications such as in  nuclear card io logy , o rgan  im aging 
and  dynam ic function  studies a re  now  availab le  a t w ell-equipped nuclear m edicine 
cen tres in  th e  coun try , th e  fu tu re  poten tial o f  nuclear m edicine lies in the early  detec
tion  and m anagem ent o f  infectious d iseases and endem ic d iso rders such  as thyro id  
d iseases. W ork  cu rren tly  u nder w ay at B A R C  fo r the developm ent o f  a low  cost 
rad io im m unoassay  p rocedu re  fo r screening new born  bab ies in  high risk  areas for 
neonatal hypo thyro id ism  is a  p rog ram m e w orth  m entioning in the con tex t o f  all 
develop ing  coun tries. In  the m ethod  developed  in Ind ia , b lood sam ples from  new born 
ch ild ren  a re  co llected  on  specially  treated  abso rben t p ap er and these sam ples a re  sent 
by post to  a reg ional radioim m unoassay  laboratory  fo r analysis. E ven  sem i-literate 
aux iliary  s ta ff w ork ing  in ru ral health  cen tres can co llect such sam ples and the cost 
o f  the analysis is likely  to be o f  the o rder o f  a few  rupees only [6]. R egional RIA 
cen tres a re  being  set up  in a reas w here the incidence o f  thyro id  d iso rders and the 
resu ltan t m orb id ity  is very  h igh . D evelopm ent o f  radioim m unoassay  k its fo r early  
detec tion  o f  non-pulm onary  tubercu losis and evaluating  the response to  treatm en t has 
a lso  a ttracted  considerab le  a tten tion . W ork  at regional rad iopharm aceu tical d ispens
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ing cen tres includes rad io im m unoassays o f  cancer an tigens, chem otherapeu tic  d rugs 
and labelled  m onoclonal antibodies.

T he efficacy o f  sterilization  techniques using “ C o  gam m a rays has been 
dem onstra ted  and  these a re  being used w idely  in Ind ia  fo r sterilization  o f  m edical 
p roducts. F u rth e r app lications a re  the trea tm en t o f  sew age sludge, clean ing  o f  w ater, 
e tc . T hese technologies seem  particu larly  germ ane to  the needs o f  develop ing  
coun tries.

In  the field  o f  ag ricu ltu re , basic  studies on  w ater and  fe rtilize r up take  by p lants 
th rough  the use o f  rad io tracers a re  an a rea  o f  enorm ous p ractical app lication  in 
ag ricu ltu ra l coun tries w ith  lim ited  resou rces. R adiation-induced  m utation  has helped 
to  evolve p lan ts w ith  h igh  y ield  and d isease  res istance. T h is, how ever, requires 
indigenous efforts because  it involves genera tion  o f  m utants su itable fo r a specific 
locality . T he successful m utan ts have to  be  tested  fo r several generations in  the local 
env ironm ent using  local m ethods o f  ag ricu ltu re  befo re  they can  be  d is tribu ted  to 

farm ers.
S im ilarly , in the industria l app lication  a rea , there  is a trem endous fallou t from  

the nuclear p rogram m e. Industria l rad iography  using a  cobalt source is o f  enorm ous 
help  in quality  con tro l o f  w elds and th ick  sections. In  th e  p roduction  o f  industrial 
goods, the use  o f  iso topes as trace rs , level ind icators, nucleonic  gaug ing , e tc ., is on 
the verge  o f  d ram atica lly  in fluencing  effic iency  in the p rocessing  industries. It is 
inconceivable  tha t develop ing  coun tries could  generate  m anpow er fo r all these vital 
activ ities w ithout a strong in frastruc tu re  and ded ica ted  tra in ing  p rog ram m e in basic 
nuclear physics, chem istry  and allied  subjects.

5. S A F E T Y

I w ould  a lso  like to  d raw  attention  to  the question  o f  safety in nuclear o p era
tions, w hich has tw o im portan t aspects. O ne is concerned  w ith  eng ineered  safety and 
the o th er w ith  rad iation  safety . T he la tter is a  field  in  w hich  the nuclear technology 
started  w ith the concep t o f  ze ro  risk , tak ing  p recau tions w hich , w ith to d ay ’s be tter 
understand ing  o f  th e  effec t o f  rad iation  on b io log ical life, m ight seem  absurd . A s you 
are  aw are , the perm issib le  levels o f  rad iation  have been  b rough t dow n by the IC R P. 
In the develop ing  coun tries w hich have been  supplied w ith  several k inds o f  rad iogra
phy equ ipm en t, X -ray  equ ipm en t, industria l gam m a ray equipm ent, e tc ., the  suscep
tib ility  to  acciden t is very  h igh. S tric t con tro l over opera tions requ ires team s o f  health 
physicists, rad iation  physic ists , e tc ., w ho can  advise, con tro l and  p rom ote  the safe 
use  o f  rad iation  equ ipm ent. It is only then  tha t w e can  assum e the tru s t o f  the com m on 
m an in the use  o f  nuclea r techniques. B uild ing up this confidence seem s to  be  even 
m ore  im portan t today , in  v iew  o f  the sensitiv ity  o f  som e nations to recen t rad iation  
accidents.
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In  conclusion , I w ould  like to  em phasize that there  is no reason  w hy developing 
coun tries cou ld  no t share  the  enorm ous benefits o ffered  by nuclear science and tech 
nology. H ow ever, because  o f  a  m ix  o f  science and po litics w hich is pecu liar to  this 
fie ld , it is essen tial fo r develop ing  countries to gain a certa in  am ount o f  self-reliance 
in  th e ir p rogram m es. F o r th is it is vital to  invest w isely in  nuclear research . T his 
investm ent bears fru it best w hen a strong m anpow er base is genera ted  to  sustain  th is 
e ffo rt. T hese  ob jectives can  b e  achieved even  by  in teraction  w ith in  the developing 
coun tries. In d ia ’s experience in  this field , a fte r m aking effo rts  fo r 25 y ears , sustains 
the v iew  that all these objectives can be ach ieved  w ith som e hard  w ork , som e ded ica
tion  and  som e fo resigh t in  generating  a  re levan t p rogram m e.
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A bstract

THE NEED FOR BASIC RESEARCH IN DEVELOPING COUNTRIES -  MÖSSBAUER 
SPECTROSCOPY AS AN EXAMPLE.

In olden times cultural achievements determined the rank of a country. In modem times 
progress is measured in terms of science and technology. In particular, in the nuclear field every
one wants to participate. Fortunately the nuclear field offers a wide variety of problems and 
numerous levels of sophistication. The easiest way to enter nuclear research is in the field of 
nuclear resonance, using various isotopes as nuclear probes. In particular, Mössbauer spectroscopy 
has been used very successfully by many developing countries, for example in the fields of metall
urgy, mineralogy, chemistry and archaeology. The latter discipline has been especially advanced 
by Greece and important information on the country’s heritage has been obtained. Latin America 
can serve as an example in discussing the success and difficulties of technological co-operation 
programmes. A workshop and seminar held at the end of 1985, sponsored by the IAEA and 
attended by scientists from twelve countries, led to the formation of CLAM (Committee of 
Latin American Mössbauer Spectroscopists).

“M an is a too l-using  anim al, 
w ith o u t to o ls  h e  is n o th ing . ”

T h o m as C arly le

1. C U L T U R E  A N D  C IV IL IZ A T IO N

T he p rog ress o f  m an k in d  can  be  fo llo w ed  an d  m easu red  by  
th e  c re a tio n  an d  so p h is tic a tio n  o f  new  to o ls . A lread y  in  o ld en  
tim es te c h n iq u e s  w ere  d ev e lo p ed  w h ich  m a d e  i t  p o ss ib le  to  b u ild  
such  g rea t m o n u m e n ts  as th e  E g y p tian  P y ram id s , th e  C h inese  
W all, th e  Taj M ahal a n d  th e  G reek  A cro p o lis .

L a te r , in  su cceed ing  cen tu r ie s , m as te rp ieces  o f  a r t  w ere  p ro 
du ced  in  m usic , p a in tin g , sc u lp tu re  an d  a rc h ite c tu re . T h e  cen tre s  
o f  th e se  ac tiv itie s  w ere  th e  c o u r ts  o f  k ings an d  n o b le m e n  s tead ily  
striv ing  to  su rpass o n e  a n o th e r  in  c re a tiv ity . In  th o se  tim es  cu l
tu ra l ach ie v em en ts  (leav ing  o u t  th e  m ilita ry  o n es) o f  a reg ion  o r  
c o u n try  d e te rm in e d  its  ra n k .
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TABLE I. NUCLEAR FACILITIES AND TECHNIQUES

Nuclear tools Characteristic
dimensions

Energy
range Cost (US$)

No. of 
countries

Units of instru
mentation

Large
accelerator О В GeV G$ 4 10

Reactor о to 3 (MeV) G$ 35 300

Medium
accelerator 10 m MeV M$ 40 200

Small
accelerator

Nuclear (res
onance) devices

1 m 

0.1 m

keV

keV

k$

k$
150 > 104

к = kilo -*■ X 103 M = mega -»X 106 G = giga -*• X 109

In  m o d e rn  tim es  th e  s i tu a tio n  is to  a g rea t e x te n t  sim ilar, b u t  ran k in g  no  
longer d e p e n d s  m ain ly  o n  a rtis tic  o r  c u ltu ra l ach iev em en ts . P rog ress is n ow  m e a 
su red  by  sc ience an d  te ch n o lo g ica l kn o w -h o w , ex em p lif ied  b y  g ian t fa c to rie s , 
resea rch  la b o ra to r ie s  an d  in  p a r tic u la r  n u c le a r  fac ilities.

T h is C o n fe ren ce  is d e v o te d  to  th e  su b je c t o f  n u c lea r fac ilitie s  an d  also to  th e  
w ho le  ran g e  o f  n u c le a r  te c h n iq u e s . In  th is  c o n tr ib u t io n  o n e  n u c le a r  to o l  -  th a t  is, 
M össbauer sp e c tro sc o p y  — is sing led  o u t. T h e  u se fu ln ess  an d  th e  w ide  ap p licab il
ity  o f  th is  n u c le a r  re so n an ce  m e th o d  in  sc ience , te ch n o lo g y  an d  e d u c a tio n  w ill be 
described .

2. N U C L E A R  F A C IL IT IE S  A N D  T E C H N IQ U E S

N u c lea r te c h n iq u e s  range co n sid e rab ly  in  sco p e , size an d  co s t, as show n  in  
s im plified  fo rm  in T ab le  I.

L arge acce le ra to rs  have an e x te n s io n  o f  a b o u t 1 k ilo m e tre , o p e ra tin g  in  th e  
g ig ae lec tro n v o lt (G eV ) energy  range ( 10 9 eV) and  also have a giga co s t range. T he  
d im en sio n s (D ) o f  th e  large acce le ra to rs  are  ro u g h ly  rec ip ro ca lly  p ro p o r tio n a l to  
th e  size an d  scale (S ) o f  th e  e lem en ta ry  p a rtic le  an d  s tru c tu re  o n e  is investiga ting , 
and  o n e  m ig h t w rite

D  X S =  c o n s ta n t

E ffec tiv e ly , th e re  are a b o u t te n  o f  th ese  g ia n t m ach in es  in  th e  U SA , U S S R , Ja p a n  
and  th e  E u ro p e a n  C o m m u n ity .
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W ith  th e  p o w e r re a c to rs  th e  size is o n e  o rd e r  o f  m a g n itu d e  sm aller, b u t  th e  
costs  still a p p ro a c h  th e  G $ level. A b o u t 35 c o u n tr ie s  have a  to ta l  o f  ro u g h ly  3 0 0  
reac to rs .

As fo r  acce le ra to rs  o p e ra tin g  w ell in  th e  m eg ae lec tro n v o lt (M eV ) en erg y  range 
( 10 6 eV) and  th e  m ega co s t range , an  e s tim a te d  2 0 0  u n its  ex is t in  4 0  c o u n tr ie s .

S m aller a cce le ra to rs  an d  th e  co m m o n  n u c le a r  cho ices  have sm all d im ensions, 
g enera lly  o p e ra tin g  in  th e  k ilo  energy  (keV ) as w ell as co s t (k $ )  range. T y p ica l 
n u c le a r  te c h n iq u e s  are  [ 1 ]:

n u c le a r  m ag n e tic  re so n an ce  — N M R

n u c le a r  q u a d ru p o le  re so n an ce  — N Q R

p e r tu rb e d  an g u la r c o rre la tio n  — РАС

e le c tro n  n u c le a r  d o u b le  re so n an ce  — E N D O R

R u th e rfo rd  b ack sc a tte r in g

M össbauer sp e c tro sc o p y

O n m ig h t e s tim a te  th a t  w ell above 1 0 0 0 0  u n its  o f  e q u ip m e n t fa ll in  th is  c a te 
gory  w o rld w id e .

3. D E V E L O P IN G  A N D  D E V E L O P E D  C O U N T R IE S

C o n sid erin g  th e  v a rio u s n u c le a r  te c h n iq u e s  m e n tio n e d  in  th e  p reced in g  sec
tio n , o n e  can  s ta te  th a t  v ir tu a lly  every  c o u n try  — even  th e  sm allest — can  a ffo rd  
such  to o ls , an d  in d eed  possesses th e m , e.g. A lb an ia , th e  D o m in ican  R ep u b lic , Ice lan d , 
L u x em b o u rg , P an am a , P araguay , Q a ta r, e tc . N o  o n e  w an ts  to  be  ex c lu d e d . T he  
ex is ten ce  o f  n u c le a r  to o ls  is th e  d e m o n s tra t io n  o f  be in g  a p rogressive  n a tio n . T h u s , 
th ese  to o ls  b ridge  th e  gap  b e tw e e n  d ev e lop ing  an d  dev e lo p ed  c o u n tr ie s  an d  ac c o rd 
ingly  o n e  sh o u ld  en co u rag e  c o -o p e ra tio n  b e tw een  d ev e lop ing  an d  d ev e lo p ed  c o u n 
tries. In  red u c in g  th e  d iffe ren ces  th e  sp irit sh o u ld  p rev a il th a t  w e all have  a co m m o n  
in te re s t.

In  th e  fo llo w in g , a t te n t io n  is fo cu sed  o n  th o se  n u c le a r  m e th o d s  w h ich  are 
m ain ly  based  o n  n u c le a r  re so n an ce  p h e n o m e n a , in  p a r t ic u la r  M ö ssb au er sp e c tro 
scopy .

4. M E T H O D S

In  g en era l, w e m ig h t d iv ide th e  v arious m e th o d s  in to  th re e  fo rm a l g roups:
“d esc rip tiv e” m e th o d s , “a b b re v ia te d ” m e th o d s  a n d  “n am e-tag ” m e th o d s .
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FIG. 1. The two alternatives for an experimentalist.

A m o n g  th e  d escrip tiv e  m e th o d s  w e fin d  m o s tly  th e  classical m e th o d s  an d  o ld - 
tim ers. T h e ir  n am es d e fin e  th e m , e.g. e lec trica l c o n d u c tiv ity , h e a t  c o n d u c tiv ity , 
c a lo r im e try , m ag n e tiz a tio n , e tc .

T he  “a b b re v ia te d ” m e th o d s , i.e . m e th o d s  desc rib ed  by  ab b rev ia tio n s , w h ich  are 
n u m e ro u s , w ith  n ew  o n es  c o n fro n tin g  u s  every d ay , also use  d e fin itio n s , b u t  fo r 
p ra c tic a l re a so n s  th e y  have  b e c o m e  k n o w n  by  th e ir  in itia ls  o r  ac ro n y m s, fo r  ex am 
ple: E N D O R , E SC A , E X A F S , L E E D , N M R , N Q R , P A C , SAM , SIM S, STM , X A N E S, 
X PS, e tc . M any  o f  th e se  are  n u c le a r  m e th o d s  an d  th e  re so lu tio n  o b ta in a b le  using  
th e m  o f te n  ap p ro a c h e s  th e  a to m is tic .

T he  th ird  c a te g o ry  o f  m e th o d s , “n am e-tag ” m e th o d s , com prises  th o se  n am ed  
a f te r  th e  p e rso n s  w ho  in itia te d  th e m , an d  i t  is in te re s tin g  to  tra c e  th e ir  h is to ry , in  
w h ich  ch an ce  has o f te n  p la y e d  a ro le , in  c o n tra s t to  o th e r  m e th o d s  w here  th e o re ti
c ian s — w ith  som e k in d  o f  ‘G e d a n k e n e x p e r im e n t’ —, e x p e rim e n ta lis ts , eng ineers 
a n d  o th e r s  are  invo lved  in  th e  d e v e lo p m en t. E x am p les  o f  nam e-tags are  th e  L aue 
a n d  B ragg m e th o d s , R u th e rfo rd  b ack sca tte r in g , th e  v o n  K litz ing  e ffe c t an d  th e  
M ö ssb au er e ffec t.

5. M E T H O D  S P E C IA L IS T  V E R SU S  F IE L D  S P E C IA L IS T

S c ien tif ic  d isc ip lines  a n d  also th e  to o ls  o f  sc ience  are  u n d e rg o in g  ra p id  d eve lop 
m e n t. T h ere  is a tr e n d  to w a rd s  increased  so p h is tic a tio n  an d  spec ia liza tio n . T h is 
m akes i t  necessary  fo r  an  ex p e rim e n ta lis t to  ch o o se  b e tw een  tw o  a lte rn a tiv es: he  
m u s t e ith e r  se lec t a c e rta in  m e th o d  and  ap p ly  i t  to  various fie lds, o r  h e  m u s t inv es ti
g a te  a c e r ta in  fie ld  by  v a rio u s m e th o d s . T h u s , h e  b eco m es e ith e r  a m e th o d  special
is t o r  a  fie ld  spec ia list. T hese  tw o  a lte rn a tiv es  are  sh o w n  sch em atica lly  in  F ig . 1.

I t  is a d v an ta g eo u s  fo r  sc ien tis ts  in  deve lop ing  c o u n tr ie s  to  b eco m e  m e th o d  
specia lists , fo r  th is  en ab le s  th e m  to  team  up  in  th e ir  ow n  c o u n tr ie s  a n d  also in te r 
n a tio n a lly  w ith  o th e rs  w h o  have sim ilar in te re s ts .
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6. M Ö SSB A U E R  SPE C T R O SC O P Y

M ö ssb au er sp ec tro sco p y  c o u ld  also  be  ca lled  ‘reco il-free  gam m a reso n an ce  
a b so rp tio n ’ (R G R A ). T he  rea so n  th a t  th is  is n o t  so is ex p la in ed  by  th e  u n iq u e  w ay 
in  w h ich  th e  d iscovery  w as m ad e . T he  M ö ssb au er e ffe c t is a n u c le a r  re so n an ce  
p h e n o m e n o n  w h ere  tw o  n u c le i o f  th e  sam e iso to p e  are  in  re so n an ce  via e le c tro 
m ag n e tic  q u a n ta  w h ich  are  e m itte d  in  a  so u rce  an d  a b so rb ed  in  an  ab so rb e r.
R u d o lf  M ö ssb au er’s in g en io u s d iscovery  w as th a t  th e  em ission  an d  a b so rp tio n  o f  
g am m a ra d ia tio n  can  o c c u r  in  a reco il-free  fa sh io n , i.e . in  th e  em ission  n o  energy  
exchange  w ith  th e  su rro u n d in g s  ta k e s  p lace , so th a t  th e  gam m a ray  carries  th e  
to ta l energy  o f  th e  tra n s it io n  b e tw e e n  th e  e x c ite d  s ta te  an d  th e  g ro u n d  s ta te . In  
th e  a b so rb e r  th e  reverse reco il-free  p ro cesses  ta k e  p lace . T hus, n o t  even  o n e  p h o n o n  
is c re a te d  o r  a b so rb ed  in  th e  re so n an ce  e ffe c t. F o r  th ese  reco il-free  gam m a rays 
th e  energy  is e x tre m e ly  w ell d e fin ed . A c tu a lly  th e  line  w id th  is basica lly  d e te r 
m in ed  b y  th e  H eisen b erg  u n c e r ta in ty  a n d  is iso to p e  d e p e n d e n t. A  ty p ic a l va lue  
fo r  S7F e  tu rn s  o u t  to  be  1 O '9 eV. C o n sid e rin g  th e  fa c t th a t  o n e  is dealing  w ith  
gam m a ray s  o f  th e  o rd e r  o f  104 eV, o n e  o b ta in s  a re la tive  accu racy  — o r  re so lu tio n  — 
o f  th e  m e th o d  w ith  th e  iso to p e  57F e  o f  th e  o rd e r  o f  10"9/1 0 4 =  10 “13. T h u s , fo r  
th e  f irs t  tim e  it  b ecam e  p o ss ib le  to  reso lve h y p e rf in e  in te ra c t io n s  such  as n u c lea r 
m ag n e tic  d ip o le , e le c tric  m o n o p o le  an d  q u a d ru p o le  in te ra c tio n s . T h e  e x p e rim e n t 
was also  ex c itin g  in  c o n n e c tio n  w ith  E in s te in ’s th e o ry  o f  re la tiv ity . O ne co u ld  
m easu re  in  a te r re s tr ia l e x p e rim e n t th e  a p p a re n t w eig h t o f  e le c tric  m ag n e tic  rad ia 
tio n  a n d  th e  g ra v ita tio n a l p o te n tia l .

7. U N IQ U E  F E A T U R E S  O F  M Ö S S B A U E R  SPE C T R O SC O PY

M össbauer sp e c tro sc o p y  is u n iq u e  in  c h a ra c te r  fo r  several reasons. In  p a r t ic u 
lar, th e  s to ry  o f  th e  d iscovery  o f  th e  e ffe c t is u n p a ra lle led . M ö ssb au er w as still a 
s tu d e n t w h en  h e  h a p p e n e d  to  s tu m b le  o n  an u n e x p e c te d  p h e n o m e n o n , observ ing  
an u n e x p e c te d  c o u n t ra te  in  h is gam m a ray  d e te c tio n  device . In g en io u s  a n d  d iligen t, 
he d id  n o t  s im ply  ig n o re  th is  s trange  o b se rv a tio n , b u t  so u g h t th e  e x p la n a tio n  o f
w h a t tu rn e d  o u t  to  be  a g re a t d iscovery . H a rry  L ip k in  h as p ro v id ed  u s w ith  a go o d
a c c o u n t o f  th e  early  stages o f  th e  e f f e c t’s h is to ry : in  th e  ‘p re h is to r ic ’ p e r io d  b e fo re  
1958 it  m ig h t have b een  d isco v ered , b u t  w as n o t. In  th a t  y e a r  th e  d iscovery  w as
m ade, b u t d is reg ard ed . A s M ö ssb au er w as w o rk in g  w ith  th e  ir id iu m  iso to p e  191Ir
a t th a t  tim e , w e m ay  call th is  th e  ‘ir id iu m  age’. T o w ard s  th e  m id d le  o f  th is  age th e
e ffe c t w as n o tic e d , b u t  n o  o n e  believed  it . G rad u a lly , b y  th e  e n d  o f  th e  ir id ium  
age, i t  w as believed  b u t  still a ro u sed  n o  in te re s t . A n d  th e n  n a tu re  s te p p e d  in  and  
p ro v id ed  th e  iro n  iso to p e  57F e . T h is  w as th e  b eg inn ing  o f  th e  ‘iro n  age’. A c tu a lly , 
M össbauer h im se lf  h a d  a lread y  rea lized  th e  su ita b ility  o f  th is  iso to p e , b u t  h ad  n o  
a p p ro p r ia te  so u rce . W ith  th e  iro n  age, a f te r  1 959 , th e  e ffe c t m ad e  a d ram a tic  
b re a k th ro u g h . A ll p rev io u s  d o u b ts  van ish ed  an d  su ch  w o n d e rfu l ap p lic a tio n s  as
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h y p e rf in e  in te ra c tio n s  an d  re la tiv is tic  e ffe c ts  w ere  d e m o n s tra te d . E specia lly  in  th e  
U SA  a fie rce  b a tt le  b ro k e  o u t ,  w ith  eve ry o n e  try in g  to  g e t som e o f  th e  rem ain in g  
g lam o u r o f  th e  a s to u n d in g  n ew  e ffec t. A n  e d ito r ia l p u b lish e d  in  P h y sica l R eview  
L e tte rs  in  A p ril 1960  c o m p la in ed  th a t  “ ... th e  tim e  has co m e  to  p u t  a d am p e r 
on  th e  in f lu x  o f  L e tte rs  o n  th e  M össbauer e f f e c t” . T h en , ju s t  th re e  y ea rs  a f te r  th e  
d iscovery , in  1961 , M össbauer w as aw ard ed  th e  N o b e l P rize  fo r  Physics. T he  p re 
d ic tio n  he  m ad e  a t th e  en d  o f  h is  speech  o f  a ccep tan ce  o f  th e  N o b e l P rize  b ecam e 
fu lly  rea lized :

“We m ay  th e re fo re  h o p e  th a t  th is  y o u n g  b ra n c h  o f  p h y sics  s tan d s  o n ly  a t  its  
th re sh o ld , an d  th a t  i t  w ill be deve loped  in  th e  fu tu re , n o t  o n ly  to  e x te n d  th e  
a p p lic a tio n  o f  ex is tin g  know ledge  b u t to  m ak e  p o ss ib le  new  advances in th e  
ex c itin g  w orld  o f  u n k n o w n  p h e n o m e n a  an d  e ffe c ts .” [2].

A n o th e r  u n iq u e  a sp ec t o f  M össbauer sp e c tro sc o p y  is th a t  n o t  o n ly  w as 
M össbauer still a s tu d e n t w h en  he  m ade  h is  o b se rv a tio n , b u t  i t  w as v ir tu a lly  fo r  h is 
firs t p u b lic a tio n  th a t  h e  rece ived  th e  co v e te d  N o b e l P rize  — ju s t  th re e  y ea rs  la te r!

T he  M össbauer e f fe c t has fo u n d  its  w ay in to  all d isc ip lines o f  n a tu ra l science: 
physics , ch e m is try , b io lo g y , m e ta llu rg y , an d  even such  e x o tic  fie lds as a r t , a rch aeo 
logy an d  m ed ic in e . C o n ce rn in g  th e  la t te r , o n e  rem ark ab le  a p p lic a tio n  co n sis ts  in  
using  th e  re so n an ce  o f  n u c le i to  m irro r  m o le c u la r  d iseases, so th e  e ffe c t is even 
b eco m in g  a v a lu ab le  d iag n o s tic  to o l.

A rch aeo lo g y  h as b een  especia lly  ad v an ced  by  G reece  an d  im p o r ta n t in fo rm a 
tio n  o n  th e  c o u n tr y ’s h e ritag e  has been  o b ta in e d .

A n o th e r  fa c t w h ich  m ak es  th is  ty p e  o f  sp e c tro sc o p y  u n iq u e  is th e  ex is ten ce  
o f  a c lose M ö ssb au er c o m m u n ity  w h ich  is fo r tu n a te  in  hav ing  a N ew s L e tte r  and  
D a ta  In d e x  regu larly  p u b lish ed  b y  J o h n  and  G in n ie  S tevens. We also a p p rec ia te  
th a t  M ö ssb au er h im se lf  is still ac tive ly  engaged in w o rk  w ith  th is  sp ec tro sco p y  
to  w h ich  h e  h a s  given h is  nam e.

F in a lly , th e  M ö ssb au er e ffe c t is a rea l gem  w ith  regard  to  e d u c a tio n  an d  th e  
te ac h in g  o f  n a tu ra l sc ience . T h e  u n ity  o f  sc ience  an d  th e  b e a u ty  o f  n a tu re  can  be 
su p erb ly  d e m o n s tra te d .

8. C O N F E R E N C E S

T he m a jo r ity  o f  sc ien tif ic  co n fe ren ces  are  fo cu sed  o n  fie ld s , i.e . m agnetism , 
low  te m p e ra tu re s , s e m ic o n d u c to rs , am o rp h o u s  m e ta ls , d e fec ts . A  co n fe ren ce  w ith  
a m e th o d  as its  su b jec t is rare . M ö ssb au er sp e c tro sc o p is ts  a re  fo r tu n a te  in  being 
ab le  to  p a r t ic ip a te  in  reg u la r n a tio n a l and  in te rn a t io n a l co n fe ren ces . T h e  fo rm er, 
fo r in s tan ce , a re  h e ld  in  B razil, C h ina , th e  U n ite d  K in g d o m , F ra n c e , th e  N e th e rlan d s  
a n d  I ta ly . In te rn a t io n a l M ö ssb au er co n fe ren ces  ta k e  p lace  every  tw o  y ea rs  and  
Fig. 2 lists th e m  in  c h ro n o lo g ica l o rd e r . M ö ssb au er co n fe ren ces  in te g ra te  all fie lds 
and  th e re fo re  so m e th in g  o f  in te re s t is o ffe re d  to  ev ery o n e .
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1958 Discovery
1959
1960 USA (III.)
1961 Nobel Prize Fronce
1962 USSR
1963 U SA ÍN Y)
196t»
1965
1966
1967 Bulgaria
1966 I
1969 Hungary
1970 I
1971 COR
1972 Israel I
1973 \ Czechoslovakia
1974 France /
1975 \ Poland
1976 Greece /
1977 Romania
1978 W a n
1979 Yugoslavia
1980 I
1981 India
1982 I
1983 USSR
1984 I
1985 Belgium
1986 I
1987 Australia
1988 i
1989 Hungary
1990 I
1991 China
1992 i
1993 Italy or Brazil

FIG. 2. International Mössbauer spectroscopy conferences.

9. A  T Y P IC A L  C A SE : L A T IN  A M E R IC A  (C LA M )

A t th e  en d  o f  1985 th e  In te rn a t io n a l A to m ic  E n erg y  A gency  o rg an ized  a 
L a tin  A m erican  S em in a r o n  E x p e rim e n ta l A sp ec ts  o f  M ö ssb au er S p ec tro sco p y .
T he o ff ic ia l o b jec tiv es  o f  th is  sem in a r w ere  s ta te d  as:

— s tim u la tio n  o f  th e  ex ch an g e  o f  in fo rm a tio n  am o n g  L a tin  A m erican  resea rch e rs  
w ho  ap p ly  M ö ssb au er sp e c tro sc o p y  in  th e ir  in v es tig a tio n s

— in itia tio n  o f  c lo ser c o -o p e ra tio n  am o n g  M ö ssb au er la b o ra to r ie s  o n  a m u lti
la te ra l basis

— o u tlin e  o f  th e  o b jec tiv e s  o f  fu tu re  c o -o p e ra tio n .

T he L a tin  A m erican  sem in ar o n  M ö ssb au er sp e c tro sc o p y  w as th e  f irs t m ee tin g  o f  
its  k in d . E ffec tiv e ly  th e  p a r t ic ip a n ts  w ere  n o t  p rev io u sly  a c q u a in te d  w ith  one  
a n o th e r . E v e ry o n e  m e t fo r  th e  f irs t tim e .

O ver a tw o -w eek  p e rio d  a series o f  le c tu re s  w as g iven by  in v ited  e x p e rts  and  
ro u n d - ta b le  d iscussions w ere  h e ld . T h e  le c tu re s  covered  su ch  to p ic s  as th e  o b je c 
tives a n d  o rg a n iz a tio n  o f  L a tin  A m erican  ac tiv itie s  in  M ö ssb au er sp e c tro sc o p y . In  
p a rtic u la r , c e r ta in  a p p lic a tio n s  o f  M ö ssb au er sp e c tro sc o p y  w ere  d iscussed  w here  th e  
co -o p e ra tio n  o f  various L a tin  A m erican  c o u n tr ie s  seem ed  p oss ib le  an d  advisab le . T he 
sem inar p ro v id e d  th e  p a r tic ip a n ts  w ith  a g o o d  o p p o r tu n ity  to  m a k e  them selves
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fam ilia r w ith  special te c h n iq u e s  an d  to  estab lish  c o n ta c ts  w ith  co lleagues an d  dis
cuss fu tu re  w o rk  w ith  th e m . A ll th e  p a r tic ip a n ts  exp ressed  a s tro n g  desire  to  have 
a sim ilar sem in ar in  tw o  y e a rs ’ tim e  in  o rd e r  to  s tre n g th e n  th e  p a rtn e rsh ip s  w h ich  
w ere fo rm ed  d u rin g  th e  co n fe ren ce .

A t th e  co n c lu s io n  o f  th e  sem inar th e  ‘C o m m itte e  o f  L a tin  A m erican  M össbauer 
S p e c tro sc o p is ts ’ (C L A M ) w as fo rm ed . P ro fe sso r R afael V enegas w as e lec ted  secre
ta ry  o f  th is  loose ly  s tru c tu re d  o rg an iza tio n  and  I w as n am ed  h o n o ra ry  co -o rd in a to r. 
In  o u r  re c o m m e n d a tio n s  to  th e  in d iv id u a l agencies o f  th e  L a tin  A m erican  co u n tr ie s  
we p ro p o se d  th a t  th e  w o rk  o n  M össbauer sp e c tro sc o p y , n o ta b ly  in  th e  fie ld s o f  
m inera logy , p h y sica l m e ta llu rg y , ch em is try  an d  a rch aeo lo g y , sh o u ld  be given g o vern 
m en ta l su p p o r t.

I t  is m y  s tro n g  c o n v ic tio n  th a t  such  p a rtn e rsh ip s  b e tw e e n  th e  so-called  
deve lop ing  an d  th e  d ev e lo p ed  c o u n tr ie s  sh o u ld  b e  in v ig o ra ted  an d  in ten s ified  by  
m u tu a l visits, w ith  resea rch  ac tiv ities  be ing  se lec ted  w h ich  are o f  in te re s t fo r  b o th  
sides. A lso , i t  is m y  ex p e rien ce  th a t ,  w h ile  th e  basic  e q u ip m e n t in  th e  develop ing  
co u n tr ie s  is o f te n  g o o d , som e sm all item s are  lack ing  w h ich  are  necessary  in  th e  
course  o f  th e  e x p e rim e n ts . M oreover, th e  e ssen tia l li te ra tu re  is o f te n  n o t  available 
in  th e  d ev e lop ing  co u n tr ie s . I f , h ow ever, a p a r tn e rsh ip  ex is ts , in fo rm a tio n  and  
l i te ra tu re  are  a u to m a tic a lly  ch an n e lled  to  th e  p a r tn e rs  involved.

O ne a d d it io n a l asp ec t sh o u ld  be em p h asized . O ne o f te n  fin d s n o w ad ay s  th a t  
sc ien tis ts  in  th e  deve lop ing  c o u n tr ie s  w o rk  w ith  g re a te r  en th u s ia sm  th a n  th o se  in 
th e  dev e lo p ed  c o u n tr ie s  w here  m o tiv a tio n  is so m etim es m issing , o r  — as i t  m ig h t 
be b e t te r  to  say — is rep laced  by  laziness. T h e  sc ien tis ts  o f  th e  develop ing  c o u n tr ie s  
o f te n  re p re se n t a  g re a t asse t to  co m m o n  p ro je c ts  becau se  th e y  c o n tr ib u te  drive 
and  en th u s ia sm .

10. C O N C L U SIO N S

In  tim es w h en  n a tio n s  a re  m oving c lo ser to g e th e r  an d  co -o p e ra tio n  o n  all levels 
is en co u rag ed  — fo r  in s tan ce , in  p o litic s , e co n o m y , te c h n o lo g y , sp o rts , e tc . — scien
tif ic  re sea rch  p lay s  a very  specia l a n d  im p o r ta n t ro le  becau se  th e  c o -o p e ra tio n  is 
m o s tly  b o th  long-lasting  a n d  q u ite  p e rso n a l. In  a d d it io n , p o litic a l p o la r iz a tio n  is 
nearly  n o n -e x is te n t because  sc ien tis ts  h a rb o u r  th e  b e lie f  th a t  n a tu re  can  o n ly  be  
a p p ro a c h e d  o b jec tiv e ly  an d  w ith o u t bias.

M ö ssb au er sp e c tro sc o p y  is a p a rtic u la rly  fav o u rab le  to o l fo r  basic  re sea rch  in 
develop ing  co u n tr ie s . I t  is re la tiv e ly  cheap . In  its  ap p licab ility  i t  spans th e  fu ll 
range o f  th e  n a tu ra l sc iences: p h y sic s , ch e m is try , b io lo g y , m e ta llu rg y , eng inee ring , 
co sm o logy  — an d  even  such  e x o tic  fie lds as a r t , a rch aeo lo g y  an d  m ed ic in e . M o re
over, M ö ssb au er sp e c tro sc o p y  is a gem  as an e d u c a tio n a l to o l.

C o n sid erin g  all th e se  fac ts , o n e  m u s t co n c lu d e  th a t  M össbauer sp ec tro sco p y  
is id ea lly  su ite d  fo r  b rid g in g  th e  gap  b e tw e e n  deve lop ing  an d  dev e lo p ed  c o u n tr ie s . 
A lso , fro m  a p h ilo so p h ic a l an d  p sy ch o lo g ica l p o in t  o f  v iew  it  seem s th a t  th e  seien-
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tis ts  w o rk in g  w ith  th is  to o l  are  try in g  to  tran sp o se  th e ir  o b se rv a tio n s  o f  n u c lea r 
re so n an ce  an d  h y p e rf in e  in te ra c tio n s  to  being  in  re so n an ce  w ith  th e i r  su rro u n d in g s  
and  hav ing  m an y  fine  in te ra c tio n s  am o n g  them selves.
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FAIRE DE LA RECHERCHE APPLIQUEE: 
POURQUOI? POUR QUI? COMMENT?

M . R A P IN , P . H A M M E R  
Institu t de recherche  technolog ique et 

de développem ent industrie l (IR D I),
C om m issaria t à  l ’énerg ie  a tom ique,
P aris , F rance

Abstract-Résum é

APPLIED RESEARCH: WHY? FOR WHOM? HOW?
Any country which wishes to master a new technology with a view to applying it industrially 

at national level needs to consider what kind and what quantity of applied research it will need to 
carry out in order to  support planned industrial development. This is a problem which faces in 
particular those countries which are currently developing various industrial applications of nuclear 
technology and accordingly have to assimilate rapidly the know-how which other countries have 
developed gradually. In these countries, applied research is an effective means not only of training 
the necessary experts but also of assimilating and mastering the knowledge transferred by others; 
it is therefore an essential factor in achieving technological and scientific independence. However, 
applied research also represents a large investment in terms of manpower and resources. Seen in 
this light, undertaking research means that the following three points must be considered: (1 ) How 
much effort is the nation prepared to  devote, for a fairly long period, to  applied research?
(2) What research subjects should be given priority? This will depend in particular on the industrial 
sectors chosen, the complexity of the work involved and the country’s scientific background;
(3) How can the applied research best be organized to make efficient use of the results obtained 
and thus to  transfer the knowledge acquired, in laboratories or in the country’s industry, as 
effectively as possible?

FAIRE DE LA RECHERCHE APPLIQUEE: POURQUOI? POUR QUI? COMMENT?
Tout pays qui veut acquérir la maîtrise d’une technologie nouvelle en vue d’une application 

industrielle nationale est amené à s’interroger sur la recherche appliquée qu’il devra faire, en 
nature et en volume, pour soutenir le développement industriel visé. Ce problème se pose en 
particulier aux pays qui se préoccupent aujourd’hui de développer les diverses applications 
industrielles des techniques nucléaires, et qui doivent alors assimiler assez rapidement un savoir 
que d’autres ont élaboré progressivement. Dans ces pays, la recherche appliquée apparaît comme 
un moyen efficace, non seulement pour former les spécialistes nécessaires, mais aussi pour assimi
ler et maîtriser les connaissances transmises par d’autres, et donc comme un élément essentiel 
pour accéder à l’autonomie scientifique et technique. Cependant, la recherche appliquée repré
sente aussi un investissement im portant en hommes et en moyens. Vu sous cet angle, l’engage
ment d’un effort de recherche requiert que l’on examine notamment les trois points suivants:
1) Quelle est l’ampleur de l’effort que la nation est prête à consacrer, pour une période assez 
longue, à la recherche appliquée? 2) Quels thèmes de recherche doivent prioritairement être 
étudiés? Ceux-ci dépendront notamment des secteurs d’activité industrielle choisis, du degré 
de complexité des travaux correspondants, de l’acquis scientifique antérieur du pays; 3) Quelle 
organisation de la recherche appliquée permet d’exploiter au mieux les résultats obtenus et donc 
de transférer, dans les meilleures conditions, les connaissances acquises dans les laboratoires ou 
l’industrie nationale?
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L a seco n d e  m o itié  de n o tre  siècle est ca rac té risée  p a r  le d év e lo p p e m en t 
rap id e  de p lu s ieu rs  te ch n o lo g ie s  nouvelles, p o u r  la  p lu p a r t  issues de  d éco u v e rte s  
ré cen te s , q u i d if fè re n t fo n d a m e n ta le m e n t de celles q u i o n t  é té  é lab o rées  ju s q u ’alors, 
e t  d o n t l’u ti lisa tio n  c ro issan te  e n tra în e  des m u ta tio n s  p ro fo n d e s  d an s l’un ivers 

in d u s trie l.
P o u r s’en  te n ir  à q u e lq u es  ex em p les  sp ec tacu la ires , o n  c ite ra  l ’é le c tro n iq u e  

sous to u te s  ses fo rm es, l’énerg ie  nucléa ire  e t ses d iverses ap p lic a tio n s , la  c o n q u ê te  
de  l’espace .

Ces te ch n o lo g ie s  fo n t le p lu s so u v en t ap p e l à  des p ro céd és  e t  à des te c h n iq u e s  
de  fa b r ic a tio n  trè s  so p h is tiq u és . D ’a b o rd  é tu d ié e s  p u is  e x p lo ité e s  d an s les p ay s les 
p lu s  in d u s tria lisé s , elles so n t en co re  a u jo u rd ’h u i en  p le in e  é v o lu tio n , m ais av an t 
m êm e q u ’e lles se s tab ilisen t c o m p lè te m e n t, leu r e m p lo i e s t d éso rm ais  envisagé p a r  
de  n o m b re u x  a u tre s  p ay s , m êm e  si ce rta in s  de  ceux-ci n ’o n t  pas en c o re  acq u is  u n e  
ex p é rien ce  in d u s tr ie lle  ép ro u v ée . P arm i les te ch n o lo g ie s  nouvelles, l’énerg ie  nu c lé 
aire  o ccu p e  u n e  p lace  p a rtic u liè re  c o m p te  te n u , d ’u n e  p a r t ,  d e  ses im p lica tio n s  
p o litiq u es , e t, d ’a u tre  p a r t ,  de ce rta in e s  sp éc ifité s  tech n iq u es .

D u  p o in t  d e  vue  p o li tiq u e ,  l ’énerg ie  nucléa ire  e s t co n sid é rée  co m m e u n  m o y e n  
d ’a ssu re r a u x  p a y s  q u i l’u ti lis e n t u n e  ce rta in e  in d é p e n d a n c e  én e rg é tiq u e , a lo rs  que  
les b eso in s én e rg é tiq u es  m o n d ia u x  ne p e u v e n t q u e  c ro î tre , à te rm e , face  à  la  ra ré 
fa c tio n  progressive des re sso u rces fossiles.

D u  p o in t  d e  vue  te c h n iq u e , l ’énerg ie  nu c léa ire  est c a rac té risée  p a r  la  d iversité  
des sp éc ia lité s  m ises en  oeuvre p o u r  son d é v e lo p p e m e n t e t p a r  des c o n tra in te s  p lu s 
sévères q u e  l ’in d u s tr ie  c lassique , n o ta m m e n t vis-à-vis de  la sû re té , de l’e n v iro n n e m e n t, 
des to lé ra n c e s  de  fa b r ic a tio n  e t de  la  q u a lité  des m a té r ia u x  u tilisés p o u r  la fa b r ic a tio n  
d e s  co m p o san ts .

L ’énerg ie  nu c léa ire  a m is m o in s  d ’u n  q u a r t  de siècle p o u r  passer d u  s tad e  de la 
rec h e rc h e  fo n d a m e n ta le  à ce lu i d ’ap p lic a tio n s  in d u s trie lle s  trè s  d iverses: p ro d u c tio n  
d ’é le c tr ic ité , p ro p u ls io n  navale , fo u rn itu re  d e  rad io é lém en ts . U n  év o lu tio n  si rap ide , 
d ém arrée  au  len d em a in  de la  seco n d e  gu erre  m o n d ia le  d an s  la p lu p a r t des p ay s  in d u s
tria lisés , n ’a é té  poss ib le  q u e  p a r  u n  tra n s fe r t des ré su lta ts  de re ch e rch e  o b te n u s  en 
la b o ra to ire  a u x  b u re a u x  d ’é tu d e s  e t au x  in s ta lla tio n s  d ’essais en  vue de le u r  ex p lo i
ta t io n  in d u s trie lle .

C ’est la  re ch e rch e  a p p liq u ée  q u i a p e rm is  ce tra n s fe r t,  d ’u n e  p a r t , en  é te n d a n t 
les trav au x , à  l’o rig in e  co n fin é s  à l ’é tu d e  des p ro b lèm es sp é c ifiq u e m e n t liés à l’a to m e , 
à to u te s  les d isc ip lines im p liq u ées  dans la m ise en  œ u v re  de  l’énerg ie  n uc léa ire  
(n e u tro n iq u e , th e rm o h y d ra u liq u e , m écan iq u e , m éta llu rg ie , ch im ie , b io log ie), 
e t, d ’a u tre  p a r t ,  en  o r ie n ta n t les rech e rch es  d ’a b o rd  co n sacrées  à l’é tu d e  d e  p h é n o 
m èn es  p h y s iq u es  fo n d a m e n ta u x  vers l’é tu d e  d e  p ro b lè m e s  te c h n iq u e s  o u  te c h n o lo 
g iques sou levés p a r  des ré a lisa tio n s  industrie lles.

L a re c h e rc h e  ap p liq u ée  se p ré se n te  en  e ffe t co m m e u n e  ac tiv ité  p e rm a n e n te  
q u i d o it a cco m p ag n e r la  m ise  au  p o in t  de to u te  te ch n o lo g ie  nouvelle  en  s’e x e rç a n t 
d ans les tro is  d ire c tio n s  p rin c ip a les  évoquées ci-après.

1. TECHNOLOGIES NOUVELLES ET RECHERCHE APPLIQUEE
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1) E n  a m o n t d e  to u te  a p p lica tio n , se tro u v e  la re c h e rc h e  de  base  q u i s’exerce
de faço n  p e rm a n e n te  d an s to u te s  les d isc ip lines in te rv e n a n t d an s le d é v e lo p p e m e n t 
de c e tte  te c h n o lo g ie , e t q u i vise, en  d e rn ie r  re s so rt, à la  c o m p ré h e n s io n  des p h é n o 
m èn es  p h y s iq u es  à trav e rs  la p o u rs u ite  des o b jec tifs  su ivan ts:

— a m é lio ra tio n  des co n n a issan ces de  base  d an s les d if fé re n te s  d isc ip lines  ( p a r  
ex em p le , les c a ra c té r is tiq u e s  des m a té r ia u x  e t  les d o n n ées  n e u tro  n iq u es);

— a m é lio ra tio n  de la co m p ré h e n s io n  des p h é n o m è n e s  p h y s iq u es  o u  ch im iq u es 
d an s  ces d if fé re n ts  d o m a in es  p o u r  a rriv e r à la  d é te rm in a tio n  des lo is q u i rég issen t 
ces p h é n o m è n e s ;

— a m é lio ra tio n  de  la m o d é lis a tio n  p a r  le ca lcu l des p h é n o m è n e s  é tu d ié s  p o u r  en  
p e rm e ttre  u n e  d e sc r ip tio n  aussi ex a c te  q u e  poss ib le  e t  d o n c  u n  d im e n s io n n e m e n t 
c o rre c t des c o m p o sa n ts  o u  des in s ta lla tio n s .

2 ) E n  s o u tie n  au  d é v e lo p p e m e n t d e  la n o u ve lle  tech n o lo g ie , o n  tro u v e  la  re ch e rch e  
a p p liq u é e  à  c o u r t  te rm e , q u i a p o u r  o b je c t if  m a je u r  de ré so u d re  les p ro b lè m e s  te c h n i
qu es o u  te c h n o lo g iq u e s  re n c o n tré s  lo rs de  la m ise en  œ u v re  de  c e tte  te ch n o lo g ie .

3 ) D ans u n e  p e rsp ec tiv e  p lu s  lo in ta in e , il y  a la re c h e rc h e  ap p liq u ée  à long  te rm e  
q u i vise à p ro p o s e r  des so lu tio n s  nouvelles p lu s  p e rfo rm a n te s  d u  p o in t de vue te c h 
n iq u e  e t p lu s  avan tageuses d u  p o in t de  vue éco n o m iq u e .

Il f a u t  en  o u tre  so u lig n e r q u e  la re c h e rc h e  a p p liq u ée  c o n s titu e  aussi u n  m o y e n  
efficace  de fa ire  se d év e lo p p e r d ’a u tre s  sec teu rs  q u e  ce lu i p o u r  leq u e l les in n o v a 
tio n s  te ch n o lo g iq u e s  o n t  é té  m ises au  p o in t  à  l’o rig ine.

C ’est a insi q u e  des te ch n o lo g ie s  dév e lo p p ées p o u r  l’énerg ie  nu c léa ire  o n t 
d o n n é  naissance à  d ’a u tre s  ac tiv ité s  de  p o in te , te lle s  q u e  l’in fo rm a tiq u e  e t l ’in te l
ligence a r tif ic ie lle , le b io m éd ica l, l’é le c tro n iq u e , la  ro b o tiq u e , la  b io -in d u s trie  e t 
le gén ie  ch im iq u e .

D ans les p a y s  q u i o n t  d e rr iè re  eu x  u n  long  passé in d u s tr ie l, la  re c h e rc h e  
a p p liq u ée  s’es t ex ercée  p ra t iq u e m e n t d ep u is  l’o rig in e  p o u r  p ro m o u v o ir  le dév e lo p 
p e m e n t de  l’in d u s tr ie : les d éco u v e rte s  ré c e n te s , n o ta m m e n t d an s le d o m a in e  de 
l’énerg ie  nu c léa ire , lu i o n t  s im p lem en t o u v e rt u n  nou v eau  ch am p  d ’ac tiv ité s  p o u r  
le la n c e m e n t de nouvelles tech n o lo g ies .

P ar c o n tre , p o u r  les p ay s q u i v e u le n t a c q u é rir  a u jo u rd ’h u i ces nouvelles 
te ch n o lo g ie s  sans s’y  ê tre  p ré p a ré s  p a r  u n e  ac tiv ité  de  re c h e rc h e  ap p liq u ée , la 
q u e s tio n  se p o se  de savo ir si, p o u r  u tilise r  ces nouvelles te ch n o lo g ie s , il e s t néces
saire de  s’engager d an s u n e  te lle  ac tiv ité . Si la  rép o n se  à c e tte  q u e s tio n  est a ffirm a
tive, il fa u t a lo rs  e x a m in e r d an s q u e l cad re  d o it s’e x e rce r c e tte  a c tiv ité  e t se lon  
que lles m o d a lité s .

Ce so n t ces q u e s tio n s  q u ’o n  se p ro p o se  d ’e x a m in e r ici, en  s’a t ta c h a n t  p lu s 
p a rtic u liè re m e n t à la  re c h e rc h e  a p p liq u ée  re la tiv e  a u  d év e lo p p e m en t de l’é le c tro - 
n u c léa ire , e t  en  s’a p p u y a n t é v e n tu e lle m e n t su r l ’ex em p le  de  la F ra n c e  q u i, dans 
ce rta in s  cas, a re n c o n tré  ce ty p e  de  p ro b lèm es.
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D eu x  so lu tio n s  p rin c ip a le s  s’o ff re n t en p rin c ip e  a u x  p ay s  qu i env isagen t 
a u jo u rd ’h u i de  s’é q u ip e r  en  cen tra le s  é lec tro n u c léa ire s  sans avo ir à re fa ire  to u te  
la d ém arch e  suivie p a r  ceux  q u i se so n t engagés les p rem ie rs  dans c e tte  voie:

1 ) L a  so lu tio n  c le fs  en m ain , se lo n  laque lle  le  c lien t co n fie  à u n  fo u rn isseu r 
é tra n g e r le so in  de c o n s tru ire , d ’e n tre te n ir , vo ire  m êm e d ’e x p lo ite r , les cen tra le s  
p révues; c e tte  so lu tio n , q u i n ’a en  fa it pas é té  u tilisée  ju s q u ’ici, p o u rra it  co n c e rn e r  
des p ay s  d o n t la ta ille  ne p e rm e t q u ’un  p ro g ram m e  n u c léa ire  trè s  lim ité .

2 ) L a loca lisa tion , c ’est-à-d ire  l’acq u is itio n  progressive  p a r  le p ay s  des cap ac ité s  
de  ré a lisa tio n  des cen tra le s  — o u  d ’usines d u  cycle  d u  co m b u s tib le  — de la c o n c e p 
tio n  à l’e x p lo i ta t io n ; c e tte  so lu tio n , g én é ra lem en t re te n u e , c o rre sp o n d  au  souci 
de ne pas rem p la c e r  u n e  d é p e n d a n c e  é n e rg é tiq u e  p a r  u n e  d é p e n d a n c e  te c h n iq u e , 
e t  im p liq u e  u n  tr a n s fe r t de  tech n o lo g ie  d o n t l’im p o rta n c e  d é p e n d  d u  degré d ’in d é 
p en d an ce  te c h n iq u e  visé e t q u i s’e ffe c tu e ra  à p a r t ir  d ’u n  p a rte n a ire  « ex p é rim en té»  
ch o is i p a r  ce pays.

D ans l ’u n  e t l ’a u tre  cas, q u o iq u e  à des degrés d if fé re n ts , le  p ay s n o u v eau  venu  
dans F é le c tro n u c lé a ire  d o it p ré a la b le m e n t se m e ttr e  en  é ta t:

— de p o u v o ir  id e n tif ie r  le ty p e  de c en tra le  su scep tib le  de ré p o n d re  à ses beso in s 
(f iliè re , p u issan ce , e tc .)  e t de  p lan ifie r  le p ro g ram m e  d ’é q u ip e m e n t so u h a ité ;

— de p o u v o ir  an a ly se r les o ff re s  q u i lu i s e ro n t soum ises, n o ta m m e n t des p o in ts  
de vue te c h n iq u e  e t é c o n o m iq u e ;

— de m e t tr e  su r p ied  u n e  in d u s trie  n a tio n a le  cap ab le  de p a r tic ip e r  de faço n  
c ro issan te  au  p ro je t,  à la  c o n s tru c tio n , à l’e x p lo i ta t io n  e t à  la  m a in te n a n c e  des 
in s ta lla tio n s .

P o u r a tte in d re  ce t o b je c tif , le pays d o it a c q u é rir  e t assim iler d an s u n  laps de 
te m p s  assez c o u r t u n  savoir e t u n e  m a tu r ité  q u e  d ’a u tre s  o n t  acq u is  p rogressive
m e n t e t au  p rix  d ’e ffo r ts  de rech e rch e  im p o rta n ts :

— co n n aissan ces sc ien tif iq u es  de  base d an s les d if fé re n te s  d isc ip lines im p liq u ées  
d an s l ’énerg ie  n u c léa ire ;

— co m p é te n c e s  te c h n iq u e s  re la tiv es au x  p ro céd és  e t au x  te ch n o lo g ie s  de  fa b r i
c a tio n ;

— savo ir-faire  in d u s trie l re la ti f  à  la ré a lisa tio n , à l’e x p lo ita tio n  e t à  la m a in ten an ce .
Si les con n a issan ces p u re m e n t sc ien tif iq u es  p e u v e n t s’a c q u é rir  p a r  le b iais de

la d o c u m e n ta tio n  e t  de  la fo rm a tio n , les co n na issances te c h n iq u e s  e t  te c h n o lo g i
q u es acqu ises p a r  u n  tr a n s fe r t de te ch n o lo g ie  ne p e u v e n t ê tre  u tilisée s  q u ’a u  te rm e  
d ’u n  p ro cessu s  d ’ass im ila tio n  o ù  le pays recev eu r d o it  jo u e r  u n  rô le  a c t i f  p o u r  q u e  
ce p ro cessu s so it efficace .

C’e s t d an s  ce c o n te x te  q u e  la re ch e rch e  ap p liq u ée  a p p a ra î t  in d isp en sab le  
car c’est elle q u i p e rm e t au  p ay s  recev eu r d ’a c q u é rir  la  m a îtr is e  de  la  te ch n o lo g ie  
im p o rté e , d ’a d a p te r  c e rta in e s  so lu tio n s  au  c o n te x te  n a tio n a l (n o ta m m e n t dans

2. LA RECHERCHE APPLIQUEE: POURQUOI?
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le  d o m a in e  de  la ré g le m e n ta tio n ) , d ’a m é lio re r c e rta in e s  o p tio n s  e t  de  p ré p a re r  
l’in d é p e n d a n c e  te c h n o lo g iq u e  n a tio n a le .

Le rô le  e ssen tie l de  la re ch e rch e  ap p liq u ée  p o u r  l’a ss im ila tio n  d ’u n  tra n s fe r t  
de te ch n o lo g ie  p e u t  ê tre  p réc isé  à l’a id e  de  l ’ex p é rien ce  fran ça ise  en  ce q u i co n ce rn e  
la te c h n o lo g ie  des ré a c te u rs  à eau  sous p ressio n  (R E P ).

L o rsq u e  fu t  d éc id é , au  d é b u t des an n ées  70 , l’en g ag em en t d u  p ro g ram m e 
é lec tro n u c léa ire  fran ça is  fo n d é  su r les R E P , la F ra n c e  d isp o sa it de  la p lu p a r t des 
co nna issances de  base  nécessaires p a r  su ite  des tra v a u x  de rec h e rc h e  e t d év e lo p p e 
m e n t q u ’elle avait engagés d ep u is  1 945 , e t  d ’u n e  ce rta in e  ex p é rien ce  de  c o n s tru c 

tio n  e t d ’e x p lo i ta t io n  re la tive , p o u r  l’essen tie l, à  la filière  U N G G .
La réa lisa tio n  des R E P  fu t  co n fiée  à F ra m a to m e , q u i b én é fic ia it d ’u n  

tra n s fe r t de te ch n o lo g ie  de W estinghouse  p a r  le b ia is  d ’u n  acco rd  de licence  
p o u r  la c o n s tru c tio n  de ces réac teu rs .

F ra m a to m e , p e n d a n t la p é rio d e  o ù  c e tte  so c ié té  a travaillé  sous licen ce  de 
W estinghouse  G usqu’en  1 9 8 1 ), n ’avait accès q u ’au x  p ro d u its  com m erc ia lisés  p a r  
le  licen c ieu r. D ans ce c o n te x te , u n  e f fo r t  n a tio n a l de  rec h e rc h e  ap p liq u é e  est 
a p p a ru  nécessa ire  p o u r:

— ass im ile r la  licence  e t c o m p re n d re  les ch o ix  te c h n o lo g iq u e s  fa its  p a r  le 
licen c ieu r;

— d év e lo p p e r p e u  à p e u  des so lu tio n s  p ro p re s  à l’in d é p e n d a n c e  te c h n o lo g iq u e  
française .

Les é tu d e s  engagées, q u i re f lé ta ie n t les p ré o c c u p a tio n s  du  c o n s tru c te u r , 
F ra m a to m e , e t  de  l’e x p lo i ta n t , E le c tric ité  de F ra n c e  (E D F ), o n t a lo rs  eu  p o u r  
o b je t:

— de c o n firm e r e t  d ’am é lio re r le  fo n c t io n n e m e n t des sy s tèm es e t  co m p o sa n ts  
é q u ip a n t les c en tra le s  en  e x p lo ita tio n , o u  à  u n  s tad e  de  c o n s tru c tio n  trè s  avancé ;

— de d év e lo p p e r e t q u a lif ie r  des m a té r ia u x , des sy s tèm es o u  des co m p o sa n ts  
m o d ifié s  o u  n o u v eau x , p o u r  en  am é lio re r les p e rfo rm an ces , la  f iab ilité , la sû re té  
e t la  m a in ten an ce .

A  p a r t ir  de 1981 , la  ré a lisa tio n  d an s de b o n n es  c o n d itio n s  d ’u n e  p a r t  sign ifi
ca tive  d u  p ro g ram m e  é le c tro n u c lé a ire  frança is  c o n firm e  l’e ff ic ac ité  de  la rech e rch e  
ap p liq u ée  e n tre p rise  en  so u tie n  au  la n c e m e n t de  ce p ro g ram m e . L e c o n s tru c te u r , 
a y a n t p le in e m e n t acq u is  la  m a îtr ise  de  la  c o n s tru c tio n  des R E P , est en  m esu re  de 
ren ég o c ie r ses a cco rd s  avec W estinghouse  su r u n e  base  d ’éga lité  e n tre  les d eu x  
p a rten a ire s .

L ’e x p é rien ce  acq u ise  lo rs  de  la  c o n s tru c tio n  p u is  de la  m ise en  service des 
tra n c h e s  a c o n d u it à o r ie n te r  la  re ch e rch e  ap p liq u ée  su r de nouvelles p réo c c u p a tio n s :

— ré so u d re  ra p id e m e n t les p ro b lè m e s  de  jeu n esse  du  p a rc  dès q u ’ils ap p a ra issen t 
(fissu res sous re v ê te m e n t en  1 980 , ru p tu re s  des b ro c h e s  des tu b es-g u id es des g rappes 
de c o n trô le  en  1 9 82 );

— q u a lif ie r  des so lu tio n s  te ch n o lo g iq u e s  p ro p re m e n t françaises p o u r  les R E P  
de la g é n é ra tio n  su ivan te  (d é v e lo p p e m e n t d u  m o d è le  N 4 );

— ré d u ire  le c o û t d u  kW -h p a r  u n e  d im in u tio n  d u  c o û t d ’in v es tissem en t, du  
co û t d ’e x p lo i ta t io n  e t d u  c o û t d u  cycle  d u  co m b u s tib le .



44 RAPIN et HAMMER

S u r ces d if fé re n ts  p o in ts , l’a p p o r t de la  re ch e rch e  ap p liq u ée  e s t d éc is if pu isq u e  
la so lu tio n  des p ro b lè m e s  de je u n e sse  a p e rm is  à l’e x p lo i ta n t d ’a tte in d re  ra p id e m e n t 
des ta u x  de  d isp o n ib ilité  élevés (82%  en  1 9 8 5 ) e t au  c o n s tru c te u r  de d év e lo p p e r 
son  p ro p re  m o d è le  de ré a c te u r  (N 4 ), d o n t la p rem iè re  tra n c h e  est en  c o n s tru c tio n  
d ep u is  19 8 4  su r le site  de C hooz .

3. LA  R E C H E R C H E  A P P L IQ U E E : P O U R  Q U I?

C om m e son  nom  l ’in d iq u e , la  re ch e rch e  a p p liq u ée  t i re  sa ju s ti f ic a t io n  essen
tie lle  des a p p lic a tio n s  in d u s trie lle s  q u ’elle p e rm e t de p ro m o u v o ir . C ’est d ire 
q u ’elle est p r in c ip a le m e n t d e s tin ée  au x  d if fé re n ts  p a rten a ire s  q u i s e ro n t im p liq u és 
dans ces ap p lic a tio n s .

P o u r q u e  la re ch e rch e  ap p liq u ée  a it sa p le in e  e ff ic ac ité , il im p o rte  d o n c  q u ’av an t 
l ’en g ag em en t de to u t  p ro g ram m e  de  rech e rch e  so ien t c la irem en t id en tif ié s , d ’u n e  
p a r t  les a c te u rs  de la  re c h e rc h e  ap p liq u ée , d ’a u tre  p a r t  les d e s tin a ta ire s  des ré su lta ts  
de  c e tte  re c h e rc h e , e t  en fin  les m écan ism es de tra n s fe r t des ré su lta ts  o b te n u s  des 
p rem ie rs  vers les seco n d s . E n  ce  q u i co n ce rn e  p lu s  p a rtic u liè re m e n t l’énerg ie  
nuc léa ire , le  succès d ’en sem b le  de la  ré a lisa tio n  d u  p ro g ram m e é lec tro n u c léa ire  
fran ça is  m o n tre  q u e  l’o rg an isa tio n  m ise en  p lace , p a r  sa s im p lic ité , o ff re  des 
avan tages ce rta in s :

— u n  seu l p ro d u c te u r  d ’é le c tr ic ité  n a tio n a l, E D F , p ro p r ié ta ire  e t e x p lo i ta n t des 
cen tra le s , ce q u i a p e rm is  de  ch o is ir u n e  seule filiè re  de ré a c te u rs , les R E P , e t de 
c o n c e n tre r  les e f fo r ts  de  re c h e rc h e  ap p liq u ée  à c o u r t te rm e  su r c e tte  seule filiè re ;

— u n  seul c o n s tru c te u r  de ch au d iè res  n uc léa ires  p o u r  les R E P , F ra m a to m e , e t 
u n  seu l c o n s tru c te u r  de g ro u p es  tu rb o a lte rn a te u rs , A ls th o m ;

— u n  in d u s tr ie l p o u r  les ac tiv ité s  re la tives au  cycle  d u  co m b u s tib le , C ogém a;
— u n  é ta b lis se m e n t de rech e rch e , le C o m m issaria t à l’énerg ie  a to m iq u e  (C E A ), 

d o n t l’u n e  des m issions p rin c ip a le s  est la R & D  co n sac rée  au  nucléa ire .
L ’o rg an isa tio n  d u  « m o n d e  nucléa ire»  n a tio n a l é ta n t  fixée , la re ch e rch e  

ap p liq u é e  sera  d e s tin ée  à te l o u  te l p a r te n a ire  se lon  les cas.
La rech erch e  a p p liq u é e  d e  base, q u i vise à la c o m p ré h e n s io n  des p h é n o m è n e s  

p h y siq u es , est d e s tin ée  à to u s  les in gén ieu rs  e t  te ch n ic ien s  q u i trav a illen t d an s  les 
d if fé re n ts  sec teu rs  de l ’énerg ie  nucléa ire . Il s’ag it, en  e ffe t, d ’a c q u é rir  e t  d ’am élio 
re r en  p e rm a n e n c e  les co n n a issan ces nécessaires au  d év e lo p p e m en t de c e tte  te c h n o 
logie nouvelle , e t  de  ce fa it , de c rée r l’e n v iro n n e m e n t sc ien tif iq u e  e t te c h n iq u e  
sans leq u e l u n  te l d é v e lo p p e m e n t e s t im possib le .

L a  rech erch e  a p p liq u ée  à c o u r t te rm e  e s t d e s tin ée  au x  p a rten a ire s  indu s trie ls . 
C eci e n tr a în e  des c o n tra in te s  p a rticu liè re s  d o n t il fa u t te n ir  c o m p te  p o u r  q u e  
c e tte  re c h e rc h e  pu isse  p le in e m e n t jo u e r  son  rô le:
1) Les p ro g ram m e s de R & D  d o iv en t p re n d re  en  c o m p te  les d em an d e s  des p a r te 
n aires in d u s trie ls  (c o n s tru c te u r  e t  e x p lo i ta n t)  en  le u r  a c c o rd a n t la  p r io r ité  a p p ro p riée .
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2) Les ré su lta ts  o b te n u s  d o iv en t ê tre  suivis p a r  leu rs  fu tu rs  u ti lisa te u rs  p e n d a n t 
l’e x é c u tio n  des p ro g ram m es, p o u r  s’a ssu re r q u ’ils ré p o n d e n t au x  q u e s tio n s  posées 
e t p e rm e ttre , le cas é c h é a n t, d ’in f lé c h ir  les é tu d es ;
3 ) Le d é ro u le m e n t des p ro g ram m e s d o it re sp ec te r u n  ca le n d rie r  co m p a tib le  
avec les p ré o c c u p a tio n s  des p a rte n a ire s  indu s trie ls .
4 )  L ’e x p lo i ta t io n  p a r  les in d u s trie ls  des ré su lta ts  o b te n u s  d o it fa ire  l’o b je t d ’un  
r e to u r  d ’ex p é rien ce  q u i p e u t n o u rr ir  la  re ch e rch e  ap p liq u ée  u lté rieu re .

Ces c o n s id é ra tio n s  p e u v e n t ê tre  co n c ré tisées  à l’a ide  de l’ex em p le  fran ça is  
d ans leq u e l la p lu s  g ran d e  p a r t de  la  re ch e rch e  ap p liq u ée  nu c léa ire  est e ffe c tu é e  
au  C E A , o rgan ism e n a tio n a l de rech e rch e .

E n  rech e rch e  de base, le  C E A  con sac re  u n  e f fo r t  p e rm a n e n t à l’a m é lio ra tio n  
des codes de  ca lcu l de n e u tro n iq u e , de th e rm o h y d ra u liq u e  e t de  sû re té  p o u r  réd u ire  
les in c e r ti tu d e s  de calcu l. Ces co d es  (p a r  ex em p le  A P O L L O  en  n e u tro n iq u e , F L IC A  
en  th e rm o h y d ra u liq u e , C A T H A R E  p o u r  la  sû re té ) so n t e n su ite  qualifiés à l’a ide  
d ’ex p é rien ces  e ffe c tu é e s  su r des in s ta lla tio n s  sp éc ifiq u es (ex p é rien ce s  c ritiq u es , 
b o u c les  d ’essais).

E n  so u tie n  au  c o n s tru c te u r , les tra v a u x  du  C E A  v isen t à l’a m é lio ra tio n  des 
R E P  e t  à la  ré d u c t io n  des c o û ts  d ’in v estissem en t. P o u r se lim ite r  à u n  seu l ex em p le , 
o n  c ite ra  les é tu d e s  re la tiv es  à la m ise  au  p o in t  d ’u n  g é n é ra te u r  de  v a p e u r de  c o n c e p 
tio n  nouvelle  dev an t é q u ip e r  le  ré a c te u r  N 4 , q u i s’ach èv en t a c tu e lle m e n t p a r  u n  te s t 
d ’en sem b le  sur la nouvelle  b o u c le  d ’essai M egève q u i v ien t d ’e n tre r  en  service.

E n  so u tie n  à l ’e x p lo i ta n t , l’ac tiv ité  de  rec h e rc h e  ap p liq u ée  d u  C E A  es t axée  
su r l ’a u g m e n ta tio n  de  la d isp o n ib ilité  des tran ch es , l ’a m é lio ra tio n  de  la soup lesse  
d u  fo n c t io n n e m e n t e t la  ré d u c t io n  des doses d u  p e rso n n e l. Là aussi n o u s  n o u s  lim i
te ro n s  à u n  ex em p le , ce lu i des g é n é ra te u rs  de v ap eu r, co n sid é rés  c e tte  fo is  d u  p o in t 
de vue de l’e x p lo i ta n t . D ans ce cas, les é tu d e s  p o r te n t  su r les causes de  m auvais 
fo n c t io n n e m e n t des c o m p o sa n ts  (p ro b lèm e s  de co rro s io n  en  p a rtic u lie r)  e t  c o n d u i
sen t à  p ro p o se r  des rem èd es  à a p p liq u e r  au x  tra n c h e s  en  fo n c t io n n e m e n t (am é lio ra 
tio n  de  la ch im ie  de l’e au ), en c o n s tru c tio n  ( tra ite m e n t th e rm iq u e  des tu b e s )  o u  en 
c o m m an d e  ( re m p la c e m e n t de  l ’In c o n e l 6 0 0  p a r l’In c o n e l 6 9 0 ).

La rech erch e  a p p liq u ée  à lo n g  te rm e , d u  fa it  q u ’elle s’in sc rit d ans u n e  p e rsp ec 
tive p lu s lo in ta in e , n ’a pas d ’a p p lic a tio n  im m éd ia te . C e tte  a c tiv ité , q u i im p liq u e  
so u v en t des in v es tissem en ts  im p o r ta n ts  sans c o n tre p a r tie  in d u s trie lle  à b rève 
éch éan ce , p ro c è d e  de  déc is ions s tra tég iq u es  prises au  n iveau  des a u to r ité s  g o u v er
nem en ta le s . L ’o rgan ism e de  rec h e rc h e  jo u e  a lo rs  le rô le  de p ro m o te u r  de  te c h n o 
log ies nouvelles, avec u n e  p a r t ic ip a tio n  lim itée  des in d u s trie ls  ta n t  q u e  ces te c h n o 
logies n ’o n t  pas a t te in t  u n e  m a tu r i té  su ffisan te  e t q u e  le c o n te x te  ne  ju s ti f ie  pas 
le u r  d é v e lo p p e m e n t com m erc ia l.

O n p e u t c ite r , à  t i t r e  d ’ex em p les  d an s ce d o m a in e , les p rem ie rs  tra v a u x  fa its  
au  C E A  p o u r  la  m ise au  p o in t de la  filiè re  des ré a c te u rs  à n e u tro n s  rap id es , e t  ceux  
q u i so n t e n  co u rs  a c tu e lle m e n t p o u r  la  m ise au  p o in t  de  la sé p a ra tio n  iso to p iq u e  
p a r  lase r (S ilva).
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L o rsq u ’elle  est associée  au  d év e lo p p e m en t de l ’énerg ie  n uc léa ire  dans u n  pays 
q u i envisage a u jo u rd ’h u i de s’é q u ip e r  en cen tra le s  é le c tro n u c léa ire s  en  v isan t u n e  
c e rta in e  « lo ca lisa tio n » , la  re c h e rc h e  ap p liq u ée  d o it  s’in scrire  d an s le  cad re  de  la 
p o li tiq u e  é n e rg é tiq u e  d u  pays. U ne te lle  p o litiq u e  e s t c a rac té risée  p a r  u n e  ce rta in e  
in e r tie , liée n o ta m m e n t au x  délais de  c o n s tru c tio n , e t  nécess ite  u n e  p ro g ra m m a tio n  
à long  te rm e  m alg ré les in c e r ti tu d e s  in é lu c tab le s  su r les p rév isions de c o n so m m a tio n . 
C’e s t d ire  q u e  la re c h e rc h e  ap p liq u ée  p o u r  l’énerg ie  n u c léa ire  ne p e u t ê tre  envisagée 
q u e  co m m e u n e  ac tiv ité  à engager de faço n  c o n tin u e  su r u n e  lo n g u e  p é rio d e .

P arm i les te ch n o lo g ie s  nouvelles, l ’énerg ie  n u c léa ire  est sans d o u te  la  p lu s 
c ap ita lis tiq u e , n o n  se u le m e n t p a r  l’im p o rta n c e  g lobale  des in v es tissem en ts  à 
c o n se n tir  p o u r  u n e  réa lisa tio n  d o n n ée , m ais aussi p a r  su ite  des m o y en s  te ch n iq u es , 
p o u r  la  p lu p a r t  trè s  so p h is tiq u és , q u ’il fa u t m e ttr e  en  œ u v re  p o u r  fa b r iq u e r  les 
d if fé re n ts  sy s tèm es e t c o m p o san ts . Il s’e n su it q u e  la rech e rch e  ap p liq u ée  p o u r  
l’énerg ie  nu c léa ire  est e lle-m êm e u n e  ac tiv ité  q u i, à te rm e , p e u t nécess ite r des 
in v es tissem en ts  im p o r ta n ts  p o u r  les la b o ra to ire s  de  m o y en s  d ’essais.

A  t i t r e  to u t  à  fa it in d ic a tif , en  F ra n c e , o ù  la lo ca lisa tio n  de la tech n o lo g ie  
des R E P  a é té  poussée  à son  te rm e , c’est-à-d ire  ju s q u ’à l’accession  à l’in d ép en d a n ce  
te c h n o lo g iq u e  c o m p lè te , les dépenses su r fo n d s  p u b lic s  p o u r  la  R & D  re la tiv e  à 
l’en sem b le  d u  nu c léa ire  « co n v en tio n n e l»  (ré a c te u rs  e t cycle  d u  c o m b u s tib le , h o rs  
ré a c te u rs  avancés te ls  q u e  les su rg én é ra teu rs)  re p ré se n ta ie n t en  1984  p rès de
2 m illia rd s  de  francs. Ce m o n ta n t  rep ré sen te  35  m illions de fran cs p a r  GWe 
in s ta llé  en  1990  e t  en v iro n  0 ,5%  d u  PIB.

B ien  e n te n d u , ces ch iffre s  c o rre sp o n d e n t au  cas ex trê m e  d ’u n  p ro g ram m e 
nu c léa ire  trè s  im p o r ta n t réalisé  avec le souc i d ’u n e  in d é p e n d a n c e  co m p lè te , ta n t  
p o u r  la  c o n s tru c tio n  des ré a c te u rs  q u e  p o u r  celle des u sines d u  cycle  d u  co m b u s
tib le ; n éan m o in s  ils ra p p e lle n t q u e  la  re c h e rc h e  ap p liq u é e  n u c léa ire , a c tiv ité  
c o û teu se , d o it ê tre  p ro g ram m é e  e t  gérée avec soin.

P o u r u n  p ay s q u i so u h a ite  s’engager dans l ’énerg ie  n uc léa ire  avec u n e  locali
sa tio n  p rogressive des m o y en s  de  réa lisa tio n  des in s ta lla tio n s , l’im p o r ta n c e  de 
l ’e f fo r t  à co n se n tir  en  m a tiè re  de rech e rch e  ap p liq u ée  dev ra  ê tre  évaluée en  te n a n t 
co m p te :

— de l’im p o rta n c e  d u  p ro g ram m e  d ’é q u ip e m e n t envisagé, l’e f fo r t  de  re ch e rch e  
d ev an t ê tre  c o h é re n t avec les ap p lica tio n s  in d u s trie lle s  p révues;

— d u  degré de lo ca lisa tio n  so u h a ité , q u i sera u n  co m p ro m is  e n tre  le désir 
d ’in d é p e n d a n c e  te c h n o lo g iq u e  d u  pays e t  les m o y en s  q u e  le p ay s p e u t  co n sacre r 
à so n  acq u is itio n .

R é su lta n t d ’u n  ch o ix  p o li tiq u e , la  re c h e rc h e  ap p liq u ée  d ’u n  p ay s q u i v eu t 
a ccéd e r a u jo u rd ’h u i à l ’énerg ie  n u c léa ire  est e ssen tie llem en t u n  so u tie n  au  tra n s fe r t 
de  te ch n o lo g ie . D ans la m esu re  o ù  le p ay s  n ’a au cu n e  ex p é rien ce  a n té r ie u re  en  
ce d o m a in e , elle devra se d év e lo p p e r p ro g ressiv em en t, p a r  é tap e s  successives.

La p rem iè re  é ta p e  co n c e rn e  l’é tab lis sem en t de bases sc ien tif iq u es  e t  te c h n i
q u es nécessaires p o u r  p o u v o ir  accue illir avec e ff icac ité  les te ch n o lo g ie s  q u e  le

4. LA RECHERCHE APPLIQUEE: COMMENT?
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pays c h o is it d ’im p o rte r : en  e ffe t, le tra n s fe r t  de te ch n o lo g ie  rep o se  d ’a b o rd  su r 
u n  tr a n s fe r t de savoir. C e tte  é ta p e  s’ac c o m p lit en  p re m ie r  lieu  p a r la fo rm a tio n  
de spéc ia lis tes  a u p rè s  de p ay s  ex p é rim e n té s  (en se ig n em en ts  spécialisés, stages en 
la b o ra to ire )  p u is  d an s le p ay s  m êm e, dès la c ré a tio n  des la b o ra to ire s  e t des in s ta l
la tio n s  d ’essais.

Il fa u t so u lig n e r q u e , p lu s  en co re  q u e  d ’a u tre s  in d u s trie s , l’in d u s tr ie  n u c lé 
aire  exige, n o n  seu lem en t des sc ien tif iq u es  e t des in gén ieu rs  h a u te m e n t qua lifiés , 
m ais aussi des te ch n ic ien s  e t des ouv rie rs  a y a n t assim ilé les p ro c é d u re s  p ro p re s  
à c e tte  te ch n o lo g ie  de p o in te . E n  e ffe t, si l’in d u s tr ie  n a tio n a le  d u  p ay s  q u i im p o rte  
les te ch n o lo g ie s  nuc léa ires  ne d ispose  pas d ’u n  p e rso n n e l su ffisa m m e n t q u a lif ié  e t 
e n tra în é , les délais de fa b r ic a tio n  ne s e ro n t pas ten u s , ce q u i est p a rt ic u liè re m e n t 
p é n a lisan t lo rs  d u  d é v e lo p p e m e n t d ’u n  p ro g ram m e  fo n d a m e n ta l du  p o in t  de  vue 
é co n o m iq u e .

L ’é ta p e  su iva n te  e s t celle de  la m ise en œ u v re  de la re c h e rc h e  ap p liq u ée . 
C om m e cela  a é té  év o q u é  p ré c é d e m m e n t, c e tte  a c tiv ité  d o it  s’e x e rc e r  d an s  le 
cad re  d ’u n e  o rg an isa tio n  p réc ise  e n tre  les d if fé re n ts  p a rte n a ire s  d u  p ro g ram m e  
(o rg an ism e de rech e rch e , c o n s tru c te u r , e x p lo i ta n t)  qu i im p liq u e  en  p re m ie r  lieu  
u n e  c o o rd in a tio n  é tro ite  e n tre  ces p a r te n a ire s  en  ce q u i co n c e rn e  l’é la b o ra tio n , 
le suivi, vo ire  m êm e l’e x é c u tio n  des a c tio n s  de R & D . C ’est ainsi q u ’en  F ran ce , 
l’e ssen tie l de  la re ch e rch e  s’e ffe c tu e  au  sein  d u  C E A , ce rta in e s  a c tio n s  é ta n t  
m enées c o n jo in te m e n t e n tre  le C E A  e t le c o n s tru c te u r  p o u r  la m ise au  p o in t  de 
sy s tèm es ou  c o m p o sa n ts  (p a r ex em p le , l’in s ta lla tio n  d ’essais de g é n é ra te u rs  de 
v ap eu r M egève), o u  e n tre  le C E A  e t l’e x p lo i ta n t E D F , o u  m êm e e n tre  les tro is  
p a rte n a ire s  p o u r  c e rta in e s  é tu d e s  de sû re té  (p a r  ex em p le , l’é la b o ra tio n  d u  code  
C A T H A R E , la  ré a lisa tio n  de la b o u c le  d ’essais B e th sy ). L a rec h e rc h e  ap p liq u ée  
im p liq u e  aussi la  d é f in it io n  des m o d a lité s  de tra n s fe r t  de ré su lta ts  des trav au x  
de rech e rch e  a u x  p a rte n a ire s  indu s trie ls .

Le d év e lo p p e m en t de la  rech e rch e  ap p liq u ée  p e u t se fa ire  de fa ç o n  p ro g res
sive d u  fa it  q u e  l’u ti lisa tio n  des te c h n iq u e s  nuc léa ires  ne se lim ite  pas au x  o b jec tifs  
én e rg é tiq u es . L es te ch n o lo g ie s  d ite s  « légères» , p lu s accessib les lo rsq u e  le p ay s n ’a 
pas en co re  de rée lle  ex p é rien ce  in d u s trie lle , e t  a fo r tio r i  nu c léa ire , c o n s t i tu e n t une  
in tro d u c tio n  a u x  a p p lic a tio n s  én e rg é tiq u es  to u t  en  a y a n t u n  in té rê t  in tr in sèq u e : 
te l e s t le cas, n o ta m m e n t, de  la  b io log ie , de  la m éd ec in e  e t  de  l’ag ro n o m ie  où  
l’u ti lisa tio n  des rad io é lé m e n ts  e t  des ra y o n n e m e n ts  p e rm e t d ’im p o r ta n ts  p rogrès.

Ces p rem iè re s  ac tiv ité s  (u til isa tio n  de rad io é lém en ts , im p la n ta tio n  de 
ré a c te u rs  de rech e rch e  o u  d ’e n se ig n em en t) so n t g é n é ra lem en t déve loppées dans le 
cad re  d ’acco rd s  e n tre  o rgan ism es de rech e rch e  du  pays im p o r ta te u r  de te c h n o 
logie e t de son  p a rte n a ire  ex p é rim en té .

L o rsq u e  l’é ca rt e n tre  le n iveau te c h n o lo g iq u e  d u  p ay s no u v eau  venu  e t celu i 
des p ay s  dé jà  e x p é rim e n té s  d an s le d o m a in e  de l’énerg ie  n uc léa ire  est ré d u it, il 
e s t possib le  d ’e n tre p re n d re  en  co m m u n  des re ch e rch es  su r des su je ts  précis:

— so it dans u n  cad re  b ila té ra l, e n tre  le p ay s recev eu r de  tech n o lo g ie  e t  son 
p a rte n a ire  d ’o ù  il im p o rte  c e tte  tech n o lo g ie ; p a r  ex em p le , c’e s t d an s  u n  te l cad re
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q u e  s’e s t in itia le m e n t in sc rit l’a cco rd  q u a d r ip a r t ite  de  R & D  lia n t W estinghouse  
d ’u n e  p a r t , le C E A , E D F  e t  F ra m a to m e  d ’a u tre  p a r t , p o u r  des ac tio n s  de rech e rch e  
co m m u n es;

— so it d an s u n  cad re  m u ltin a tio n a l, ce q u i est le cas en  p a rtic u lie r  p o u r  ce rta in es  
é tu d e s  de  sû re té , ca rac té risées p a r  leu r c o m p lex ité  e t leu r co û t.

E n fin , q u a n d  la m a tu r i té  te ch n o lo g iq u e  es t acqu ise  dans u n  d o m ain e  d é te rm in é , 
le  p ay s est à m êm e, s’il le v eu t, d ’e n tre p re n d re  ses rech e rch es  p ro p re s  p o u r  dév e lo p 
p e r  des so lu tio n s  orig inales.

C O N C L U SIO N

A  to u t  p ay s q u i v e u t s’engager dans u n e  te ch n o lo g ie  nouvelle  au  d év e lo p p e m en t 
de laq u e lle  il n ’a pas ju s q u ’alo rs  p a rtic ip é , la re ch e rch e  ap p liq u ée  o ff re  le m e illeu r 
m o y en , sin o n  le seul, d ’assim iler des co nna issances sc ien tifiq u es , te c h n iq u e s  e t 
te c h n o lo g iq u e s  nécessaires e t  de c rée r les c o m p é te n c e s  n a tio n a le s  dans u n  laps de 
te m p s  re la tiv e m e n t c o u rt .

D ans le cas de  l ’énerg ie  nuc léa ire , q u i im p liq u e  u n  ch o ix  p o litiq u e  p o r ta n t  sur 
u n e  lo n g u e  p é rio d e  e t q u i, p a r  n a tu re , e s t h a u te m e n t cap ita lis tiq u e , la re ch e rch e  
a p p liq u é e  e s t u n e  ac tiv ité  de  longue  hale ine  q u i d o it  ê tre  engagée e t  p ou rsu iv ie  
avec c o n tin u ité  p o u r  serv ir de su p p o r t e fficace  au  tra n s fe r t  de  tech n o lo g ie .

La d é f in it io n  des p ro g ram m e s de rech e rch e  d o it  te n ir  co m p te , d ’u n e  p a rt, 
des c a rac té ris tiq u es  in d u s trie lle s  d u  pays, e t, d ’a u tre  p a r t , d u  degré de lo ca lisa tio n  
so u h a ité . Le succès de la re c h e rc h e  ap p liq u ée  rep o se  en  p a rtic u lie r  su r u n e  fo rm a 
tio n  p réa lab le  des in g én ieu rs , des sc ien tifiq u es e t des te ch n ic ien s  q u i fo u rn iro n t 
u lté r ie u re m e n t le  p e rso n n e l des p a rte n a ire s  indu s trie ls .

C o m p te  te n u  des m o y e n s  hu m ain s, fin an c ie rs  e t  te c h n iq u e s  nécessaires au 
d é v e lo p p e m e n t h a rm o n ie u x  d ’u n  p ro g ram m e nucléa ire  n a tio n a l, u n e  b o n n e  o rg an i
sa tio n  e s t p a r t ic u liè re m e n t nécessaire. Il co n v ien t q u e  les tro is  p a rte n a ire s  p rin c i
p au x  d u  p ro g ram m e , c ’est-à-d ire  l’organ ism e de rech e rch e , le p ro d u c te u r  d ’é lec tri
c ité  e t  les in d u s trie ls , ass im ilen t de faço n  c o o rd o n n é e  les co n na issances q u i leu r 
p e rm e tt ro n t  d ’accéd e r à l’in d ép en d a n ce  te ch n o lo g iq u e . C ’e s t u n  tr a je t  de  trè s  
lo n g u e  d u rée  q u i d o it  év ite r  au  m ax im u m  les écue ils  q u e  so n t des in v es tissem en ts  
h u m a in s  e t  m a té rie ls  q u i re s te ra ie n t inu tilisés.
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A bstract

PLANNING AND IMPLEMENTATION OF NUCLEAR RESEARCH PROGRAMMES.
The development of nuclear physics was due to an extensive number of qualified scientists in 

research institutes and universities in Europe and the United States of America. After 1945, in view 
of the success of the Manhattan Project, the governments of advanced countries decided to invest in the 
development of scientific research and technology, given their proven importance for the economy and 
national defence. Organizations and agencies were established to stimulate and finance science and tech
nology. It is usually economists and experts in science policy who form the directing boards of these 
agencies. The formulation of basic nuclear research programmes, however, cannot be made without the 
scientists who practise research and who are the persons best qualified to choose the direction which 
research should take in their speciality, or to decide when research should change direction, be stimu
lated, postponed or ended. Scientific advisory committees in the advanced countries provide some 
guarantee of the correctness of scientific planning. In the less developed countries, despite the existence 
of government agencies for science and technology, threats are posed by the insufficient number of 
active researchers, the lack of a scientific and cultural tradition, and the impoverishment of the universi
ties. These all hinder the planning and implementation of research programmes which will bear fruit 
and make a decisive contribution to the advancement of science in these countries.

1. IN T R O D U C T IO N : N U C L E A R  PH Y SIC S IN  T H E  1930s

N uclear physics started  to  develop  significantly  in the decade 1930—1940.
In  1930, W . Pauli w ro te  his fam ous le tter to a  m eeting  o f  physicists in w hich 

he proposed  the ex istence o f  the (electronic) neu trino  to  account fo r the continuous 
energy  spectrum  o f  e lec trons in beta  decay . 1932 w as the y ear in  w hich J. C hadw ick 
d iscovered  the neu tron  and thus confirm ed  the speculation  o f  E . R u therford  and 
explained  the p roduction  o f  penetra ting  neu tral partic les w hen bery llium  w as bom 
b arded  by alpha partic les, as investigated  by H . B ecker and W . B othe and by
F . Jo lio t and I. C urie-Jo lio t. It w as at tha t tim e that D . Iw anenko  and W . H eisenberg  
independently  p roposed  the neu tron  and p ro ton  com position  o f  a tom ic nuclei; and in 
1933 — 1934, F . P errin  and E . F erm i fo rm ulated  the beta  decay theory .

T he ex is tence  o f  charge  independent nuclear fo rces, estab lished  in 1936, and 
the d iscovery  in the sam e y ear o f  penetra ting  partic les w ith m asses betw een  those o f

* On leave of absence from Centre de recherches nucléaires, University of Strasbourg I, France.
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the elec tron  and the p ro ton , in cosm ic rays, gave relevance to the suggestion o f
H . Y ukaw a in 1935 o f  the need fo r a new  field — and new  correspond ing  partic les, 
the m esons — to account fo r these tw o resu lts , an account w hich w ould  be redefined 
and refined only a fter 1947.

F inally , in 1939, fo llow ing  the d iscovery  o f  artific ia l radioactiv ity  (I. C urie- 
Jo lio t and F . Jo lio t, 1934) and  the system atic u tilization  by F erm i and h is co llabora
to rs (1934) o f  neutrons to  induce nuclear reactions, there  cam e the d iscovery  o f  
nuclear fission by O . H ahn  and F. S trassm ann.

In the U SA , in 1931, E . L aw rence and S. L iv ingstone concluded th e ir p ioneer 
p ro jec t o f  constructing  a sm all cyclo tron . This w as the beginning o f  successive 
program m es o f  construction  o f  partic le  accelerators — o f  various types and o f  
increasing  energ ies and im proved  in tensities for p roducing  beam s o f  partic les — 
w hich opened up new  horizons to  research  in nuclear physics and , la ter, in e lem en
tary  partic le  physics.

2. SC IE N T IF IC  R E S E A R C H  A F T E R  1945

T he Second W orld  W ar (1 9 3 9 —1945) saw  the M anhattan  P ro jec t in the USA  
fo r the developm ent o f  the first a tom ic bom bs, w hich had an im pact on the character 
o f  nuclear research  and  o f  scien tific  research  in  general. T he  institu tionalization  o f 
science, in itia ted  in the 18th cen tury  in E urope, and w hich p rogressed  in step w ith 
the industrial revo lu tion , suddenly changed after 1945. B efore tha t y ea r, the crite ria  
fo r evaluating  the streng th  and  fo r m easuring  the developm ent o f  nations w ere  m ainly 
based  on th e ir industria l capab ilities and the ir co rrespond ing  technical facilities. T he 
in tensive research  w ork  accom plished  during the Second W orld  W ar gave b irth  to 
new  technologies w hich now  have a g rea t influence even  on the po litics and eco
nom ics o f  nations: nuclear energy , radar, p ropulsion  system s fo r a irp lanes, m issiles 
and new  b io log ical and m edical conquests. A fter th e  w ar, in view  o f  the success o f 
the atom ic bom b p ro jec t — w hich w as an ex trem ely  d ifficu lt p rob lem  to be solved
— the governm en ts o f the industria lized  nations adopted  the view  that investm ent in 
scientific and technolog ical research  could resu lt in the solu tion  o f  any prob lem  w hat
soever. T h is notion  had  bo th  good and bad  consequences. T he good ones w ere 
associated  w ith the new  and enorm ous prestige  o f  scientific and technological 
research ; the bad  effects w ere those associated  w ith the idea that governm ent officials 
could  choose the d irections fo r the developm ent o f  science.

3. S C IE N T IF IC  P L A N N IN G : BY T E C H N O C R A T S  O R  BY SC IE N T IST S?

As these ideas propagated  to  the less developed  coun tries, the appearance o f 
experts in science po licy , in large num bers, cam e to constitu te a  d ifficulty  fo r the 
scientists o f  these nations. Indeed , only active scientists o r scientific adm in istra tors
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w ho have done research  a re  fitted to  choose the d irection  w hich research  should take 
and to  con tribu te  substantially  to  the fo rm ula tion  and im plem entation  o f  science 

policies.
“ T he m ost im portan t sk ill o f  a good scien tist is the ability  to choose the righ t 
p rob lem  at the righ t tim e. It is the scientist w ho know s w here a  research  idea 
is ready to b ea r fru it, w hen w ork  should  be  postponed , w hen the d irection  
should be changed o r  w hen in should be g iven up en tire ly ”  [1].
I f  in the advanced nations, the num ber o f  scien tists , the h igh level o f  research  

and o f  the un iversities , and  the cultu ral and scientific trad itions, enorm ously  reduce 
the danger o f  a technocratic  adm in is tra tion  o f  science, the absence o f  these  in  the less 
developed  nations m ay pose a th rea t to the fo rm ulation  and im plem entation  o f  sensi
ble research  p ro jects.

L et us succinctly  look at the developm ent o f  nuclea r science in the U SA , 
F rance , Japan , Ind ia  and B razil.

4 . T H E  E V O L U T IO N  O F  N U C L E A R  R E S E A R C H  IN  T H E  USA

In the U SA , science policy has been  the resu lt o f  the overlap  o f  d iffe ren t in itia
tives: the ac tiv ities o f  the un iversities , un iversity  institu tes o f  technology and centres 
fo r advanced study in basic research , the research  w ork  carried  ou t in scientific and 
technolog ical labora to ries o f  industrial o rgan iza tions, ag ricu ltu ra l, nuclea r and space 
activ ities, and the technological in itiatives ca rried  ou t and stim ulated  by the national 
defence policy . T he tendency in the U SA  has been to  avoid cen tral p lann ing  o f  
research  th rough  the crea tion  o f  a D epartm en t o f  Science and T echnology . Instead , 
a  varie ty  o f  cen tres o f  research  have alw ays been  stim ulated . M oreover, p rivate  foun
dations to  p rom ote  h igher education  and research  have had an  im portan t h istorical 
ro le . O nly  in the y ear 1950, a fte r five years o f  debate , d id  the US C ongress approve 
the creation  o f  the N ational Science F oundation . In  1951, the P res id en t’s Science 
A dvisory  C om m ittee  w as c rea ted . A nd in 1957, on the occasion  and u n d er the im pact 
o f  the first Soviet sputnik , a new  post w as created  in the A dm in istra tion , nam ely , the 
P res id en t’s Special A ssistan t fo r Science and T echnology , w ith the task  o f  p resid ing  
over the Special A dvisory  C om m ittee  and  co -o rd inating  the w ork  o f  the Federal 
C ouncil fo r Science and T echnology . Scientists and un iversity  p ro fesso rs a re  invited 
to  advise  these organs. T he U S C ongress has specialized  com m ittees to  study ques
tions related  to  science and technology , to  w rite  reports and to  seek the advice o f  the 
scientific  com m unity . Specialized  agencies have o f  course  existed  since the end o f  
the Second W orld  W ar, such as the A tom ic E nergy  C om m ission , w hich w as later 
absorbed  into the D epartm en t o f  E nergy , the N ational A eronautics and Space 
A dm inistration  and o ther bodies.

But the im portan t po in t is that basically  the developm ent o f  science in the U SA  
did  no t have to  w ait for these  agencies. Im m ediately  a fter the w ar a very  im portan t 
group  o f  nuclear physicists w as estab lished  at the B erkeley  cam pus o f  the U niversity
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o f  C alifo rn ia . W hen the first cyclo tron  w as bu ilt by L aw rence and L ivingston, in 
1931, these m achines began  to  be  constructed  at m any un iversities in the U SA . The 
technical and  scientific  s ta ff  requ ired  fo r the im plem entation  o f  these p ro jec ts — and 
th is is the hea rt o f  the question  — w ere availab le  at these institu tions. A nd the cost 
o f  these nuclea r m achines w as supported  by the g ran ts w hich cam e from  governm en
tal agencies such as the A tom ic E nergy C om m ission , w hich greatly  stim ulated 
research . A ccord ing  to  G o ldw asser [1] the fo llow ing w ere  the institu tions in the USA 
a t w hich  cyclo trons b lossom ed both  before and a fter the w ar: the B attelle  M em orial 
Institu te , C arneg ie  Institu tion  o f  W ashington , C arneg ie  Institu te  o f  T echnology , 
C olum bia U niversity , C ornell U n iversity , H arvard  U niversity , M assachusetts Insti
tu te  o f  T echno logy , P rinceton  U niversity , P urdue U niversity , R ochester U niversity , 
U niversity  o f  C h icago , U niversity  o f  Illino is, U niversity  o f  Indiana, U niversity  o f  
M ichigan  and W ashington  U niversity .

It is c lea r there fo re  tha t developm ents such as these , at the US universities and 
research  institu tes, constitu ted  a  fertile  soil fo r the developm ent o f  the w ork  o f  the 
num erous physicists and o th e r m en o f  science w ho fled from  E urope in the decade 
1930—1940 and a fter the w ar to  establish  them selves in the U SA  and w ork  w ith their 
A m erican  co lleagues.

W ith  the developm ent o f  new er and  b igger accelera to rs the notion  em erged  in 
the U SA  o f  national labora to ries. A s soon as the size, the cost and the scientific and 
technical personnel fo r a  nuclear m achine becom e too  la rge , th e  facility  cannot be 
supported  by a single un iversity . R ather, m any un iversities unite effo rts , financial 
support and  scientific s ta ff to  house and opera te  these m achines. T he  m anagem ent 
o f  a national laboratory  m ust take into account the needs o f  scientists o f  m any un iver
sities. T o  m ake a national labora to ry  possib le  it w as necessary  to  create  a university  
consortium . T he first such consortium  founded the B rookhaven  N ational L aboratory . 
A rgonne N ational L abora to ry  resu lted  from  ano ther consortium , the A ssociated  M id 
w est U n iversities. A nd in 1966 the largest consortium  w as form ed to  build  and 
m anage the F erm i N ational L abo ra to ry , w hich  houses the largest acce le ra to r in the 
w orld  (a p ro ton  synchro tron  o f  1000 G eV ) — a consortium  o f  m ore than fifty un iver
sities from  the U SA  and C anada. T he experim en ts and observations by the physicists 
o f  these un iversities a re  p lanned  and im plem ented by a  U se rs’ G roup.

N uclear physics gave rise  to  partic le  physics and w ith the years , ord inary  
science, little  science, evo lved  in to  big science and the notion  cam e into being o f  
in ternational labora to ries such as C E R N  in G eneva.

5. N U C L E A R  R E S E A R C H  IN  FR A N C E

In F rance , w here there  is a  trad ition  o f  cen tralized  governm en t, centralization  
has been  p redom inan t in  the developm ent o f  scientific and technological research .

T he C N R S , C en tre  national de la recherche  scien tifique, w as crea ted  a few 
years  b efo re  the Second W orld  W ar and is now adays a la rge  o rgan ization  w hich has
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national labora to ries and stim ulates research  in the un iversities . Y oung research  s ta ff 
a re  recru ited  at the un iversities and  appointed  as scien tists o f  the C N R S w ork ing  in 
its ow n labora to ries o r at un iversity  laborato ries. T he F rench  H au t com m issaria t à 
l ’énerg ie  a tom ique (C E A ) w as crea ted  in  1945; it develops and stim ulates applied  
nuclear science bu t also  fundam ental nuclear and partic le  physics research .

B oth the C N R S and the C E A  co-opera te  closely  w ith  the un iversities and w ith 
the advanced schools such as l ’E cole no rm ale  supérieu re , l ’E cole po ly techn ique, and 
o ther so-called  ‘g randes éco le s’. A ccelera to rs have been  bu ilt a t the C en tre  for 
N uclear S tudies at Saclay — a V an  de G ra a ff  accelera to r in 1953, a cyclo tron  in 
1955, a cyclo tron  w ith  variab le  energy  (1964), a  tandem  m achine (1968) and an elec
tron  linear accelera to r (1969). T w o national labora to ries resu lted  from  the un ion  o f  
efforts by the N ational Institu te  o f  N uclear P hysics and P artic le  P hysics, IN 2P 3 , an 
organ iza tion  belonging  to  the C N R S , w ith  the Institu te  o f  Fundam ental R esearch  o f  
the C E A : the S aturne labora to ry  (1979) and the G A N IL , g rand  accé lé ra teu r national 
à  ions lourdes (1983). O ther nuclear equ ipm en t w as bu ilt in  o ther labora to ries such 
as the C en tre  de  recherches nucléa ires de S trasbou rg , the G renob le  Institu te  o f  
N uclear Sciences, and  the L inear A cce le ra to r L abora to ry  o f  O rsay .

B oth a t S aturne and G A N IL  the research  w ork  is ca rried  ou t by v isiting  physi
cists com ing  from  the o ther un iversities and they a re  the guests o f  a sm all num ber 
o f  perm anen t o r sem iperm anen t scien tists and technical s ta ff [2].

A s in the U SA , in F rance  the high quality  o f  research  personnel is the essential 
ing red ien t in the im plem entation  o f  the research  p rogram m es outlined above. B esides 
the w ell-know n con tribu tion  to  physics from  de B roglie , th ere  w ere  in  the 1930s the 
activ ities o f  m en such as L angev in , P e rr in , B rillou in , P ie rre  W eiss, and P roca , as 
w ell as the d iscoveries by the Joliots.

6 . N U C L E A R  R E S E A R C H  IN  JA P A N

In Japan , ac tive research  in nuclear physics started  in the 1930s, a long tim e 
after the M eiji refo rm  o f  1868 w hich in troduced  the teach ing  o f  w estern  science in 
the national un iversities . T here  w ere  tw o noted  labora to ries at the Institu te  o f  P hysi
cal and C hem ical R esearch , R IK K E N , in T okyo  — those  o f  S. N ish ikaw a and o f  
Y . N ishina. N ish ina’s labo ra to ry , estab lished  in 1931, had experim ental nuclear 
physics facilities, a  g roup  o f  cosm ic ray  physicists and theoretical physicists — and 
facilities such as a C o ck cro ft-W alto n  acce le ra to r, sm all and large cyclo trons.

E ven i f  no report is g iven o f  fo re ign  scientists invited  to  m odern ize science and 
the un iversities , it should  be  m entioned th a t N ish ina — w ell-know n fo r instance from  
his w ork  w ith O skar W ein  on the C om pton  effect — spent m any years  in E urope, 
in C am bridge , G ottingen  and C openhagen . T o  R IK K E N , N ish ina a ttracted  physicists 
such as S. K ikuchi, S. T om onoga and S. Sakata.

T he o th er g rea t cen tre  o f  physics research  w as a t O saka U niversity , founded in 
1932 and w hich o rgan ized  excellen t faculties o f  m ed ic ine , o f  eng ineering  and o f
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sciences. T his cen tre  a ttracted  K ukuchi and Sakata from  R IK K E N  and Y ukaw a (in 
1933) and  h e re  he  developed  the m eson theory  o f  n uc lea r fo rces w ith Sakata and 
T aketan i. In  the 1940s the influence o f  R IK K E N  and O saka spread th roughout the 
country  and the v isit to Japan  by N iels B ohr had a g rea t influence on physics research  
at that tim e (1937).

In  the 1950s, a fter the tragedy  o f  the tw o atom ic bom bs and after the ex trao rd i
nary  recovery  from  the w ar, new  universities w ere crea ted . In  K yoto  em erged  the 
R esearch  Institu te  fo r Fundam ental Physics in 1953; the C osm ic Ray O bservato ry  at 
M ount N oriku ra  w as crea ted  (at 2800 m altitude) in the sam e y ear and in T okyo  the 
Institu te  fo r N uclear S tudies w as established in  1955, w here tw o cyclo trons w ere 
com pleted  in  1957 and 1958 respectively  and an elec tron  synchro tron  in 1961 
(750 M eV ), w hich reached  1.3 G eV  in 1961.

M ore recen tly , in 1971, the N ational L aboratory  fo r H igh E nergy Physics, 
K E K , w as crea ted  and a p ro ton  synchro tron  o f  12 G eV  w as bu ilt in  1976 and an elec
tro n  linear acce le ra to r (2 .5  G eV ) in 1982. T he  la tter, as w ell as the K yoto  Institu te, 
the N oriku ra  C osm ic Ray O bservato ry  and the T okyo  Institu te  fo r N uclear S tudy, 
adopted  an o rganization  sim ilar to that o f  the U S u n iv ersities’ consortia  so as to be 
useful to  users from  th e  un iversities th roughou t the coun try . A nd the Science C ouncil 
o f  Japan , w hich had a m an o f  the stature o f  S. T om onaga, a physics N obel p rize  w in
ner, as its p residen t, has had the prestige  and authority  to  co -o rd inate  the research  
effo rts in Japan , to  superv ise , together w ith  the Japan  A tom ic E nergy  R esearch  Insti
tu te , the p lann ing  and the im plem entation  o f  nuclear research  program m es [3].

7 . N U C L E A R  R E S E A R C H  IN  IN D IA

I now  com e to  a b r ie f  analysis o f  the evolution  o f  nuclear research  in som e 
develop ing  coun tries. O f these , the one w hich show s the m ost rem arkab le  develop
m ent is India. T he political stability  o f  th is country  from  independence to  o u r days, 
the w isdom  and appreciation  show n regard ing  science and cu ltu re  on the p art o f  the 
Ind ian  H eads o f  G overnm en t, from  P rim e M in iste r N ehru  to  P rim e M in ister G andhi, 
have been a solid g round  fo r the continuous construction  o f  the scientific and techno
logical ed ifice. H om i J. B habha, a physicist w ho m ade orig inal con tribu tions to  the 
m eson  theory  o f  nuclear fo rces, to  the theore tica l study o f  cosm ic rad iation  and to 
e lem entary  partic le  physics, w as able to  stim ulate and co -o rd inate  efforts fo r the 
foundation  in 1945 o f  the T ata  Institu te o f  Fundam ental R esearch  w ith four m ain 
fields o f  investigation: nuclear physics, cosm ic rays , theoretical physics and pure  
m athem atics. T he activ ities in these areas m ultip lied  and d iversified  and  several o ther 
d iscip lines w ere  added to  the range o f the Institu te , such as astrophysics, solid  state 
physics and elec tron ics, com pu ter science and m olecu lar b io logy . T he Institu te  had 
a g rea t influence th roughout the country  and w as soon ab le  to  g ive advice and ex p er
tise  to  governm en ta l agencies and to  tak e  on  special p rogram m es o f  national 

relevance.
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The Bhabha Atomic Research Centre, under the direction of P.K. Iyengar, is 
doing experimental research in nuclear physics (Van de Graaff accelerators at Trom- 
bay, a variable energy cyclotron at Calcutta), in condensed matter physics, 
biophysics, reactor physics, theoretical physics, seismology and gamma ray 
astrophysics, plasma physics and materials science, besides several other areas of 
interest to nuclear technology. A centre for advanced technology is being set up at 
Indore with activities concentrating on accelerator and laser development 
programmes.

Let me mention finally the Saha Institute of Nuclear Physics at Trombay, which 
is doing research work in experimental nuclear physics centred around the variable 
energy cyclotron; its activities also cover areas of atomic, molecular and solid state 
physics, plasma physics, theoretical physics and instrumentation, among others; and 
the Indira Gandhi Centre for Atomic Research, Kalpakkam, dedicated to the develop
ment of liquid metal cooled fast breeder reactors [4].

All of these institutes, and other centres of scientific and technological investi
gation, are maintained by the Department of Atomic Energy of the Government of 
India. The Atomic Energy Commission is integrated by men of science such as 
Professors M.G.K. Menon, Iyengar and Sreekantan.

8. NUCLEAR RESEARCH IN BRAZIL

What is the situation in Latin America concerning the question of scientific 
research, and in particular the planning and implementation of research programmes? 
Usually, the tendency is to compare the countries in Latin America with the advanced 
nations of Europe and the USA. One easily forgets that some of today’s advanced 
civilizations, e.g. Egypt, China, India, were constructed by peoples who inhabited 
regions of Central and South America, from the central plateau of Mexico to the 
region of the Andes down to Argentina and across Marajó Island at the delta of the 
Amazon river in Northern Brazil. “ Fertiles à coup sur en événements dont nous igno
rons à peu près tout, ces siècles engloutis ont heureusement laissé en témoignage des 
œuvres d’art qui portent la marque des civilisations successives dont elles sont 
issues” [5]: the Olmecas and the Toltecas, the civilizations of Teotihuacan, of 
Xochicalco, of Monte Alban and Tula, the Mayas and the Aztecs, in Mexico and 
Guatemala — the Chibchas, the Mochicas, the Nazca culture, the Wari empire, and 
around the 15th century, the Inca empire; and in South America, between the 7th and 
the 14th centuries, the Marajoara culture in the delta of the Amazon River.

The invasion of these territories of the Americas by Europeans in the 16th cen
tury marked the tragic interruption of the history of these autochtonous civilizations. 
The scientific and technical progress in Western Europe in the 16th and 17th centu
ries was accompanied by an expansion of these countries. In the name of the Church 
and of kings, the civilizations of pre-Columbian America were subjugated and des
troyed; their countries were thus ‘discovered’.
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After the establishment of the Portuguese and Spanish conquistadores, a 
colonial system was imposed on the native peoples of Central and South America and 
was responsible for retardation in the development of science, technology and cul
ture. The scientific teaching, the experimental investigations which began in Europe 
and led to the creation of the Academy of Sciences of Paris and of the London Royal 
Society in the 17th century were absent in the Portuguese and the Spanish kingdoms.

It was only after the establishment of the Portuguese King Joäo VI in Brazil, 
who fled from Portugal on the occasion of the invasion of his country by Napoleon 
(1808), that this South American country was opened to culture, with the foundation 
of medical schools, the National Library, the Botanical Garden, the National 
Museum, the Polytechnical School in Rio de Janeiro and other institutions [6].

It was in the 1930s, with the beginning of industrial capitalism, that an educa
tional and scientific policy started to be outlined.

Investigations into cosmic rays, nuclear physics and theoretical physics began 
in 1934 at the Physics Department of the Faculty of Sciences of the University of 
Sao Paulo, where two Italian physicists, Gleb Wataghin and Giuseppe Occhialini, 
trained theoretical and experimental physicists. Souza Santos, Pompeia and Wataghin 
discovered showers of penetrating particles in cosmic radiation (1940) and Mario 
Schönberg collaborated with George Gamow in the formulation of the theory of the 
neutrino collapse of stars (1940). After the war the Brazilian Centre for Research in 
Physics (CBPF) was founded in Rio de Janeiro in 1949 by C.M.G. Lattes, J. Leite 
Lopes and J. Tiomno, who had returned from Bristol and Princeton. In the late ’for
ties and ’fifties contributions were made by these physicists to the discovery of pions 
(1947), to the notion of universal Fermi interaction (1949) and to the prediction of 
the neutral vector bosons and the unification of electromagnetic forces with weak 
interactions (1958).

The influence of both institutions spread throughout the country. The National 
Research Council (CNPq) was created in 1951 and besides stimulating science and 
technology with grants to laboratories, fellowships in the country and abroad, it had 
the task of developing all activities related to atomic energy. In 1951 a 25 MeV beta
tron, and in 1954 a Van de Graaff accelerator, were constructed at the University of 
Säo Paulo and nuclear research was concentrated around these two machines. At the 
CBPF the nuclear emulsion technique was further developed and studies were also 
made on cosmic rays in collaboration with the Cosmic Ray Laboratory of the Univer
sity of San Andrés (La Paz), Bolivia, at 5000 m altitude. The move of Guido Beck 
from Argentina to Rio de Janeiro, the visits of R.P. Feynman, C.N. Yang, 
U. Camerini and G. Molière to Rio de Janeiro, and of David Bohm and M. Taketani 
to Säo Paulo had a great influence on the development of physics in the country. In 
the 1970s new physics institutes were organized at several universities throughout the 
country, with investigations into condensed matter physics, nuclear physics, 
geophysics, cosmic radiation, space and plasma physics, cosmology and particle 
physics theory.
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In 1956 the National Commission of Nuclear Energy was created which set up 
three Atomic Energy Research Institutes, in Sâo Paulo, Belo Horizonte and Rio de 
Janeiro, each with a research reactor [7].

Nuclear power facilities are being built in co-operation with the Federal Repub
lic of Germany. Technological research work in this domain is being carried out at 
the Atomic Energy Research Institutes and at the Centre for the Development of 
Nuclear Technology, aiming at developing the nuclear fuel cycle as needed for 
nuclear energy reactors. It is however necessary to say that after the petroleum crisis 
in 1974 and the increase of the foreign debt by the military authoritarian regime in 
Brazil (1964—1985), delays were imposed on the accomplishment of the nuclear 
programme. Also, the universities have had less financial support for scientific 
research.

I have mentioned the political stability of India since independence, which has 
been of extreme importance for the development of science and technology in that 
country. In contrast, the intermittent military dictatorships in Argentina and Brazil 
have had ill effects on the growth of science in these countries. The quality of the 
universities during the authoritarian regime was deeply affected in the negative sense 
as scientists were dismissed from their jobs in scientific institutes and universities — 
in Argentina, physicists were killed for political reasons.

Usually, in international conferences on science and technology, debates on 
these questions are avoided. But it is clear that scientific research is not carried out 
by angels in paradise; the underlying social conditions are crucial for the develop
ment of science and technology anywhere in the world.

9. CONCLUSIONS

What about the planning and implementation of nuclear research programmes?
First of all, the planning of any scientific research programme in any country 

has to be based on the scientists and technicians available for the implementation of 
this programme. When specialists in a given domain are at work in a given country, 
programmes arise from their work, from their discussions, from the need they feel 
to take or to change a certain direction in their work. The construction of cyclotrons 
in the USA, started in 1931, was the result of ideas of Lawrence, Livingstone and 
their colleagues, of the development of nuclear physics at that time, of the challenge 
which they took in initiating a new field of activities, in opening up a new frontier 
of knowledge. This is valid for any country. If, however, there are not enough 
specialized personnel in a given field, and if they feel that a new initiative has to be 
taken in order to achieve a new step forward, then the need for planning a new 
research programme presents itself to them. Some of these scientists may convince 
financial agencies to support such planning, and funds must be allocated to study the 
feasibility of the proposal. Usually, one has to look for laboratories abroad in order 
to define a new project and a programme is then formulated which will include a draft
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of scientists and technicians from abroad who will work with those in the host coun
try, training the young people needed for the implementation of the programme. If 
a nuclear research programme is planned for the construction of an accelerator, for 
developing detection techniques in particle physics, collaboration between laborato
ries and enterprises form abroad and those in the country will have to be sought. 
International co-operation is thus important for scientific programmes in all 
countries.

These are obvious conclusions from the picture sketched above of the develop
ment of nuclear research in countries such as the USA, France and Japan.

In the case of the planning and implementation of nuclear energy research 
programmes, clearly nuclear engineers, economists and other specialists — in heavy 
machinery, metallurgy, etc. — will have to be at the core of the study.

In any case, creative and competent people in the area of study are of basic 
importance. I say this because the tendency in some countries, including my own, 
is for the appearance of experts in science policy who have never practised any scien
tific research activity, who would like to take into their hands the formulation of 
scientific programmes and projects, and who might require of scientists asking for 
financial aid for their research work that they state the goal to be attained and its prac
tical significance. Now, if applied science has a given direction, pure science usually 
sprouts from speculations, from questions that scientists pose themselves and which 
arise from their own work. Quantum mechanics did not arise from technocratic 
projects imposed on physicists in the ’twenties and early ’thirties in Europe. Physi
cists of the physics institutes in Göttingen, Berlin and Munich, in Leipzig and Hol
land, in Zürich and Rome, in Cambridge, in Paris as in Japan, the Soviet Union and 
the USA interacted and converged on the Copenhagen Institute, where Niels Bohr 
was. After 1945, science grew tremendously and the demand for financial support 
for so many programmes in some countries led to a need for feasibility studies and 
some co-ordination of the activities in different laboratories, to avoid excessive over
laps. However, some common interest among laboratories must exist so that scien
tists may work together, exchange ideas, draw inspiration from other colleagues — 
and inspire them, in turn.

In this paper I have discussed basic nuclear developments, and it would be most 
desirable for the International Atomic Energy Agency to offer new stimuli in this 
field. For after 30 years of development of conventional nuclear energy since the 
1955 International Conference on the Peaceful Uses of Atomic Energy, it would be 
of the greatest interest for all, for basic research in the field of pure nuclear and parti
cle physics and in the domain of fusion to be further stimulated.

Besides a renewed effort of technological research into rigorously safe nuclear 
reactors, investigations must be carried out into fusion, and in particular the recent 
advances in muon catalysis of fusion should be pursued.
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W O R K S H O P  I
C h a i r m a n :  M . K .  M e h t a  ( I n d i a )

BASIC AND APPLIED RESEARCH

Although the title of the Workshop does not include the word ‘nuclear’ we all 
know that we are discussing here nuclear research which has of course a connection 
with and relevance to the general science and technology scenario of each country.

In order to provide some focal points for the discussion in the Workshop 
the participants were asked to consider the following questions with respect to a 
developing country.

(1) Is a research programme necessary to develop a nuclear science and technology 
programme?

(2) If the answer to the above is ‘yes’, what would be the objectives of a research 
programme, what should be areas of research and how big should the 
programme be in relation to the total outlay on the nuclear science and 
technology programme?

(3) What measures are necessary to develop and assure the continuance of a 
successful, self-monitoring high quality research programme which achieves 
the desired goals?

The participants were approached well in advance — in July 1986 — with the 
above questions. As a result a large number came prepared with comments to contri
bute to the Workshop. In addition, there were contributions from other participants 
from the floor during the discussion. The total number of speakers at the Workshop 
was about twenty. It is obviously not possible to include all their comments in this 
summary, which however covers some general points for which a consensus 
emerged. No disagreements were expressed as to the general points; however, there 
was some difference of opinion about the terms ‘basic’ and ‘applied’ research. What 
follows is my interpretation of what was said and despite my attempts to be objective, 
I am sure some of my own views have crept into this summary. It does not always 
follow the sequence of the questions asked but the following points taken together 
cover the ground.
(I) The answer to the first question turned out to be a resounding ‘yes’ and there 
was absolutely no difference of opinion on that.

In tackling the second question the discussion ran into some confusion regarding 
the terms ‘basic' and ‘applied’ research. However, if we abandon these terms 
completely and classify the research differently, we can come to an agreement about 
what research is necessary, and how much of it.

One class of research is the ‘open-ended’ type, pursued purely for intellectual 
curiosity and which results in an increase in knowledge in terms of what, how, and
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why in a specific area of science. It is this kind of research, carried out over the last 
two centuries at an increasing rate, which has provided the basis for our present 
technological civilization. Although such research was formerly dominated by 
individual creative geniuses, during the last few decades it has become the work of 
big facilities, involving big spending. In short it is ‘big’ science. The value of such 
‘open-ended’ research — not necessarily ‘big’ research — can never be overrated, 
as even in the developing world those countries with a tradition of such research were 
able quickly to channel the research talent into specific development programmes and 
have been able to build a sizeable and nationally beneficial nuclear science and 
technology programme.

The other class of research can be called ‘mission oriented research’ and is the 
research carried out to answer specific questions or solve specific problems. The 
questions or problems could be either of fundamental nature with no direct short term 
relation to technology or they could be directed to provide answers and solutions 
directly connected with nuclear technology. The research effort could be ‘big’ or 
‘small’ depending on the objectives to be obtained and the size of the financial 
resources committed to the programme.

An important point made was that whenever the scientists pursuing the open- 
ended (which earlier was called basic or fundamental) research were required to 
change over to the second type, ‘mission-oriented’ research, the majority of them did 
so with willingness and outstanding success. In general the first type of research, 
‘basic research’, is the most fertile training ground for the ‘mission-oriented’ or 
‘applied’ research.

(II) Having clarified the various qualifying adjectives for the term ‘research’, let us 
now talk about research per se and examine why the answer to the first question was 
a resounding ‘Yes’.

The Workshop pointed out the following motivations and justifications for a 
nuclear research programme. These criteria are universally valid and especially in the 
case of developing countries.

(1) Intensive scientific research activities create a ‘scientific culture’ and increase 
the general awareness of scientific methodology, knowledge and pursuit of science 
in the country. They also develop a cadre of scientists which can provide the core 
of a scientific and technological infrastructure as and when the country embarks on 
a programme of national development based on science and technology.

(2) There is no better way of developing the manpower needed for the development 
of nuclear science and technology for the national benefit. The training provided 
through participation in research programmes develops the capability to think, 
improve and innovate — invaluable assets for handling the complex sophistication of 
nuclear technology.

(3) Even when the technology is purchased bilaterally or transferred via multilateral 
or international agencies, the existence of a research programme enables the receiv
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ing country to absorb and assimilate the technology. Since technology cannot be static 
the research programme provides the roots for its sustenance and growth and will 
contribute towards development of self-reliance in nuclear technology.

(4) Considerable other spinoffs accrue even from those research programmes 
which are aimed at answering question of a fundamental nature, e.g. the develop
ment of new instrumentation and techniques which are important components of 
technology today.

Some remarks made by the participants further emphasize these points:

“ If a country wishes to ensure relatively full access to specific nuclear benefits 
or ranges of nuclear benefits, it must conduct a programme of scientific investi
gation or experimentation that is relevant to the desired benefits. Otherwise, the 
delivery of the benefit is placed in jeopardy and, in the extreme case, public 
safety can be compromised. This applies whether the desired benefit is nuclear 
heat or electricity, the production and use of radioisotopes, or chemical analysis 
via neutron activation analysis, etc. To fail to support a nuclear benefit with 
a relevant research programme is to underestimate the complexity of appropri
ately localizing established technology and to risk disruption when equipment 
and/or processes break down.”

“ It must be stressed to the decision makers who have the authority to fund such 
programmes that an investment in nuclear research is essential to the develop
ment of the country. The existence of a research programme does not guarantee 
eventual industrialization. The absence of one, however, does guarantee a 
continuing dependence on foreign support.”

(III) The areas of research and the size of the programme should be attuned to the 
needs and plans of the individual country. So only the following general remarks can 
be made. The objectives of a research programme, relevant to the goals and aims of 
the national nuclear science and technology development plan, should be specifically 
defined and priorities established. The various components of the research 
programme — namely the amount of ‘open-ended’ research, if any, the areas 
in which ‘mission-oriented’ research should be pursued, for short and long term 
goals — and the magnitude of the research effort should be planned so that they are 
consistent with these objectives.

At the beginning of nuclear related development the research effort would be 
a major component of the programme but as the rest of the nuclear technology plan 
is implemented (following a substantial contribution from the research effort) the 
total outlay will increase rapidly, while the outlay for the research effort would grow 
less rapidly and would later amount to a smaller fraction of the total outlay (typical 
figures cited were between 20 and 30%).

(IV) The factors which contribute towards a successful research programme which 
achieves the desired goals are:



6 6 WORKSHOP I

(a) Clear definition of aims and objectives with a national commitment to pursue 
them on a long term basis by creating the necessary infrastructure and by providing 
continuing support and academic encouragement to the scientists.
(b) Good academic environment, providing easy interaction and communication 
with peers both within and outside the country — this also serves as a monitoring and 
self-evaluation function.
(c) Periodic review of progress towards achievement of objectives — such a review 
would satisfy the need for accountability. Such accountability is required to ensure 
optimum use of scarce financial and human resources. Such a review would also 
provide an opportunity to reorient the programme if called for, on the basis of 
experience in implementation and accomplishments, or any possible changes in 
national development goals or reduction in available funds. To paraphrase a remark 
made during the discussion:

“ Reduction in available funds for a research programme does not mean reduc
tion in the quality of performance. It should be possible to reduce the size and 
scope of a programme without sacrificing the quality of performance. The 
standards by which the quality of performance is judged depend on the objec
tives of the programme.”

I hope that I have reproduced the general consensus which emerged at the 
Workshop. Let us hope that decision makers both at national and international level 
will pay heed.



W O R K S H O P  I I
C h a i r m a n :  N o r a m l y  b i n  M u s l i m  ( I A E A )

THE AGENCY’S INVOLVEMENT 
IN THE IMPLEMENTATION OF 

NATIONAL NUCLEAR PROGRAMMES

The Chairman of the Workshop gave a brief introduction, explaining the 
origin of the Agency’s involvement with national nuclear programmes and stating 
the objectives and functions of the Agency according to its statutes.

The structure of the Agency and that of the Department of Technical 
Co-operation were outlined. The Agency’s involvement with national nuclear 
programmes was discussed, with details of:

(a) resources available for the Agency’s Technical Co-operation Programmes 
for 1979-1985

(b) the uses made of the Agency’s Technical Co-operation resources in the 
period 1980—1985

(c) where the Agency’s Technical Co-operation resources were spent in 1985
(d) major types of activities supported by the Agency’s Technical Co-operation 

Programme for 1985 and
(e) the training provided by the Agency’s Technical Co-operation Programme 

for 1981 — 1985 (in terms of man-months and number of participants).

Figures were given showing the development of national capabilities, 
trained cadres of nuclear scientists, and the support and guidance of programmes 
concerning projects of economic importance to Member States.

The nature of the Agency’s involvement with national nuclear programmes 
was described. The Agency through its Department of Technical Co-operation 
acts in response to national requests for assistance. The Agency supports 
projects that are genuinely national, i.e. supported by the government of the 
Member State concerned. It was pointed out that the Agency only provides 
assistance and co-operation, not aid. It provides assistance in the form of 
training of manpower, experts and equipment. Through such assistance, the 
Agency hopes that Member States will be enabled to develop their infrastructure, 
their human resources and expertise, so as eventually to arrive at self reliance.

When the discussion was opened to the floor, many pertinent comments 
and suggestions were made.

( 1 ) There were questions related to equipment maintenance and spare parts, 
and requests that the Agency should provide finance for maintenance and 
the provision of spare parts.
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(2) Emphasis should be given to training, scientific visits, and the number of 
fellowships should be increased. There is a need to emphasize regional 
training and the fact that local experts must be used.

(3) Studies on the effectiveness of the Agency’s training programmes should 
be made. On their return, follow-up studies should be made on Fellows 
who had been trained by the Agency.

(4) There was interest in how requests are processed and evaluated by the 
Agency. There was an indication o f a need for pre-project assistance 
to Member States.

(5) There was concern that scientists in developing Member States do not have 
the latest information and literature on the development of nuclear energy.

(6) There was a general feeling that the Agency should play a positive role 
rather than a mainly advisory one.

(7) National economic benefits and implications should be considered when 
formulating project assistance requests, e.g. a medical products steriliza
tion plant might be a valuable project.

From the discussion it appeared that many participants did not fully 
understand the aims, roles and objectives of the Agency or its limitations. It 
would help if more information were given to Member States on the services and 
facilities that are available at the Agency and on how they can be fully utilized 
for the benefit of scientists and planners in developing countries.



ATELIER III/WORKSHOP III
PrésidentIChairman: J.J. Graf (France)

LA POLITIQUE ET LA GESTION 
DE LA RECHERCHE NUCLEAIRE

En se plaçant dans le cadre général du colloque, qui a trait à l’importance et 
à l’impact de la recherche nucléaire dans les pays en voie de développement, les par
ticipants ont cherché à répondre à la question: Quels sont les problèmes rencontrés 
lors de la détermination d’une politique nucléaire nationale et dans l’exécution de 
cette politique?

La discussion s’est organisée en quatre volets:

1. Définition de la politique, c ’est-à-dire déterm ination des grands objectifs
nationaux

Les exposés ont illustré clairement, par des exemples dans différents pays, le 
caractère politique et national de l’énergie nucléaire.

En effet, depuis quarante ans, la plupart des pays ont pris conscience de l’im
portance politique et économique de l’énergie nucléaire. C’est pourquoi, dans un 
nombre croissant de pays, la définition de la politique nucléaire et les structures éta
blies pour la mettre en œuvre ont relevé du plus haut niveau national.

Un représentant d’un pays de petite taille a particulièrement mis en évidence 
qu’il fallait, au niveau national, être attentif à l’élaboration de la politique et des 
programmes nucléaires. Il est nécessaire, pour préparer une orientation mesurée et 
réaliste, de faire participer à cette tâche les scientifiques, les ingénieurs, les 
planificateurs, les éducateurs, mais aussi les responsables du secteur de production. 
La décision est ensuite à prendre au plus haut niveau politique.

Par ailleurs, nous avons noté que la recherche nucléaire et la coopération 
nucléaire internationale dans de nombreux pays, par suite de l’intérêt soulevé, ont pu 
bénéficier d’une certaine priorité. Notamment de nombreux centres de recherche 
nucléaire ont été créés indépendamment des structures de recherche existantes et ont 
été plus largement dotés. Cependant, aujourd’hui, dans plusieurs pays développés ou 
en voie de développement, les choses ont été remises à leur place. En effet, par suite 
du niveau de maturité auquel a accédé l’énergie nucléaire, qui contribue à plus de 
12% de la production d’électricité mondiale, mais aussi de la large diffusion des 
informations véhiculées par les pro et les antinucléaires, le nucléaire a été banalisé 
et les centres de recherche replacés sous les tutelles gouvernementales habituelles.

Nous avons noté que cette situation a des conséquences difficiles pour les cher
cheurs, notamment quand un pays a décidé de ne pas recourir à l’énergie nucléaire. 
Le reliquat des applications nucléaires, qui ne sont plus liées au développement de

69



70 WORKSHOP III

l’énergie nucléaire, n’a plus la masse critique et les perspectives de réalisation d’im
portants investissements en laboratoires et en hommes. Elles peuvent en effet être rat
tachées à d’autres structures nationales dans les domaines de l’électronique, la 
chimie, l’espace, la biotechnologie, etc.

La situation est tout autre dans les pays où le nucléaire est considéré comme un 
grand objectif dans le plan de développement national. Dans le contexte d’un pays 
à large population et de sous-développement industriel, il a été souligné que la 
recherche-développement (R-D) nucléaire est un moyen puissant pour moderniser la 
technologie, notamment quand l’organisme chargé du nucléaire est également 
responsable de tout le développement nucléaire, c’est-à-dire les matières nucléaires, 
l’instrumentation, les procédés, les centrales nucléaires et tout le cycle du 
combustible.

2. Les structures et les organismes

Des exemples d’organisations nationales dans des pays de niveaux de 
développement et de tailles différents ont été présentés. Les pouvoirs attribués à ces 
organisations ont été précisés. Enfin, la nature et l’ampleur des relations établies 
entre les autorités gouvernementales, les organismes de recherche, les producteurs 
d’électricité et les industriels ont été évoquées. Leur rôle dans la réussite du 
développement national de l’énergie nucléaire a été mis en évidence sous différents 
aspects, notamment pour la coordination, la recherche de base et la recherche 
appliquée.

Nous avons bien senti, à travers les diverses interventions, quels problèmes se 
posent dans les pays qui ont éloigné les centres de recherche des instances de coordi
nation de la politique nationale de développement et notamment de l’énergie.

Le rôle d’organismes internationaux comme l’AIEA a été évoqué en tant que 
catalyseur démontrant ce que peuvent apporter la science et la technologie nucléaires 
dans la modernisation d’un pays en voie de développement. L’AIEA peut également, 
d’une part, stimuler la coopération entre les pays, et, d ’autre part, en contribuant à 
des projets, être témoin de leur qualité.

3. Exécution des programmes

Plusieurs orateurs ont montré comment la recherche nucléaire était financée. 
Les cas présentés étaient très différents suivant l’importance de l’engagement 
national dans un programme électronucléaire.

Dans le cas de petits pays en voie de développement, les analyses des 
mécanismes de financement de projets de laboratoires qui ont été décrits mettent en 
évidence la complexité des montages s’appuyant sur des financements internationaux 
variés et complémentaires. Mais il a été souligné qu’un projet devait cependant 
toujours bénéficier d’une participation nationale.
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La formation est, pour de nombreux pays, un élément essentiel préalable à 
l’engagement dans un programme électronucléaire national.

Il a été observé que le système éducatif dans les pays en voie de développement 
n’est pas en général adapté aux besoins d ’une industrie moderne. C’est pourquoi les 
centres de recherche nucléaire ont besoin de contribuer à la formation et de constituer 
des pôles de rayonnement de grande ampleur capables de générer une main-d’œuvre 
hautement qualifiée.

La formation à leurs tâches de responsabilité des directeurs de projet a été évo
quée ainsi que la mise en place de la sélection et du contrôle a posteriori de leur 
action.

Enfin, comme la subvention du gouvernement à la R-D est fonction des résultats 
visibles des différentes étapes du programme, il importe que, dans les pays en voie 
de développement, la direction assume toutes les fonctions de relations 
publiques. Il s’agit de faire, en la matière, l’éducation du public et notamment des 
dirigeants politiques, et aussi de mettre en place des scientifiques dans les administra
tions, d’établir un fondement industriel au programme et d’étendre l’infrastructure 
scientifique aux technologies d’aujourd’hui, comme par exemple l’électronique, 
l’espace et la biotechnologie.

4. Le contrôle et l ’évaluation de la recherche

Le contrôle et l’évaluation de la qualité de la recherche poursuivis dans les 
centres nucléaires sont les préoccupations de nombreux intervenants, sous-jacentes 
dans les remarques évoquées ci-dessus.

En conclusion, on pourrait reprendre certaines constatations faites au cours de 
cet atelier, qui paraissent essentielles.

a) Pour un pays qui envisage à terme un développement nucléaire, se doter 
d ’une capacité scientifique et technique nationale est la première décision importante, 
car il faut avant tout créer un climat favorable au développement.

b) Que le pays soit industrialisé ou pas, c’est la ferme et permanente volonté 
politique qui permet de réaliser un programme nucléaire national et de l’intégrer dans 
le cadre des grands objectifs nationaux avec les différents partenaires concernés. On 
a constaté qu’une organisation centralisée, structurée et permanente permet plus 
sûrement d’atteindre un tel objectif.

c) Il ne suffit pas d’engager un programme national important; il faut s’assurer 
auparavant que ce programme et son calendrier sont réalistes, notamment sur le plan 
des ressources financières et humaines. On a en outre souligné qu’il ne fallait pas 
sous-estimer l’effort que représente un programme nucléaire qui doit être adapté et 
progressif. La recommandation de certains est de commencer avec des petits projets.

d) Enfin, la politique et la gestion, c ’est également la réaction et la prise de posi
tion face à des événements extérieurs ou des accidents. L’exemple de l’accident 
nucléaire dû à des erreurs grossières d’exploitation a été évoqué. Les leçons doivent
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être tirées, mais les scientifiques ne doivent pas se comporter comme le public. Au 
contraire, grâce à leur compétence, il leur appartient d’expliquer aux autorités ce 
qu’il convient de faire et d ’informer largement les médias et le public pour qu’un tel 
événement ne remette pas en cause un programme nucléaire.
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Abstract

A NUCLEAR SCIENCE AND TECHNOLOGY PROGRAMME TO SERVE A SMALL COUNTRY.
The first part of the paper describes the relationship between a national nuclear 

programme (NNP) and a national system for science and technology within the frame of a 
national development programme (NDP). The second part describes the NNP, its objectives, 
basic premises, main programmes and organizational framework. The third part examines the 
different types of problems or obstacles which the developing countries usually face when 
implementing such programmes. The main objective of the NNP must be to develop the 
country through the application of nuclear science and technology. The development of 
nuclear science and technology remains as an objective subordinated to the main goal of the 
economic and social development of the country. The establishment of a sound NNP ensures 
a better utilization of the ever limited resources and adequate control over the possible adverse 
effects of nuclear and other technologies.

1. INTRODUCTION

The smaller a developing country is, the more meagre are the human and 
financial resources in science and technology which it can devote to its 
development.

In these countries, the gap between what it is necessary and desirable to do, 
and what it is possible and convenient to do, is wide and widening every day.

As was recognized by the General Assembly of the United Nations in its 
Resolution 32/50 (1977), “the use of nuclear energy for peaceful purposes is of 
great importance for the economic and social development of many countries.” 
This is the reason for the establishment of Uruguay’s national nuclear programme, 
which is designed to

(a) mobilize a national effort in the nuclear field, in order to optimize the 
utilization of the limited resources available for the application of nuclear 
technology to the socio-economic development of the country;

(b) strengthen capacity for the use of national, regional and international 
co-operation and assistance in nuclear fields;

(c) provide better control over the adverse effects of nuclear and other techno
logies, profiting at the same time from their benefits (e.g. control of 
industrial pollution by analytical nuclear techniques).
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In order to mobilize the resources of a country to combat its basic problems, 
it is necessary first to identify these problems, the resources, and the strategy to 
be used.

The programme must then be designed on the basis of the needs and the 
possibilities of the country, and should be based on a national nuclear policy.

The establishment of this and other programmes should be done at a high 
level, but with the support and expertise of the agencies involved in the adminis
tration, implementation and control of these programmes.

2. NATIONAL SYSTEM FOR SCIENCE AND TECHNOLOGY (NSST)

This system must implement at the scientific and technological level the 
goals of the national development programme or plans (NDP).

The national nuclear programme (NNP) must be an integral part of an 
adequate NSST in order to

(a) lead to the solution of the basic national problems,
(b) assure the existence of the conditions needed for the success of the NNP.

If the NDP has not been explicitly formulated, the NSST and the NNP should 
be directed towards the solution of the more acute problems of the country.

The NSST should assure

(a) the existence of explicitly formulated policies, plans, institutions and 
mechanisms for the implementation of programmes related to the develop
ment and application of science and technology in the country;

(b) their vertical co-ordination (co-ordination among institutions in related fields 
but working at different levels, e.g. institutions working in the planning, 
execution, control and support of nuclear projects); and

(c) their horizontal co-ordination (among institutions working at the same level 
in different fields, e.g. planning of agricultural and industrial research).

3. NATIONAL NUCLEAR PROGRAMME

3.1. Objective of the NNP

The main objective of the NNP must be to develop the country through the 
application of nuclear science and technology.

The development of nuclear sciences and technologies must remain 
subordinated to the main objective of the development of the country.
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Harmonic development calls for a balanced support of different functions 
and activities in several fundamental and applied fields, such as training, basic 
and applied research, experimental developments in agriculture, medicine, industry, 
hydrology, etc.

Nuclear activities in applied fields such as medicine, agriculture and industry 
should be carried out in institutions dedicated to these fields or in very close 
connection with them. Otherwise, an inadequate emphasis on nuclear methods 
might result in nuclear activities in these fields divorced from the real requirements 
of the country.

If the programmes are not adequately staffed and financed, even if they are 
well designed, one cannot expect practical results from them.

A programme is only a tool for action, and as a tool it must be

(a) considered as a means, not a goal in itself;
(b) used in a proper way by qualified personnel;
(c) constantly checked and updated;
(d) an instrument to facilitate, not to impede action. (It is necessary to avoid 

the bureaucratization of R&D activities that drowns initiatives and the 
spirit of innovation in a sea of bureaucratic measures and procedures.)

The programme must be realistic and concrete. It must refer to the most 
important problems of the country and attainable goals.

The programme must be national. Although the Government must play a 
leading role in the formulation and execution of the NNP, the private sector 
should also participate and co-operate to assure its success.

3.2. Basic premises concerning the NNP

3.3. Main programmes of the NNP

Training of personnel in nuclear science and technology (in connection with 
universities).

Development o f the nuclear infrastructure of the country (network of centres, 
laboratories, workshops and services in co-operation with universities and 
ministries).

Importation, creation and adaptation o f nuclear technology (in co-operation with 
the production sectors).

Application o f nuclear techniques in the economic and social development 
programmes of the country (mineral resources, agriculture and food, industry, 
hydrology, energy, environment, medicine, basic sciences) in co-operation with 
the production sectors.
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Production o f radioisotopes, labelled compounds and radiopharmaceuticais.

Radiological protection and nuclear safety (in connection with the Ministry of 
Public Health).

3.4. Institutional arrangements

Several bodies in the public and private sector must be involved in the 
planning, implementation and control of nuclear activities in a country. The 
major nuclear bodies should be a National Atomic Energy Commission (NAEC) 
or its equivalent, acting as the nuclear authority of the country (the overall 
agency for advice, planning and control) and, in a small country, a main executive 
agency, i.e. a Nuclear Centre (NC), or institute, working within the frame of an 
administrative division of a Ministry or Presidency.

This Centre will be responsible for the implementation of the NNP with the 
collaboration of other R&D institutions and other government agencies also 
dealing with nuclear technologies.

The main function of the NAEC is to give advice to the goverment on the 
formulation of nuclear policy and programmes and to promote and control 
nuclear activities., The most important functions of the NC are training, R&D, 
production (radioisotopes, instrumentation, technology) and services (radiological 
protection, maintenance, consultation).

4. OBSTACLES

In order to implement an NNP in a developing country, a number of 
constraints have to be identified and surmounted. The main obstacles at 
different levels are:

4.1. Planning level

— Lack of a defined and consistent policy
— Lack of scientific administrators (planners)
— Frequent changes of personnel.

4.2. Programming level

— Lack of directives and procedures for design, evaluation and control of 
projects

— Shortage of qualified personnel.
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.3. Implementation level

— Shortage of personnel aggravated by brain drain (internal and external)
— Shortage of funds
— Lack of adequate R&D facilities and support services (documentation, 

maintenance, administration)
— Inadequate mechanisms for translation of real national problems into R&D 

projects
— Inadequate mechanisms for translation of the results of R&D projects into 

the production sectors of the country
— Imperfect internal, regional and international collaboration
— Lack of scientific tradition (low level of scientific awareness).
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Abstract

PROCEDURES FOR SELECTION, EVALUATION, MONITORING AND CONTROL OF 
RESEARCH AND DEVELOPMENT PROJECTS.

The paper describes procedures designed to assure the greatest possible objectivity in the evalua
tion and determination of priority of different types of projects dealing with different problems in distinct 
areas. The following items are reviewed: analysis of the current situation and of requirements, selection 
of objectives, selection of spheres for development, project selection and evaluation. Here two steps are 
considered: preliminary project selection and evaluation using techniques for classifying or grading 
projects. The following grading procedures are examined: checklists, grading tables, profile tables. The 

•evaluation techniques discussed are also suitable for monitoring, control and evaluation of projects.

1. INTRODUCTION

In relation to the needs of developing countries, the resources available (both 
human and financial) are always insufficient.

In order to achieve the triple aim of: (1) allocating these resources to sectors 
and projects from which the greatest social and economic benefits will be derived;
(2) ensuring effective governmental control of the resources allocated; and (3) being 
able to use the most objective criteria possible for selecting and evaluating projects, 
it is necessary to adopt procedures which will provide a rational basis for taking deci
sions on the allocation of resources for R&D.

Described below are the procedures considered by the author to be appropriate, 
based on his experience on the staff of an atomic energy commission of a developing 
country, as a staff member of the IAEA and as a technical co-operation expert in 
many developing countries.

2. ANALYSIS OF THE CURRENT SITUATION AND OF REQUIREMENTS

The first task of any evaluator or planner is to analyse the current situation with 
a view to identifying present and future requirements in the relevant sphere. From 
an analysis of these requirements and of the present and potential resources of the
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country it will be possible to determine what the country can do, to identify the 
problems requiring solution and to decide on the policies and stratgegy to be pursued 
in each case.

3. SELECTION OF OBJECTIVES

Once policies have been adopted and national and sectoral problems have been 
analysed, the research objectives need to be defined and presented in an explicit but 
general fashion.

4. SELECTION OF SPHERES FOR DEVELOPMENT

On the basis of the policies and objectives already determined, spheres of 
activity requiring development should be selected and their relative priorities 
assigned. Taking into account (a) the increasing rate of technological change and
(b) social, political and economic changes occurring in any country, the task of deter
mining policies and objectives and of selecting areas of development must be seen 
as a dynamic and continuous process characterized by extensive and frequent analy
sis, review and adaptation so as to ensure that the process is at all times appropriate 
to the country’s needs and capabilities.

5. PROJECT SELECTION AND EVALUATION

To make the delicate process of project selection and evaluation accurate and
objective, the following are necessary:

(a) That projects should be submitted in such a way that they can be properly ana
lysed (the best system is for requests to be submitted on forms which make anal
ysis and comparison possible);

(b) That projects should be analysed by a technical evaluation group with the 
greatest possible competence and experience. If any additional competence is 
required, the group should make use, on an ad hoc basis, of advisers from out
side the group, the organization or even the country;

(c) That the results of technical evaluation should be viewed against the social, cul
tural and economic and financial evaluations carried out by the same evaluation 
group and by other groups or individuals.
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5.1. Prelim inary project selection

The first stage through which projects need to go is a preliminary study of the 
project document and an analysis of its general characteristics (objectives, activities 
and resources) for deciding which of the following is necessary:
(a) total rejection
(b) reformulation
(c) more appropriate presentation
(d) acceptance for final examination.

5.2. Evaluation

In order to ensure the greatest possible objectivity, one should adopt methods 
and techniques developed in recent decades.

Since the present analysis relates to scientific and technological R&D projects, 
the approaches and techniques devised for evaluating industrial investment projects 
will not be discussed here. In any case, those in charge of evaluating R&D projects 
should be aware of an always bear in mind the elaborate methodology which has been 
developed for evaluating such projects. In fact, techniques of economic analysis and 
of operational research are particularly useful for evaluating the economic benefits 
and costs of projects.

Since these methods are not applicable in their entirety when costs, benefits or 
results are not easily quantifiable, it is necessary to use other procedures, as outlined 
below.

5.3. Techniques for classifying or grading projects

Methods suitable not only for individual evaluations of R&D projects but also 
for comparing their relative values are those of semi-quantitative grading or 
classification.

Anyone who has performed project analyses and evaluations will be aware of 
the difficulty of determining the relative values of different projects which do not lend 
themselves to direct comparison. Herein lies the great value of grading methods. 
Another no less valuable function of grading is that of providing a more objective 
basis for decisions relating to projects (approval, rejection, assignment of priorities).

Grading techniques are also very useful during project design for deciding on 
particular aspects (e.g. siting study for a laboratory or institute).

Since, in addition, the groups taking decisions relating to acceptance or deciding 
priorities of projects are generally not the same as those performing evaluations, clas
sification or grading can be used for supplying the former with documentary evidence 
of the results of evaluation.

Last but not least, grading can also be used for maintaining a permanent record 
of the justifications for decisions. Such methods are based on the assignment of



84 SERVIAN

grades characterized by numerical values or letters to the various factors relevant to 
the selection or evaluation processes.

In order to take into account the relative degrees of importance of the different 
project factors, use is made of weighting coefficients. For example, for a given group 
of projects which are to be compared, more importance may be assigned to the extent 
to which the research topic is related to the objectives of the country than to the con
tribution it will make to fundamental knowledge of the topic.

5.4. G rading procedures

(a) Checklists. Lists of factors to be weighted are prepared, tables are compiled of 
the results of the observations or judgements (e.g. negative, neutral or positive) 
which are made in respect of each factor pertaining to the project and they are 
then compared. An example of a suitable list for R&D project evaluation is 
given below:

CHECKLIST 

I. Objectives of the project

1-1 Definition of the objectives of the project.
1-2 Importance of the topic — justification.
1-3 Feasibility (technical, social, cultural).
1-4 Relevance of the objective of the project to the Commission’s

programmes.

Approach followed for the solution — results

II-1 Appropriateness of the methodological approach. Originality.
II-2 Appropriateness of the work plan proposed and of targets and

deadlines proposed.
II-3 Analysis of results and their implementation.

Appropriateness of resources

III-l Competence and number of project staff.
III-2 Time to be devoted by staff.
III-3 Appropriateness of facilities, equipment and materials.
III-4 Appropriateness of support services.
III-5 Project budget. Financial resources available.
III-6 Institutional framework, co-operating organizations.
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IV-1 Fellowships, special field, duration, type of training.
IV-2 Facilities, equipment, materials.
IV-3 Experts: special field, functions, time required.

(b) Grading tables. With this method, which is relatively similar to the previous 
one, numerical values are assigned to judgements according to a scale to be 
agreed on (e.g. 1—5); the results are compared and they are recorded.

(c) Profile tables. This procedure can be used for very simple graphic representa
tion, as will be seen from the following example:

Project profile

Relevance of the objective 

Viability of the approach 

Appropriateness of the work plan 

Analysis of results expected 

Competence of the research workers 

Appropriateness of material resources 

Appropriateness of support services 

Appropriateness of the assistance requested

6. MONITORING AND CONTROL

The most appropriate procedures for monitoring and control of projects being 
implemented is analysis of the periodical reports submitted by those implementting 
the projects and of the results obtained (goods or services produced, publications in 
specialized journals, presentations at scientific meetings).

In this case also, reports should be presented in a concise and orderly fashion 
on appropriate forms and should be analysed by the same evaluation group using a 
similar procedure.

The utilization of the criteria of success or standards to be used for the measure
ment of the achievement of a project is also suitable for monitoring, control and even 
evaluation.

IV. Comments on assistance required
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Abstract-Resumen

NUCLEAR RESEARCH WITH SCARGE RESOURCES IN PERU.
In order to  conduct a research programme in a country which has limited nuclear facilities 

and scant resources for them, a number of factors have to  be combined, such as carrying out 
practical work to  obtain certain products nationally, the application of techniques to  provide 
services or to  solve industrial technological problems rapidly, simply and practically, as well as 
making maximum use of the available physical infrastructure in order to keep the technical 
staff in touch with international developments in basic nuclear research. The Peruvian Nuclear 
Energy Institute and other State institutions have been working in this direction and have 
achieved major successes during the last ten years in the various areas tackled. Thus, in 
radiopharmacy and nuclear medicine it has gradually become possible to produce a wide range 
of kits for preparing molecules labelled with 113Inm and 99Tcm as well as other products labelled 
with slCr and 131I. The medical studies, carried out initially with rectilinear gamma radiography 
equipment and subsequently with computerized gamma cameras under various conditions, have 
made it possible to perform a large number of routine diagnostic tests, including radioimmuno
assays, at a pilot centre which recently introduced them at the national level. As to agricultural 
applications, results are reported from the following areas: induced genetic mutations for plant 
improvement, increased crop production through soil and fertilizer studies, research into 
problems of plant physiology, animal nutrition and reproduction and eradication of pests, 
especially the Mediterranean fruit fly, using the sterile male technique. In addition, the paper 
describes Peruvian experience with disinfesting certain grains, including malt, and with the 
preservation by irradiation of various food products, including an indigenous tuber called 
“olluco” . A zero-power reactor commissioned in 1978 has enabled research to be carried ou t on 
various geometrical and analytical parameters, as well as on others relating to calibration, 
reactivity, flux, etc., and has also been used for practical studies with industrial applications. 
Another important area of research, which has been initiated recently using the 14 MeV neutron 
generator, is the rapid analysis of uranium and thorium using a “Rapiduran” and the determina
tion of the nitrogen content of biological samples. Finally, an account is given of work carried 
out in nuclear electronics, radiation protection, nuclear safety and uranium mining.

INVESTIGACIONES NUCLEARES CON ESCASOS RECURSOS EN PERU.
En el desarrollo de un programa de investigaciones en un país con limitadas instalaciones 

nucleares y escasos recursos destinados a ello han de conjugarse factores tales como la 
realización de trabajos prácticos que permitan la obtención nacional de determinados productos,, 
la implementation de técnicas para prestación de servicios o la solución de problemas tecnológicos 
industriales de forma rápida, sencilla y aplicable, así como la máxima explotación de la infra
estructura física disponible con vistas a mantener al personal técnico a tono con el nivel mundial 
del desarrollo de las investigaciones nucleares básicas. El Instituto Peruano de Energía Nuclear 
y otras entidades estatales han trabajado en este sentido, obteniendo en la última década
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importantes logros en las diversas áreas abordadas. Así, en radiofarmacia y medicina nuclear 
se logró progresivamente producir una amplia gama de “kits” para preparar moléculas marcadas 
con n3Inm y " T c m, así como otros productos con slCr y 131I. Los estudios médicos realizados, 
primeramente con gammágrafos rectilíneos y posteriormente con cámaras gamma computarizadas, 
en diversidad de situaciones, han permitido implementar un gran número de pruebas de 
diagnóstico rutinario en un centro piloto, que de inmediato las ha introducido a nivel nacional, 
incluyendo las determinaciones radioinmunológicas. En el campo de las aplicaciones 
agropecuarias se reportan resultados de trabajos realizados en los siguientes campos: inducción 
de mutaciones genéticas para mejoramiento de plantas, incremento de la producción de cultivos 
mediante el estudio de suelos y fertilizantes, estudios de problemas de fisiología vegetal, 
nutrición y reproducción animal, y eliminación de plagas por la técnica del macho estéril, 
especialmente la de la mosca mediterránea de la fruta. Por otro lado, se detalla la experiencia 
peruana en la desinfestación de algunos granos, incluyendo la malta, así como en la radio- 
conservación de diversos productos alimenticios, entre los que figura un tubérculo de origen 
nativo llamado olluco. Gracias a un reactor de potencia cero puesto en funcionamiento en 1978 
se ha podido realizar investigaciones sobre diversos parámetros geométricos, analíticos, de 
calibración, reactividad, flujo, etc; al mismo tiempo se ha utilizado también para otros estudios 
prácticos de aplicabilidad industrial. Otro rubro importante de investigación, iniciado reciente
mente mediante la utilización de un generador de neutrones de 14 MeV, lo constituyen los 
análisis rápidos de uranio y torio con un Rapiduran y las determinaciones del contenido de 
nitrógeno en muestras biológicas. Finalmente, se da cuenta de trabajos realizados en los ámbitos 
de electrónica nuclear, protección radiológica, seguridad nuclear y minería uranífera.

1. INTRODUCCION

El Estado peruano inicia su preocupación por las aplicaciones pacíficas de la 
tecnología nuclear a mediados de la década de 1950 y se crea la Junta de Control de 
Sustancias Radiactivas, inicialmente sólo como órgano regulador y fiscalizador.

Esta entidad prontamente se orienta a la prospección de uranio en el 
territorio nacional, desarrollándo a lo largo de varios años un modesto programa de 
excursiones a fin de lograr el relevamiento de un mapa uranífero del país.

A mediados de la década de 1950, el interés se orienta al control de la contamina
ción ambiental, debido a las explosiones atómicas experimentales que se 
desarrollaban en el Océano Pacífico. Con esta finalidad, se monta un laboratorio 
de espectrometría gamma y, durante un largo período, se llevan a cabo controles 
rutinarios del aire, leche, pastos y ciertos vegetales.

Asimismó, se realizan las primeras importaciones de material radiactivo, y 
se establecen los laboratorios preliminares de radioquímica, radiofarmacia, 
protección radiológica y electrónica.

Por esta época, o sea hace aproximadamente 20 años, se inicia en el país 
el desarrollo de las aplicaciones pacíficas de la energía nuclear, con un reducido 
grupo de 30 personas trabajando en unos laboratorios adaptados en una vieja 
casona.
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A partir de ese momento se puede decir que se sigue un programa coordinado 
de trabajo en las diversas áreas que, a pesar de lo limitado de los recursos humanos 
y materiales, se ha mantenido con ciertos altibajos, de lo cual se da cuenta en el 
presente trabajo.

2. COOPERACION TECNICA Y APORTE NACIONAL

Aunque la cooperación técnica en el ámbito nuclear puede ser de origen 
variado, en el caso del Perú la más importante ha sido la proveniente del Organismo 
Internacional de Energía Atómica.

Este apoyo permanente a través de suministro de equipos y materiales, becas 
de capacitación de personal y asesoramiento mediante expertos internacionales ha 
sido el soporte imprescindible para el desarrollo aplicativo alcanzado.

Por canal del OIEA, es decir los proyectos del Programa Regular de 
Asistencia Técnica, los proyectos del Programa de las Naciones Unidas para el 
Desarrollo y los contratos específicos de investigación, se ha recibido en el país 
un total de unos 8 000 000 de dólares de los Estados Unidos durante un período 
de 10 años (1976-1985).

Otro origen de la cooperación técnica lo constituyen los fondos extra 
presupuéstales suministrados a través del OIEA por algunos países que han apoyado 
proyectos específicos, así como el aporte recibido mediante convenios bilaterales 
de cooperación en el campo nuclear.

El aporte del Estado ha tenido lógicamente las limitaciones de un país en 
desarrollo. A pesar de reconocer los beneficios de la aplicación de la tecnología 
nuclear, las prioridades nacionales casi siempre determinaron un presupuesto 
mínimo para la operación rutinaria de los laboratorios existentes, el cual debía ser 
complementado necesariamente con el aporte externo para poder emprender 
tareas de investigación y desarrollo.

El aporte gubernamental ha sido también importante, principalmente para la 
creación de la infraestructura física existente de los laboratorios actualmente 
operativos de radisótopos, materias primas, protección radiológica, electrónica, 
así como para la edificación de dos obras importantes: el Centro Piloto de Biología 
y Medicina Nuclear y el Centro Superior de Estudios Nucleares.

La financiación estatal de las actividades nucleares se ha incrementado notable
mente en los últimos años con la construcción del Centro Nuclear de Investiga
ciones, que dispondrá de un reactor de 10 MW y una planta de producción de 
radisótopos. Esta obra, realizada por contrato con la Comisión Nacional de 
Energía Atómica de la Argentina y que se encuentra avanzada en un 90%, ha 
determinado que la inversión estatal directa sea del orden de 40 millones de 
dólares.
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3. INVESTIGACION APLICADA Y NIVEL CIENTIFICO

La tecnología nuclear, como ninguna, posee características multisectoriales 
que determinan la necesidad de que cada país defina una política nuclear, lo que 
se hizo en Perú en 1977, cuando por primera vez la energía nuclear figuró en un 
plan de gobierno.

A partir de ahí, el Estado determinó un claro propósito y una actitud definida 
sobre el interés del país en participar activamente en los múltiples beneficios que la 
ciencia y tecnología nucleares pueden ofrecer al desarrollo y bienestar de la 
población.

El usufructo de las aplicaciones conlleva necesariamente al establecimiento 
de esta tecnología avanzada, para lo cual fue preciso puntulizar los objetivos a 
alcanzar y definir la estrategia secuencial del Plan Nuclear Peruano.

La contribución efectiva de la energía nuclear al mejoramiento de las condi
ciones socioeconómicas del desarrollo científico, tecnológico e industrial del país 
es el objetivo principal. Para ello se debía invertir con sacrificio, planificar con 
inteligencia y trabajar con esfuerzo, tratando de obtener en el más corto plazo 
resultados tangibles y positivos.

La investigación debía ser eminentemente aplicativa y la adecuación 
tecnológica pragmática, permitiendo una pronta y efectiva transferencia tecnológica 
de los países más desarrollados en el tema al ámbito nacional, lógicamente de 
acuerdo con una razonable relación costo-beneficio.

Es así que las áreas de las aplicaciones en medicina y agricultura gozaron de 
la atención preferente, siendo priorizadas institucionalmente tanto en lo que se 
refiere el presupuesto interno como a la cooperación técnica internacional. Los 
esfuerzos estuvieron orientados a disponer localmente de los productos necesarios, 
a implementar el procedimiento tecnológico de la aplicación y a obtener los 
mejores resultados posibles.

En los primeros años se recibió un asesoramiento aislado de expertos en 
temas específicos y se inició la formación de personal en el extranjero, lo cual 
permitió las primeras especializaciones en temas relacionados con marcación de 
moléculas, dosimetría de película, espectrometría gamma, gammagrafías, estudio 
de suelos, prospección de uranio y otros.

La planificación conducía a la disponibilidad de un centro nuclear con un 
reactor de investigación y laboratorios auxiliares que permitieran un trabajo más 
profuso y de mejor nivel.

Se inició un plan integral de capacitación especializada de personal en todas 
las áreas, cubriendo cada uno de los códigos que se requerirán para operar las 
nuevas instalaciones, personal que en diversas universidades e instituciones 
nucleares del mundo ha adquirido el conocimiento y la experiencia que le ha 
permitido realizar una serie de trabajos importantes para el desarrollo nacional.
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Como puede resultar lógico, aunque no siempre realizable, el desarrollo de 
ambas disciplinas se ha producido casi simultáneamente en el Perú.

Los brotes aislados del surgimiento de la especialidad médico nuclear a 
mediados de la década de 1960 obligaron al Instituto Peruano de Energía Nuclear 
(IPEN) a asumir su rol de propulsor de las aplicaciones y, como consecuencia de 
ello, a preocuparse no solo del abastecimiento del material radiactivo requerido, 
sino también del establecimiento de un conjunto de laboratorios que puedan estar 
a la vanguardia de la especialidad, constituyéndose en un centro de investigación, 
capacitación, entrenamiento y difusión tecnológica.

A pesar de lo prioritario del tema, los recursos destinados para ello como para 
toda la institución nuclear fueron exiguos. No obstante, se logró construir 
dos ambientes de laboratorios para manipulación de radisótopos, recibiéndose 
formalmente la primera remesa de importación de yodo 131 en 1966.

Como ya se mencionó anteriormente, el apoyo de la cooperación técnica ha 
sido determinante y ha permitido disponer de la mayor parte del equipamiento 
actual, así como del asesoramiento a través de misiones de expertos y la capacita
ción del personal profesional y técnico, con lo que éste ha podido sacar el máximo 
provecho en beneficio del desarrollo tecnológico del país.

Los laboratorios de radisótopos dedicados a radiofarmacia principalmente, 
aunque también a marcación de moléculas en general, se han montado progresiva
mente, disponiéndose en la actualidad de 350 m2 de laboratorios equipados con lo 
siguiente: cajas de guantes blindados para fraccionamiento y marcación de 
radionucleidos emisores gamma y beta, equipamiento convencional y especializado 
para laboratorios de química, controles físico, químico y biológico, entre los 
que se pueden destacar: calibradores de dosis, liofilizadores, radiocromatógrafo, 
contadores de centelleo sólido y líquido, etc.

En la etapa inicial, el trabajo consistió en el abastecimiento de los radio- 
fármacos que requería en ese momento la medicina nuclear, importando 
radisótopos primarios como 131I, slCr, 59Fe, 203Hg y generadores de 113Inm, 
a lo que siguió el fraccionamiento de los mismos y la marcación de moléculas. Con 
1311 se preparaba Hipurán, Rosa de Bengala, sero albúmina humana, ácido oléico, 
trioleina, lipidol, bromo sulfo taleina, yodo antipirina, aprotinina; con 203 Hg 
Cloromerodrin y, con 131Inm, complejo EDTA, EDTMP, macroagregados 
coloidales y diversos. Todo este importante trabajo de implementación de técnicas 
que condujeron al suministro de radiofármacos que pasaban un estricto control 
de calidad fue el soporte que permitió el despegue de la medicina nuclear en el país, 
lo cual se reforzó de inmediato con la introducción de los “kits” o juegos de 
reactivos preformados.

Una segunda etapa la constituye el desarrollo de las técnicas de obtención de 
moléculas marcadas con el radisótopo "Т с”1 y los respectivos “kits” para estudios 
in vivo.

4. RADIOFARMACIA Y MEDICINA NUCLEAR
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Con la experiencia ganada en la etapa anterior se abordó un programa de 
standardización de preformados, estableciéndose prioridades y desarrollándose 
progresivamente a lo largo de varios años conforme lo permitía la disponibilidad 
de medios; así se dispone de “kits” de glucoheptanato y gluconato de calcio, 
pirofosfato de sodio, tiosulfuro coloidal, macroagregado de albúmina, metilen di 
fosfonato, D.T.P.A. y derivados del ácido imino diacético.

Esta producción nacional de “kits” de calidad evidente ha determinado que 
este tipo de productos no se importe, lo cual constituye un factor importantísimo 
para poder mantener el costo de los servicios de medicina nuclear a un nivel 
accesible al estandard económico de la población.

Asimismo, en esta línea de trabajos se han desarrollado muchos otros 
relacionados con la marcación de hormonas con 125I, entre los que figuran T3, T4, 
TSH e insulina, y se tiene como objetivo lograr “kits” completos para dosage 
radioinmun ológico.

En el campo de las aplicaciones biomédicas, se puede calificar de notable 
el desarrollo alcanzado en los últimos 10 años, habiéndose cumplido los objetivos 
de promover, difundir, capacitar, asesorar, investigar y prestar servicios en materia 
de medicina nuclear.

Con un significativo aporte del PNUD y del OIEA en equipos, becas y 
expertos, el Estado peruano, a través del IPEN, estableció un proyecto para instalar 
el Centro Piloto, que se ha completado en su primera etapa con una inversión 
nacional del orden de dóls. 200 000.

Sobre un área de 1000 m2 se distribuyen los ambientes para las cámaras 
gamma asociadas a computadoras, laboratorios de radiofarmacia, radio- 
inmunoanálisis, revelado, mantenimiento, radioprotección y otros requeridos.

Un grupo humano calificado ha realizado una serie de trabajos de investigación, 
aprovechando el equipamiento disponible, así como la casuística que presentan 
los pacientes del Centro Piloto; estos trabajos han abarcado tanto la implentación 
de procedimientos para estudios in vivo e in vitro, como los estudios evaluativos y 
comparativos de la tecnología médico nuclear.

He aquí algunos de los 36 trabajos específicos que se han realizado en los 
últimos años: parámetros básicos y valores normales para antígeno carcino- 
embriónico y alfa-fetoproteina, evaluación del EDTMP-n3In en centellografía 
ósea, gammagrafía hepática en la práctica hospitalaria, gammagrafía salivar en 
síndrome de Sjogren, uso del Hipurán 13iI en cáncer de cervix, gammagrafía 
ósea en brucellosis, gammagrafía versus ecografía hepática, introducción de la 
tecnología de radiorreceptores hormonales, HCG en líquido cefaloraquídeo, gamma- 
grafía gastro esofógica, evaluación gammagráfica de la fracción de eyección de 
ventrículo izquierdo, y uso del Hida-99Tc en estudios de hipocondrio derecho.
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5. INVESTIGACIONES AGROPECUARIAS Y DE ALIMENTOS

De estas investigaciones se han encargado principalmente profesionales y 
técnicos de la Universidad Nacional Agraria de La Molina con el apoyo del 
IPEN, para lo cual han dispuesto de un laboratorio básico dé radisótopos en la 
Universidad y de una unidad de irradiación experimental de cobalto 60.

En este campo el equipamiento es bastante reducido, habiéndose orientado 
la cooperación técnica más que nada a la capacitación de personal y al asesora- 
miento de expertos; con una adecuada programación y diligente dedicación de 
los estudiosos se ha logrado realizar una importante labor de investigación y 
desarrollo, con un muy escaso aporte adicional al que el Estado otorga normal
mente a la Universidad.

El mejoramiento genético de plantas se ha experimentado con trigo, cebada, 
quinua, arvejas, frijol y lentejas, con el propósito de lograr un mayor rendimiento 
y variedades más resistentes a heladas y pestes en las zonas alto-andinas y de 
mejorar las tierras mediante rotación de cosechas, reduciendo el uso de fertilizantes 
de elevado costo.

También se han realizado diversos trabajos para lograr mejores rendimientos 
en el cultivo de pepinillo, zapallo, tomate, ají y otros. Un importante trabajo es 
el realizado para el mejoramiento genético de un frutal nativo de la selva amazónica 
peruana, llamado camu-camu, cuyo contenido de ácido ascórbico es 30 veces 
superior a la naranja.

Por otro lado, se han efectuado evaluaciones de la fertilidad natural de suelos 
y se ha determinado la eficacia de fertilizantes fosfóricos y nitrogenados con fijación 
de C 02 en cosechas y suelos.

En el área de la fisiología vegetal se han realizado trabajos con carbono 14 
sobre fotosíntesis y traslocación en plantas de maíz y papa, estudiándose los 
parámetros de plantas sometidas a “stress’ por sequías, heladas y baja nutrición.

En lo que se refiere a la reproducción animal, se ha trabajado intensamente 
en el incremento de la productividad del ganado vacuno, ovino, alpacas y llamas. 
Mediante el radioinmunoanálisis se han determinado parámetros de la fisiología 
reproductiva en función de factores genéticos nutricionales y alimenticios, 
obteniéndose resultados bastante positivos al incrementarse el número de 
pariciones por año y el número de crias por parto. Adicionalmente se ha estudiado 
el aprovechamiento de subproductos industriales, como melazas y residuos de 
cultivos, para la alimentación animal, especialmente en la sierra, donde los pastos 
son escasos.

En producción animal, se han efectuado determinaciones de contenido 
hormonal en leche, niveles de cruzamiento posibles, resistencia a enfermedades, 
y estudios comparativos de animales de diferentes regiones, entre otros.

Asimismo, se ha utilizado la técnica de insectos estériles (T.I.E.) para 
erradicar la plaga de la mosca mediterránea de la fruta en los valles del sur del país 
(Moquegua y Tacna). Este proyecto, ejecutado por el Ministerio de Agricultura con
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el apoyo de la cooperación técnica internacional, está liberando una producción 
semanal cercana a los 100 millones de moscas estériles producidas en el laboratorio 
de Lima, obteniéndose hasta la fecha un notable éxito que ha determinado que la 
zona recupere los niveles de producción frutícola de muchos años atrás.

En el área de la preservación de alimentos mediante la aplicación de la 
tecnología nuclear (Pico-onda), a pesar de las limitaciones establecidas por la 
pequeña y agotada unidad de irradiación de cobalto 60 dedicada a ello, la 
necesidad de esta alternativa tecnológica ha determinado que en los últimos 
ochos años se desarrollara un intenso programa de investigaciones que incluyó 
diversos productos importantes para la problemática alimentaria del país.

Con una limitada infraestructura de dos laboratorios y cuatro personas se han 
realizado trabajos de inhibición de brotes en papas de diversas variedades, cebollas 
y olluco, tubérculo este de origen peruano que es alimento básico de la población 
de la zona de sierra.

El programa ha comprendido también experiencias de desinfestación de 
granos como arroz, trigo, maíz, cebada y malta, así como de conservación de 
papayas, naranjas, manzanas, mangos, frutas enlatadas, panes, quesos y otros.

En la actualidad se están desarrollando algunos trabajos con productos y 
subproductos pesqueros. Siendo el Perú un país con gran potencial en este rubro, 
se posibilitaría con esta tecnología el transporte de pescado a toda la zona de la 
sierra, lo cual no sucede en este momento.

6. REACTOR DE POTENCIA CERO Y GENERADOR DE NEUTRONES

Construido para ser un símil del reactor de 10 MW que forma parte del 
Centro Nuclear, el RP-0 es un conjunto crítico con núcleo de uranio enriquecido 
al 20,09% en 235U, teniendo grafito como reflector y agua ligera como moderador.

El reactor, operando con una fuente de neutrones de americio con intensidad 
de dosis de 10s n/s, alcanza una potencia de 10 W, pudiendo ensayarse diferentes 
configuraciones del núcleo debido a sus elementos combustibles móviles.

Esta instalación de fabricación argentina, provista como parte del contrato 
entre la Comisión Nacional de Energía Atómica argentina y el Instituto 
Peruano de Energía Nuclear, alcanzó la criticidad por primera vez en julio de 1978. 
y ha servido para las labores de capacitación y entrenamiento de personal en 
programas de operación, mantenimiento y radioprotección, realizándose adem 
además diversos trabajos de investigación con escasos recursos, referidos tanto 
al RP-0 como al RP-10 y aplicativos, que a continuación se consignan.

Empleando el bajo flujo neutrónico disponible, 107n-cm_2-s_1, se desarrolló 
una metodología para la determinación de vanadio en petróleo a fin de detectar 
su presencia como envenenador de los catalizadores en el proceso de craqueo 
catalítico. Igualmente, se ha desarrollado una metodología para el análisis 
simultáneo por activación neutrónica de Zn, Cu, Mn, In, As y Sb en concentrados
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minerales de zinc. El método instrumental, sin requerimiento de tratamiento 
químico, consideró una irradiación de 60 min y la medición posterior de las 
muestras en espectrometría gamma de alta resolución, empleando detector de 
germanio intrínseco.

También se efectuaron otros trabajos relacionados con la determinación 
multielemental rutinaria en rocas silicatadas y muestras geológicas uraníferas, la 
determinación de manganeso en acero inoxidable 316, el balance de mercurio 
en celdas electrolíticas, la medición del ruido neutrónico y el diseño de un medidor 
electrónico de aislamiento.

En 1982, la institución recibió a través de la cooperación técnica interna
cional un equipo generador de neutrones para el que se construyó, como en el 
caso del RP-0, un edificio ad hoc de 123 m2 que dispone de la sala y antesala 
blindadas del generador, laboratorio de blancos, radioquímica, sala de control, 
patio de máquinas, etc.

El costo de la inversión nacional en el edificio y otros ha sido del orden de 
dóls. 150 000; a partir de 1984 se dispuso del generador de 14 MeV, modelo 
J-25 de la firma AID-Francia, con sistemas auxiliares, espectrometría de alta 
resolución y coincidencia.

Inicialmente se desarrolló la metodología para el análisis instrumental de Si, 
Al, Mg y Fe en minerales metálicos y no metálicos, y actualmente se lleva a cabo 
la implementación de técnicas para utilizar los neutrones rápidos en el análisis de 
proteinas y fósforo en alimentos, plantas, fertilizantes y asimismo la caracterización 
química de carbones industriales peruanos.

7. ELECTRONICA, SEGURIDAD Y MATERIAS PRIMAS

En el campo de la electrónica nuclear, la experiencia adquirida por el 
personal en el servicio de mantenimiento preventivo y correctivo ha permitido 
efectuar el diseño y fabricación de prototipos de aparatos monitores de radiación 
portátiles para alfa, beta y gamma, estando actualmente en desarrollo el tipo 
de detectores Geiger-Müller.

La producción nacional de trabajos relacionadas con aspectos de seguridad 
nuclear y protección radiológica es variada ya que abarca tanto la tecnología de la 
radioprotección, como estudios previos para un centro nuclear, o la previsión 
de riesgos. Algunos de los trabajos son: determinación de cesio 137 y estroncio 90 
en alimentos de consumo en Lima; desarrollo de materiales de dosimetría por 
técnicas fotográficas y termoluminiscentes; estudios de dispersión atmosférica 
en el área del centro nuclear; estudio de dilución de contaminación en aguas 
del río Chillón, y determinaciones de modelos matemáticos para evaluar la 
seguridad de instalaciones nucleares.

En lo que se refiere a la labor desplegada por el Perú desde hace muchos 
años en el ámbito de los recursos uraníferos, la limitación de recursos también
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ha sido el factor determinante del lento desarrollo de los trabajos. Los estudios 
iniciales versaron sobre planificación y desarrollo de la prospección uranífera, 
preselección de áreas, estudio de los métodos de prospección y su aplicabilidad 
en el país, y estudios preliminares de la faja subandina, del llano amazónico y de 
la cuenca del Titicaca. Estos trabajos fueron continuados con un programa integral 
de prospección uranífera a lo largo del país a fin de evaluar el potencial nacional, 
levantando un mapa por regiones con tres niveles de prioridad que condujo al 
establecimiento de reservas de futura explotación.

8. CONCLUSIONES

En el desarrollo de las actividades nucleares en el Perú se trazó como objetivo 
primordial que la tecnología fuera una herramienta útil para el desarrollo nacional. 
En este sentido, había que conjugar los escasos recursos internos disponibles con 
las posibilidades de la cooperación externa, la capacidad técnica propia con la 
transferencia horizontal de tecnología, y la aplicación práctica adecuada a la 
prestación de un servicio requerido con el estudio serio de un tema de actualidad 
internacional, tratando de optimizar siempre la resultante de todo ello. Como 
consecuencia, se puede puntualizar lo siguiente:

1) El país ha experimentado un avance significativo en el uso de las aplicaciones 
pacíficas de la energía nuclear.

2) Los limitados recursos económicos destinados a ello han sido significativa
mente complementados por la cooperación técnica internacional, permitiendo 
el desarrollo alcanzado.

3) La adecuada planificación, el uso racional de los recursos, la capacidad 
humana y el esfuerzo del personal profesional y técnico participante han sido 
factores decisivos en el logro de los objetivos.

4) El desarrollo tecnológico realizado ha logrado parcialmente la autonomía 
en el suministro de materiales para las aplicaciones nucleares y ha permitido 
brindar servicios necesarios para el país.

5) Las investigaciones nucleares desarrolladas hasta el presente se han realizado 
con adecuada transferencia de tecnología, constituyendo una base importante 
para garantizar la operatividad del futuro centro nuclear del Perú.
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Abstract

THE PERUVIAN NUCLEAR PLAN AND IAEA ASSISTANCE IN  ITS IMPLEMENTATION.
Peru’s medium-term Nuclear Plan, encompassing two stages, was initiated in 1977. Approved 

at the same time were technical assistance and co-operation projects on a broader scale than those previ
ously undertaken. Several of the first stage projects of the Nuclear Plan, covering the years 1977 to 
1983, are being concluded. The primary aim of this stage was to utilize nuclear sciences and techniques 
to solve problems holding back the country’s development, within reasonable periods of time and at 
moderate cost, with the following basic parameters: (a) sufficient operational facilities to allow for 
nuclear development, (b) the necessary human infrastructure. The organization of the research involved 
not only the Peruvian Nuclear Energy Institute (IPEN), but also government-run and private universi
ties, public technical bodies, such as those in the areas of health and agriculture, and even privately 
owned enterprises — all with a view to achieving harmonious multisectoral development. An evaluation 
of the accomplishments of Peru’s medium term Nuclear Plan is presented in accordance with the aims 
of its programmes. From its very earliest stages the Plan received IAEA assistance and co-operation 
from the Agency’s regular budget funds and extrabudgetary financing, as well as aid from the United 
Nations or through its offices (UNDP, FAO, UNIDO, etc.). The paper concludes with a summary of 
the major achievements of the Peruvian Nuclear Plan to date, which include the discovery of a uranium 
district, setting up nuclear medicine centres, and improvement of agriculture at high altitude.

1. INTRODUCTION

It is an undeniable fact that the assistance of the International Atomic Energy 
Agency (IAEA) has played a very important role in the development of nuclear 
activities in Peru. This co-operation, moreover, emerged as a result of the prepara
tion of a national Nuclear Plan that is of considerable significance for the develop
ment of the different applications of nuclear energy in the country.

Thanks to the nuclear policy outlined in the Peruvian Nuclear Plan, national 
officials were motivated to attain thé objectives and implement the guidelines con
tained therein and followed by the Peruvian Nuclear Energy Institute (IPEN).

This paper illustrates:

(1) The wide and varied involvement of IAEA technical co-operation with Peru in 
the development of Peru’s national Nuclear Plan, and

(2) The Plan goals achieved thanks to effective and efficient scientific and technical 
co-operation.

97
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Peru initiated its nuclear activities in 1954, with the assistance of the USA, 
which was interested in prospecting for uranium. On becoming an IAEA Member 
State, Peru broadened its nuclear efforts, pursuing the following new activities:

— Prospecting approximately 120 000 km2 by a variety of methods: e.g. radio- 
metric land reconnaissance, serial radiometric survey and geochemical 
prospecting. These studies concluded with the identification of 55 radiometric 
anomalies.

— Instrumental analysis of uranium, thorium and other elements needed for evalu
ation of prospecting.

— Studies of research reactors.
— Distribution and labelling of radioactive medicines.
— Installation of two diagnostic units using radioisotope imaging in government 

hospitals for nuclear medicine.
— Establishment of a film dosimetry service with close to 1000 users.
— Initial use of nuclear techniques in agriculture.
— First phase in the eradication of the Mediterranean fruit fly.
— Installation of instrumental and radiochemical laboratories for determining 

environmental radioactivity, with the support of the Government of France.

Furthermore, the specialization of professional personnel was upgraded and 
more officials and technicians began to take part in nuclear oriented international 
events sponsored by the International Atomic Energy Agency.

2. THE NUCLEAR ENERGY SITUATION UP TO 1976

3. THE NATIONAL DEVELOPMENT PLAN

In 1976 the Peruvian Government approved the guidelines and objectives for 
a National Development Plan, which included some of a nuclear nature, designed to 
benefit national development.

3.1. Policy guidelines

The policy guidelines were set out as follows:

(1) Promulgate legislation to govern the development of nuclear energy and its 
applications.

(2) Establish a nuclear centre with the necessary scientific and technological 
endowment to ensure that nuclear energy is made a part of the nation’s 
development.

(3) Determine the reserves of radioactive minerals and evaluate national possibili
ties for uranium production.
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(4) Perforin the necessary studies for the installation of the first nuclear power 
plant.

(5) Further the applications of nuclear energy which are of major socio-economic 
interest in the sectors of health, agriculture, food and industry.

(6) Give maximum encouragement to the mining and processing of, and prospect
ing for, radioactive minerals, establishing a policy to ensure continuous 
development.

In this way a long term comprehensive policy has been established, which will 
make it possible to achieve national development by creating and bolstering the 
nuclear scientific and technological infrastructure and in which the resources of both 
international organizations and foreign countries will have an important role to play.

In keeping with these national objectives and guidelines, and with the advisory 
assistance of the Agency, the Peruvian Nuclear Plan was devised, in which a long 
term strategy and policy in the area of nuclear energy are based on an analysis of 
Peru’s nuclear development up to 1976, taking into account the situation and needs 
of the country [1].

This was the conceptual framework used in preparing the first stage of the 
medium term plan (1977-1983), which includes two Attachments. The first covers 
the planning for, and budgetary requirements of, the Peruvian Nuclear Research 
Centre, which was later to be set up under a contract signed by the Peruvian Nuclear 
Research Institute and the National Atomic Energy Commission of Argentina, and 
the second, a technical assistance project with the funding of the United Nations 
Development Programme (UNDP), in which the IAEA acted as the executive body.

4. THE PERUVIAN NUCLEAR PLAN

This national policy instrument clearly demonstrates Peru’s intention of, and 
interest in, participating actively in the benefits of nuclear science and technology for 
the country’s development and the well-being of its inhabitants.

Implementation of this Plan is generating a notable increase in nuclear activities 
and provides for the execution of two successive and complementary stages:

The first stage or medium term plan, carried out between 1977 and 1983, had 
as its aims:

— the preparation of a human infrastructure in nuclear sciences
— the establishment of basic operational facilities
— the determination of uraniferous possibilities
— determination of the advisability of using nuclear energy for power production.

In order to execute the Plan the needs were first defined in detail with regard 
to specialized manpower, physical installations and laboratories, equipment, cost of 
implementation and, lastly, the operating and maintenance budget.
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The medium term plan as projected encompassed four main programmes:

(1) scientific and technological infrastructure; organization
(2) evaluation of uranium reserves and deposits
(3) nuclear applications
(4) nuclear security and radiological protection.

The Peruvian Nuclear Energy Institute (IPEN) was responsible for the 
implementation of the greater part of the above. Nonetheless, in order to bring about 
a harmonious multisectoral development, not only the IPEN, but also state and pri
vate universities, government agencies and institutions and even private enterprises 
were involved in nuclear projects, research and applications.

Important projects were localized in different institutions: the eradication of the 
Mediterranean fruit fly was entrusted to the Agrarian Development Institute (INIPA); 
agricultural applications and techniques are being exploited in the National Agrarian 
University (UNA); nuclear medicine units were set up in government hospitals, and 
a private concern was made responsible for training in non-destructive testing.

The second stage, initiated in 1986, is basically intended to allow significant and 
ponderable benefits to be reaped from the considerable investment and efforts made 
by the country in nuclear energy, which will result in the effective transfer to the 
population and production sectors of nuclear applications and techniques.

The objective is to help the country in important efforts such as the following:

— to increase food production
— to improve health conditions
— to contribute to industrial development
— to try to diversify the country’s energy resources through a self-generated sup

ply of uranium, and
— to promote nuclear research and development.

5. IAEA TECHNICAL CO-OPERATION WITH PERU

By the very nature and characteristics of the Peruvian Nuclear Plan and con
sidering the difficulty of securing domestic financing, given the problems confronting 
the country, the IPEN was faced with a challenge in its financial planning. It was 
forced to turn to the main sources of financing available to it, the Government and 
the IAEA, and the Nuclear Research Centre is being set up under a financial contract 
signed by the Governments of Peru and Argentina.

The IAEA’s technical assistance was initiated with a large scale project. The 
execution period was almost six years and at its conclusion in 1982 the Government 
was extremely pleased to see that a major portion of the priority objectives of the 
Nuclear Plan had been achieved; this led to further actions, still requiring intensive 
assistance, in a second UNDP/IAEA project in the areas of uranium prospecting,
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agricultural applications, nuclear medicine, and counselling the Government and the 
IPEN.

At the same time, starting in 1977, additional assistance was requested from the 
IAEA in its regular programme of assistance and technical co-operation. All the 
IAEA’s transfer mechanisms were employed and the various contributions were 
brought together to permit more comprehensive projects.

Also important to Peru’s efforts in this regard was the assistance received from 
the extrabudgetary or additional financing funds of countries such as Finland, the 
USA, Italy, Canada and the Federal Republic of Germany.

Attendance at regular courses, seminars and symposia complemented the 
fellowship-assisted specialized training and education of both professionals and 
technicians.

Regional and interregional workshops and projects have likewise contributed to 
the implementation of the Plan, although to a lesser degree.

Research contracts, which in the beginning were not sought because of the 
insufficient physical infrastructure, are now increasing and are expected to be put to 
fuller use through the co-ordination of regional programmes.

It is worth emphasizing that the technical co-operation assistance received from 
the IAEA was a significant factor in convincing government entities of the need for 
a physical infrastructure and facilities with which to make the best possible use of 
the highly expensive equipment which was initially housed with extreme difficulty 
in small laboratories. Special premises had to be built for the instruments used in 
nuclear medicine, the neutron generator, the secondary dosimetry equipment, as well 
as classrooms and laboratories, and a library. Furthermore, the laboratories for 
mineral analysis, for the radioactive labelling of medicines and for general use were 
upgraded. Altogether, somewhat more than 3500 m2 of civil works had to be built 
as a counterpart to the technical assistance received.

The relationship that should exist between the IAEA and national plans for 
nuclear development is set out in a diagram of co-ordination and flow of technical 
co-operation (Fig. 1), in which one may observe the importance of utilizing all the 
mechanisms for transfer and all the sources of financing placed at our disposal by the 
IAEA in order to take fullest advantage of the technical co-operation resources and 
bring about the best possible development of a nuclear plan.

6. ACCOMPLISHMENTS OF THE MEDIUM TERM NUCLEAR PLAN

We may first point out the significant progress made in the construction and 
equipment of the Peruvian Nuclear Research Centre. More than 90% of the physical 
infrastructure has been completed and the assembly of mechanical equipment is 
expected to be finished in July 1987, in order to start up the 10 MW reactor, as well 
as the auxiliary laboratories and the radioisotope production plant. The medium term 
target set in this area will thus have been reached.
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Table I shows that over the last nine years some US $7 953 700 were received 
from the IAEA for technical co-operation projects, i.e. the Regular Programme, the 
programme jointly funded with the UNDP and the research contracts. This sum is 
ten times the assistance received between 1958 and 1976, which amounted to 
US $876 100. There has also been a noticeable increase in recent years in assistance 
from the Extrabudgetary Fund; significant projects were the Medfly project, which 
received US $1 500 000 from Italy; the Analytic Nuclear Services Project, which 
received some US $180 000 from Finland and the Computation Centre, which 
received US $174 000 from the USA [2, 3].

7. PROGRAMME I: SCIENTIFIC AND TECHNOLOGICAL 
INFRASTRUCTURE ORGANIZATION

7.1 . Preparation of the human element

It was only when the Plan began to be implemented in 1977 that training of 
professionals and technicians was put on a regular basis. To that end the following 
were put into operation:

(1) The Centre for Advanced Nuclear Studies (CSEN) with an area of 1500 m2, 
encompassing classrooms, chemical, instrumental and radiochemical research 
laboratories, offices and administrative premises.

(2) A Bibliographical Information Centre containing a reading room, microfilm, 
microfiche readers and a library linked up to the IAEA’s INIS system.

(3) A zero power training reactor installed and put into operation by the Atomic 
Energy Commission of Argentina at the IPEN’s central headquarters.

(4) A Computer Centre consisting of a VAX-11/730-type central processing unit 
with a 2MB real memory capacity, a magnetic type unit, a fast printer and a 
multiplexer. It allows the use of 16 shared terminals which serve the various 
areas of IPEN.

(5) A 14 MeV neutron generator with a gamma ray spectrometry laboratory and its 
associated computer; equipment for activation analysis using the technique of 
delayed neutrons, a pneumatic system and associated computer. A laboratory 
for nuclear data measurement with fast neutrons (see Fig. 2) [4].

(6) A nuclear physics laboratory linked up with the RP-0 reactor for neutronic 
sound studies, together with its computer system.

(7) Education and training have been carried out in the country through academic 
efforts, the following courses having been given to date:

(a) Three courses for a Master of Science degree with a mention in nuclear 
science and one currently in nuclear chemistry (total number of 
students: 54).

(b) Courses on radiochemistry and on radiotracers in industry.
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FIG. 2. The 14 MeV neutron generator installation.

(c) Two international courses on nuclear medicine.
(d) Four training courses under the IAEA regional programme on computer 

systems [5] and on industrial radiography (Levels I and II).

This training in the country with the Agency’s assistance was complemented by 
243 man-hours of fellowships for 35 professionals and technicians, attendance at 58 
regular courses, 7 scientific visits and participation in a number of IAEA seminars 
and conferences. Furthermore, and this is very important, once they had received 
their specialized training the Peruvian personnel undertook the teaching of more than 
fifty courses at CSEN and delivered nationwide lectures with a view to securing the 
technicians called for in the Nuclear Plan, as well as disseminating information on 
uses and benefits of nuclear applications [6].

7.2. Studies for nuclear power plants

The prefeasibility studies have been completed, and the aim of this project, 
which is currently in a preinvestment stage, is to incorporate the nuclear power 
generation alternative into the nation’s electric power programme.
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7.3 . The Peruvian N uclear Research Centre

This project is being implemented under the Agreement between IPEN and 
CNEA of Argentina, with financing through foreign borrowing. Its startup is fore
seen for July 1987. The IAEA has given special assistance to this project in the areas 
of advisory counselling and advanced training in subjects such as the preliminary 
safety report, uses of research reactors, commissioning, legislation and the handling 
of radioactive wastes.

8. PROGRAMME II: EVALUATION OF URANIUM RESERVES AND 
DEPOSITS

Using a ‘contributing source vs recipient source’ model IPEN marked out seven 
geographic divisions which were broken down in turn into 35 prospecting units; three 
priority levels were considered, with a favourable land surface of some 
750 000 km2 which covers 32 prospecting units.

Areas showing a likelihood of the presence of uranium deposits were pinpointed 
and aerial prospecting was carried out in zones of Puno covering close to 
15 000 km2 and regional and geological prospecting was carried out [7].

The results were as follows:

(1) A uraniferous district was identified in a 600 km2 area located in Macusani in 
the Department of Puno some 1200 km to the south of Lima; within it five sec
tors were given priority: Huiquiza-Tantamaco, Calvario, Concharrumio, Chapi 
and Chacaconiza.

(2) Proven uranium reserves were estimated at 3400 t and probable reserves at 
200 000 t.

(3) A radiometric chemical analysis laboratory was installed in which fluorimetry, 
gamma ray spectrometry, atomic absorption, geochemistry and analytical 
chemistry techniques are employed.

9. PROGRAMME III: NUCLEAR APPLICATIONS 

The accomplishments, by areas, are as follows.

9.1. Radioactive m aterial

(1) A Radioisotope Division with the responsibility for producing and developing 
radioactive medicines. It possesses some 350 m2 of laboratory space for- 
i3-transmitters, 7-transmitters, cold chemical testing, instrumentation, physical 
and chemical testing and biological testing. This facility makes it possible to 
produce about twenty radioactive compounds, as well as sets of reagents for
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subsequent labelling. For this production effort some 60 curies must be 
imported annually.

(2) A radioisotope production plant that is attached to the 10 MW reactor at the 
Peruvian Nuclear Research Centre, which is to become operational in 1987.

(3) Research aimed at increasing the number of compounds available for use in 
nuclear medicine and in the study of agricultural fertilizers.

9.2. Biom edical applications

A pilot centre for biology and nuclear medicine, 1000 m2 in area, has been in 
operation since November 1983; it houses gamma ray chambers with an associated 
computer, a hot chemical testing laboratory, a laboratory for radioimmunoanalysis, 
a waiting room for patients, offices and administrative areas.

This centre has made it possible to:

— Increase the number of biomedical studies up to 8000 in 1985 (see Fig. 3) [8].
— Promote and disseminate information on applications of nuclear medicine by 

means of lectures, guided visits and theoretical-practical demonstrations, which 
totalled 103 hours in 1985.

— Administer pre- and post-graduate training and specialized courses for person
nel of universities and health care services, with an average of 36 man-hours 
per year. Moreover, two courses were offered with IAEA support to 30 doc
tors, two seminars were given on quality control and data processing and one 
course was conducted on radioimmunoanalysis.

— Advance IAEA Research Contracts in hospitals processing nuclear medicine 
units.

— Present, between 1976 and 1986, 36 scientific works as papers to congresses 
and publications, resulting from research studies and the development of new 
techniques in the area of biomedical applications.

— Liaise with the regional centres and the nuclear medicine hospital units.

The establishment of nuclear medicine units at the regional level was initiated 
in the cities of Arequipa in southern Peru, more than 1000 km from Lima, and 
Trujillo, 550 km to the north of Lima. Both centres were the result of an agreement 
between IPEN, the local university and the Ministry of Health.

9.3. Nuclear applications in agriculture

In the agricultural area the following achievements are worthy of mention:

(1) The greatest achievements in the genetic improvement of plants have been in the 
area of barley, in which precocious mutants of the Zapata species and genetic 
improvements of the UNA 80 and UNA 8272 have been obtained.
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FIG. 3. Number o f  studies per year made by the Pilot Centre fo r  Biology and Nuclear Medicine.

More resistant varieties of wheat and dry beans are being studied and in the case 
of the ‘Bayo’ a ‘Bayo Gamma’ variety has been obtained which tolerates pidium, has 
a different growth habit (semi-erect) and a yield that is 20% greater.
(2) In the case of soils and fertilizers the efficiency of nitrogenous fertilization based 
on grass and legume fodder crops was determined; as a result, the cultivation of 
ryegrass-clover is recommended in the Andean Highland prairies, which produces a 
fixed 100 kg of nitrogen per hectare without the need for nitrogenous fertilizers, 
while bettering soil quality.
(3) As for vegetable physiology, the ‘Yungay’ potato species has been identified as 
being the most drought resistant.
(4) In the area of animal nutrition, zones of the Andean highland prairies with poor 
contents of P, Zn, Co, I, N and high fibre have been diagnosed as conducive to nutri
tional deficiencies, with their consequent effect of poor livestock production. With
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nutritional supplementation the animals’ weight has been increased by up to 35% and 
their reproductive efficiency enhanced some 20%.
(5) As regards animal reproduction, its characteristics and potential have been 
studied in cameloids, sheep and cattle under conditions in the high Andes; as a result, 
physiological mechanisms have been determined which better the indexes, making it 
possible to increase the number of parturitions per year and the number of offspring 
from each. A new technique of intra-uterine artificial insemination has also been 
developed, which has enhanced fertility by 35%.

9.4. Eradication of the mediterranean fru it fly

On the basis of the results of the initial experiences with the use of the sterile 
insect technique by the IPEN and the Agricultural Research Institute between 1962 
and 1975, the MEDFLY project is currently under way with the technical co
operation of the IAEA and Italian extrabudgetary financing. Also involved in the 
project is the country’s Southern Agrarian Region.

The following has been accomplished:

(1) A central laboratory which since 1980 has been enlarging and overhauling the 
fly production laboratory and has reached a capacity of 95 million flies weekly; 
a gamma radiator with l37Cs; and quality control and etymological 
laboratories.

(2) It is expected that the Medfly will have been eradicated from the 115 km2 
Tacna Valley in southern Peru in 1986. The average native population of the 
Medfly is below 0.8 males per trap per day and is steadily dropping; with the 
ratio of sterile to native flies standing at 62:1. Work is presently under way in 
another four valleys in the zone.

(3) Small quarantine areas will be set up to prevent a reinfestation. As the project 
progresses these quarantine huts will be moved progressively northward to 
safeguard systematically the coastal valleys.

9.5. Ind ustrial applications

With the sponsorship of the IAEA and the participation of the University, IPEN 
is conducting a programme to train technicians in the use of non-destructive testing.

At the same time as potatoes, onions, cereals, fruits and other products are 
being experimentally irradiated in laboratories, the IPEN is carrying out feasibility 
studies of the localization and design of a multipurpose irradiation plant with IAEA 
counselling. The plant will also have facilities for sterilizing surgical material via 
irradiation.
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10. PROGRAMME IV: NUCLEAR SECURITY AND RADIOLOGICAL 
PROTECTION

The physical infrastructure of this programme is part of the installations of the 
Nuclear Research Centre and the contract includes the equipping of the laboratories 
and training of the personnel. At present the civil work project has finished and the 
laboratories are being set up [9].

The technical assistance received from the IAEA has contributed to the speciali
zation of the personnel through the provision of experts and fellowships in a number 
of different areas: the handling of radioactive wastes, control of environmental radio
activity, probability analysis of safety, the laboratory for biological dosimetry and the 
laboratory for the calibration of secondary dosimetry.

Among the most important activities and accomplishments in this area are the 
following:

(1) Establishment of a legal framework through the promulgation of standards and 
regulations governing the use of nuclear energy which allow the IPEN to exer
cise its control and audit functions, extending to the users of sources of ionizing 
radiations.

(2) Registration, licensing, inspection and control of the use of the sources and 
installations for the utilization of ionizing and nuclear radiation.

(3) Environmental evaluations of the positioning of the RP-0 and of the Nuclear 
Research Centre.

(4) Calibration with secondary dosimetric standards and personal control of film 
and thermoluminescent dosimetry.

11. CONCLUSIONS

(1) In general the medium term Peruvian Nuclear Plan has accomplished its basic 
objectives on the peaceful uses of nuclear energy according to the National 
Development Plan.

(2) The wide spectrum of nuclear applications at universities and other institutions 
has highlighted the central and official role of IPEN as the promoter and con
troller of nuclear energy in the country.

(3) The combination of the active role played by IPEN and good planning of techni
cal assistance by the IAEA, have made technical co-operation an axis of 
development and main support of the projects. By using all the transfer mechan
isms available, the projects have achieved national impact.

(4) The aid of regular courses and on-the-job training of IPEN’s personnel by the 
IAEA has produced a specialized group of staff. More than sixty different 
courses and conferences given by this staff have helped to train project person
nel and to spread knowledge through the country.
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(5) In line with the national policy of decentralization, one of IPEN’s main goals 
currently is the introduction of nuclear activities in several provinces of the 
country.

(6) The following are the main accomplishments:

— discovery of a uranium district
— creation of three centres for nuclear medicine
— eradication of the Medfly in the Tacna Valley in southern Peru
— research laboratories have been installed and will permit the carrying out of a 

significant programme of technical and scientific research
— some of the valuable results from agricultural research have been already 

applied at 3800 m above sea level in the Andean region.

Although these achievements have had an impact on the national development, 
financial and budgetary resources have constituted the main problems during the last 
few years. Substantial support from the Peruvian government and other sources will 
continue to be necessary in order that the second phase of the Nuclear Plan may be 
carried out. This is directed towards technology transfer of nuclear technology 
designed to provide long term benefits to the population. This is our current task.

REFERENCES

[1] INSTITUTO PERUANO DE ENERGIA NUCLEAR, Plan Nuclear para el Perú, Lima (1976).
[2] INTERNATIONAL ATOMIC ENERGY AGENCY, Highlights of IAEA Technical Co

operation Activities in 1976, 1977, 1978, 1979, 1980, 1981, 1982, 1983, 1984, IAEA, Vienna 
(1985).

[3] LESCANO, G., Informe IPEN-ORI (1984).
[4] RUIZ DE PARDO, C., Informe IPEN-032-AT/CRP (1983).
[5] INTERNATIONAL ATOMIC ENERGY AGENCY, Highlights of IAEA Technical Co

operation Activities in 1984, IAEA, Vienna (1985).
[6] BENAVIDES, G., Recursos Humanos, IPEN, Lima (1984).
[7] SALDARRIAGA, J., Informe IPEN-DMP (1985).
[8] GUZMAN, C., Informe IPEN-CPBMN (1985).
[9] BARREDA, J., Situación y Perspectivas del Desarrollo Nuclear en el Perú, IPEN, Lima (1985).





IAEA-SM-291/12

MEXICAN EXPERIENCE IN THE ESTABLISHMENT 
OF A NATIONAL PROGRAMME ON 
NUCLEAR SCIENCE AND TECHNOLOGY

D.J. SARQUIS
National Institute for Nuclear Research (ININ)
Mexico City, Mexico

Abstract

M EXICAN EXPERIENCE IN  THE ESTABLISHMENT OF A NATIONAL PROGRAMME ON 
NUCLEAR SCIENCE AND TECHNOLOGY.

Mexico started its first institutional programmes for the development of nuclear science and 
technology thirty years ago. In the light of the resources, both human and financial, invested in this 
effort, the results obtained so far can only be described as modest. Understandably, this is discouraging, 
perhaps even frustrating, particularly for the younger generations of specialists-to-be in the field of 
energy, for whom the nuclear area therefore seems unpromising. On the other hand, this same reflection 
invites a careful and realistic evaluation of the path followed so far, not just so as to criticize past defi
ciencies, but so as to learn from them and gain useful experience for the design and setting of future 
goals. The evolution of the nuclear sector in Mexico shares some of the most common characteristics 
and obstacles that define the history of national attempts to establish research programmes on nuclear 
science and technology, coloured, however, by the specific circumstances of the local environment. 
From the most recent analysis and evaluation of the projects being developed at the National Institute 
for Nuclear Research in 1984, hard lessons had to be learned; projects over ten years old lacked any 
serious planning or control and, worst of all, any link to national priorities. Besides presenting basic 
historical data on the development of nuclear R&D in Mexico from 1956 to the present, the paper 
presents the current scheme for evaluation, approval and control of R&D projects now oriented to satisfy 
the national needs of a country currently in its worst economic crisis since the second decade of this 
century.

1. INTRODUCTION

It is a commonly accepted view nowadays that although the initial effort for the 
development of a national nuclear research programme should be directed toward the 
investigation of fundamental problems specifically related to the atom and the laws 
that govern its nature, as part of an overall energy plan it should also turn, as quickly 
as possible, to the technical problems posed by industrial projects.

This seems to have been the idea that inspired the pioneer organizers of nuclear 
research activities in Mexico as early as 1956. Dr. M. Moshinsky, responsible for 
this area in the Mexican Commission for Nuclear Energy (CNEN), wrote as an 
introductory note to his first official report:

“ The activities related to scientific research are one of the most solid bases
on which the progress of the country may rely. A nation that does not count
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on a solid group of investigators will eventually reach a point of stagnation 
and will finally retreat. It may be said that in one way or another technical 
progress is always a result of basic research. Thus the relation between basic 
and applied research is so close that in due course applied research will need 
to turn to basic research and this in turn will enable our people to perform 
applied research” [1].

Almost thirty years later, when the present administration of our National 
Institute for Nuclear Research (ININ) performed a thorough evaluation of activities, 
it found a number of projects in the area of basic research over which administrative 
control was practically non-existent. Although activities were being carried on, their 
objectives were not at all clear; most of them lacked serious planning and hardly any 
of them was clearly linked to an external activity oriented to solve industrial needs 
or national priorities.

This situation suggested the need for a careful analysis of the circumstances that 
determined the evolution of these activities in the country, looking for the cause of 
such poor performance.

2. GENERAL BACKGROUND

The basic findings may be summarized as follows:

The Mexican Government promulgated the law that created the CNEN in 
December 1956 in response to worldwide expectations generated by the programme 
Atoms for Peace and the First International Conference on the Peaceful Uses of 
Nuclear Energy.

Although nuclear-energy-related matters in general were not totally unknown in 
the country at that time, it was basically within the context of a small group, formed 
mainly by university professors, that the subject was dealt with in any depth.

In the mid-1950s the demand for energy growth in the country and the concern 
for the depletion of oil reserves or at the international price of oil resources, were 
not the pressing subjects they became after the early 1970s, hence the need for the 
adoption of a nuclear power programme did not become immediately apparent. It was 
not until 1966 that our public utility showed some interest in nuclear energy and 
conducted a feasibility study on introducing nuclear power to the Mexican grid and 
it was not until late 1971 that the decision was finally taken to go ahead with the 
project. A further six years elapsed before work started on a more active basis.

This situation posed a serious problem for the establishment of a research 
programme, namely the lack of a nuclear power programme on which to base the 
research effort, which thus remained largely an academic exercise.

Despite this, our CNEN had some interesting achievements in this area. The 
most relevant, perhaps, was the creation of a nuclear research centre in 1964, located 
some 25 miles from Mexico City.
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Until this date, research activities, both theoretical and applied, had mainly been 
conducted at the Institute of Physics of our National University (which also helped 
co-ordinate the research programmes of several state universities) and the four 
laboratories that CNEN had established since 1956, concerned with electromagnetic 
radiation, counters, cybernetics and plasma research.

The official reports to the Board of Directors between 1956 and 1963 present 
three main areas of activity in theoretical research:

— group theory and nuclear structure
— nuclear interreactions
— nuclear particles.

The main infrastructure available at that time included a 2 MeV Van de Graaf 
accelerator and a 0.5 MeV accelerator built at the Commission. The main results 
achieved in the area were described in over 50 articles published in well known 
international magazines such as Nuclear Physics and Physical Review.

Dr. Moshinsky stressed in his 1960 report: “ it must be noted that basic research 
conducted under this programme is by no means a duplication or a repetition of 
investigations being done elsewhere, but original research at the level of the most 
serious and advanced in the world” [2].

In order to promote these achievements, the CNEN organized two seminars 
which were held once a month (one in physics and one in chemistry) at which well 
known scientists in each field presented their work to their colleagues.

However, the absence of a scientific and technological tradition in a country 
may prove to be a serious obstacle for the establishment of a nationally oriented 
research programme. In this respect, the history of science and technology in Mexico 
has been defined “ more as a set of isolated and scarcely connected facts than as a 
co-ordinated effort” [3].

So, despite this apparently successful organization, the lack of an overall energy 
plan and the absence of a clearly defined policy for science and technology led all 
this effort in a rather uncertain direction. It is true, though, that in the field of human 
resources our country developed some outstanding personalities, some even interna
tionally known. The Institute of Physics claims to have developed a PhD programme 
in this area interesting enough to attract North American and European candidates. 
But to date, the concrete results of all this accumulation of knowledge remain to be 
seen.

Towards the mid-1960s, when research activities in the field of nuclear power 
began to produce their first noticeable fruits at industrial level, particularly among 
developed countries, the Mexican authorities felt the need to change the organiza
tional structure of the CNEN in order to update its activities. Until then, the 
Commission had been, according to its statute, responsible for “ the generation and 
use of nuclear power” . This responsibility led to a confrontation with the public 
utility (the Federal Commission for Electricity, CFE) which by law was the only 
entity authorized to produce electricity in the country.
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CFE was a larger entity with far more resources and eventually the nuclear law 
was changed, turning the former CNEN into an institute (INEN), with a weaker 
position vis-à-vis CFE, which, through better salaries and social benefits, started 
attracting some of CNEN’s best human resources.

One reaction was the formation of a labour union within INEN. This became 
increasingly radical. In 1974 a collective labour contract was signed by the institute 
and the union. On the basis of this contract, the union hired a great number of non
specialized workers, and INEN lost many valuable staff, some with over ten years’ 
experience.

During this period the absence of a homogeneous planning process was again 
a major drawback for basic research and the working programmes of INEN’s 
different structural units, barely related to one another, were not an adequate substi
tute. Also, the lack of procedures for general evaluation, control and setting specific 
goals for each area made it extremely difficult to judge objectively the real degree 
of progress made in each project.

Since INEN had not developed a uniform accounting system, there was no way 
to apply uniform criteria in the interpretation of the records for different operations 
and of deficiencies in control. This situation caused an almost permanent delay in 
accounting, statistics and financial reports.

Within the context of a strong debate over the legal status of nuclear energy, 
Congress started a new revision of the nuclear law in 1977 and, as a result, a new 
law was promulgated in January 1979 which created three different institutions for 
nuclear related matters in the country.

3. THE NUCLEAR SCENE BETWEEN 1979 AND 1982

Through the new law, the functions that had previously been assigned to INEN 
were divided among three new institutions: Mexican Uranium (URAMEX), the 
National Institute for Nuclear Research (ININ) and the National Commission for 
Nuclear Safety and Safeguards (CNSNS).

It would be difficult to understand the evolution of events in the nuclear area 
outside the context of the general conditions in the country during this period.

The Federal Government attempted to promote rapid development for the key 
sectors of the economy. A substantial planning effort was made, based on a growing 
external debt. For the first time in history, the Government prepared a long term 
overall energy plan. This plan contemplated a scenario of 20 000 MW of nuclear 
power for the year 2000. It is not clear on what basis these figures were determined.

Despite a generous budget assigned both to ININ and URAMEX for a short 
period, their results remained basically poor. A strong union confronted a weak 
administration, and there was no coherent programme clearly setting out objectives.
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One additional variable to be considered in analysing the situation is the change 
of government in the country every six years. This entails personnel changes at 
practically all levels of the administration.

In 1983 the present administration came into office. For slightly over a year, 
the main task was to regain administrative control of the Institute. By mid-1984 this 
process was almost concluded; URAMEX had practically disappeared as the result 
of a strike; a new law was under study and union relations at ININ had improved. 
The time had come to review and evaluate the projects and activities performed at 
the institution.

After nearly 14 years of practical stagnation, very little substance was to be 
found. The last working reports presented by INEN and the first of ININ contain 
similar rhetoric regarding their projects but very few results were evident.

As part of its organizational programme the new administration identified eight 
basic lines for development:

(1) integral development of nuclear fuel
(2) support activities for the nuclear power project
(3) development of nuclear techniques for medicine, industry and agriculture
(4) radioisotope production
(5) development of capacity to offer specialized technical services
(6) development of a programme for promotion of nuclear techniques
(7) training
(8) basic research in nuclear science and technology.

Of more than two hundred projects evaluated, only 44 of them satisfied the 
minimum requirements of:

(a) well defined goals and objectives
(b) a feasible timetable
(c) adequate human resources
(d) economic feasibility
(e) link to a national programme or priority.

Only seven of these projects were in the area of basic research.
This situation could give the impression that much time has been wasted in the 

past 16 years in the field of basic research in nuclear science and technology. 
However, this is not altogether the case. There are postgraduate studies in nuclear 
engineering in five universities that maintain a good level of training, and a number 
of publications testify to the work being done. The problem remains to give a 
co-ordinated direction to this effort.

The present status is as follows:

ININ is, by law, the institution in charge of “conducting basic research and 
development in the field of nuclear science and technology as well as promoting the

4. THE PERSPECTIVE AFTER 1983
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peaceful uses of nuclear energy in order to link them to the economical, social, 
scientific and technological development of the country” [4].

Our universities are providing a sufficient number of professionals and techni
cians and the Institute has reinforced its research training programmes. This includes 
basic courses on project management and reconditioning our infrastructure, which 
comprises our TRIGA Mark III reactor, our 12.5 MeV tandem accelerator and our 
computer centre.

Special emphasis should be placed on the programme of technical auditing set 
in force last year by ministerial order.

For the first time in the history of the Institute, the selection of programmes can 
be made on the basis of their relationship to a National Plan for Development 
(1983-1988) and a National Programme on Energy (1984-1988) with revised provi
sions for the year 2000, which now foresees a nuclear plan for a modest 5000 MW(e) 
plant.

Finally, after having overcome the virtual isolation it suffered in the past, the 
Institute is promoting a broad association with universities and industry.

On the other hand, ININ faces severe restrictions due to the economic crisis in 
the country, which has meant serious budget limitations. It should be pointed out that 
nearly 80% of the annual budget goes on salaries. The Institute has tried to promote 
the sale of its own services to increase its income. Another mechanism to lessen the 
weight of the crisis is the promotion of the joint venture type of project, both with 
industry and with the National Council for Science and Technology.

The Institute is currently working on a total of 25 projects in the area of basic 
research. Some of the old deficiencies are still constraints because it is not easy to 
change the mentality of the people from one day to the next. But the effort is being 
made to reorient these activities from a mere accumulation of knowledge to an 
integrated process for the generation of new technologies.
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Abstract

ENGINEERING RESEARCH AND DEVELOPMENT IN SUPPORT OF NUCLEAR PRO
GRAMMES IN DEVELOPING COUNTRIES.

Nuclear research activities in developing countries have a special role to play. These activities 
enable the benefits of a large number of peaceful uses of atomic energy to be made available to society. 
An indigenous R&D programme with a built-in engineering content not only enables much better sup
port of nuclear research activities but also leads to many spin-off benefits in terms of sustaining and 
propagation of the nuclear programme, the development of manpower and technology, as well as having 
applications in many other sectors of the economy. The paper discusses how an R&D programme is 
leading to the development of manpower and better equipment and technology. One of the most impor
tant uses of atomic energy is for the generation of electricity. Indigenous R&D programmes have led 
to self-reliance in all aspects o f the nuclear power programme as well as in all other peaceful applications 
of the atom. The significant impact made by engineering R&D in the context of the Indian nuclear power 
programme is discussed in the paper.

1. INTRODUCTION

Since 1945, a large number of peaceful uses of radioactivity have been dis
covered and exploited. The applications were initially in radiography, in tracer 
studies, in radiotherapy for the treatment of cancer, in mutation breeding and in 
aiding understanding of basic processes in science and engineering, A large amount 
of R&D effort is still being made to improve the methodologies and to expand the 
areas of application. However, the largest contribution of the atom to the economy 
is in the generation of energy, particularly in the form of electricity, and it is in this 
sphere that most of the efforts on R&D have been and continue to be invested.

A certain minimum of basic nuclear research work is pursued in many develop
ing countries to advance knowledge. These programmes are generally carried out in 
universities and research institutes and help in the general improvement of scientific 
culture in the country. Depending on the needs of the country, the overall R&D 
programmes may cover many activities in basic as well as applied research. Such 
indigenous R&D programmes not only enable the benefits of the atom to be reaped 
but also lead to a large amount of spin-off. This may be in the form of manpower
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development, technological development and industrial development. To realize 
these gains fully, it is necessary to incorporate adequate engineering R&D in the 
nuclear research programmes.

2. DEVELOPMENT OF MANPOWER

While pursuing applied nuclear research, allround development of manpower 
needed for various activities in the economy also takes place. For training manpower 
the R&D environment is the most effective. For example the R&D efforts in running 
research reactors, in production and processing of isotopes, in the use of isotopes for 
radiography, radiotherapy, radiation medicine, in tracer studies, in controlling indus
trial processes, in basic research activities and in health and safety have produced the 
best manpower as regards the commercial use of isotopes in the economy. The man
power engaged in engineering R&D can also contribute most to the growth of the 
nuclear industry. Industrial growth in general is also assisted by the manpower 
trained. Such trained personnel are also the most suitable for conducting training 
courses in different areas, so that the trained manpower base can be rapidly 
expanded.

3. GAINS FROM ENGINEERING R&D

The amount and spread of engineering R&D efforts and the disciplines these 
efforts encompass depend upon the needs, priorities, the degree of self reliance 
desired and the resources available to the country. In some countries the programme 
might be restricted to academic work only. In some others it might be restricted to 
providing only service in specific areas where there is a major need in the country, 
e.g. medicine or industrial applications. Other countries may have a more broad- 
based R&D programme which can more adequately support, at short notice, specific 
services, specific industries or basic R&D programmes within the country. A larger, 
broad-based programme will generate manpower and techniques in many allied 
fields.

Support efforts for a basic R&D programme gradually lead to the initiation of 
engineering R&D. While the researchers may buy equipment for use in research, 
they often find that the equipment is inadequate in many respects. They modify the 
equipment or develop new apparatus. After designing their own equipment, many of 
them soon discover that they also like making new equipment and quite often under
take to do so exclusively for other research workers. As equipment is becoming more 
complex, more specialized, more automated today than it was a decade or two ago, 
the research groups have a need for equipment designers who have specialized in 
their subjects in the universities. In developing countries which have fewer man
power constraints the move to have large research groups which include personnel
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capable of designing equipment for experiments is common. Again, in view of the 
lack of foreign currency to buy more modern equipment, which is also expensive, 
the groups do their own equipment development. Earlier, research workers generally 
designed equipment which would work in their own laboratory environment and 
which could be made to work by the designers themselves. But now groups which 
have personnel with specialized training, and who are assigned the specialized job 
of developing sophisticated instruments and equipment, go about their assignments 
with a better engineering approach. The designs are better engineered and more 
reliable, using standardized components. Such equipment is more amenable for the 
transfer of technology to industry.

The R&D staff are also generally not satisfied with the instrumentation they use. 
Consequently, there is constant endeavour to improve the performance of the equip
ment, thereby giving fallout benefits of better instrumentation techniques to the 
industry. In developing countries there is an attempt at import substitution primarily 
in the area of instrumentation. Here too the local industry benefits from these efforts.

4. THE INDIAN SCENE

When India decided to exploit nuclear power in a big way, it also decided to 
depend upon the R&D manpower which was engaged, prior to this date, on R&D 
in nuclear science and technology in general. The personnel were mostly engineering 
graduates who were engaged in the design and operation of research reactors and who 
constituted the teams which provided support in the design of instruments and equip
ment. Many R&D personnel were transferred to the power plant design and construc
tion organization. However, large numbers remained in the R&D centre to provide 
R&D support to the power programme.

The power programme requires R&D support in many disciplines. Examples 
are reactor physics, materials, heat transfer and thermal hydraulics, stress analysis, 
piping flexibility analysis, seismic analysis, fuel design, safety analysis and 
instrumentation.

5. REACTOR PHYSICS

In the area of reactor physics the specialist teams started work on acquiring and 
adapting codes to run on computers available in the country. This involved solving 
many problems of code adaptation, as the computers available in India have always 
been smaller than the computers on which the codes had been developed in the 
advanced countries from where they were obtained. After the codes began running, 
they were checked against benchmark problems and experimental data available in 
the literature. Subsequently the codes were checked against results obtained in our 
research and power reactors. Many of the early codes used empirical factors for
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obtaining good fits with particular reactor types. Later, the teams began to develop 
codes of their own on a more fundamental basis which were checked against data 
available from our operating reactors. Thus the earlier codes have been improved; 
new codes began to be developed and new computer and numerical techniques have 
evolved. The process is continuing.

6 . MATERIALS DEVELOPMENT

The groups entrusted with materials development started off by trying to 
appreciate the metallurgy of the special alloys, ceramics and other materials used in 
nuclear power technology. They also started to learn about the processes for fabrica
tion of fuel and all the materials required for the purpose, from the raw material stage 
onwards. The result was that when the requirement arose for the complete manufac
ture of fuel, these groups had processes ready for mining and refining the ore, prepa
ration of the yellow cake, production of uranium oxides, their compaction and 
sintering. They also mastered the techniques for other materials and set up plants for 
the extraction of zirconium from zircon sands, the manufacture of zirconium sponge, 
and fabrication of tubes of all diameters. As a result of the know-how developed, 
large scale operations could be established for the supply of fuel to the nuclear power 
programme. Here too, it was personnel from the R&D groups who formed the 
nucleus of the pilot facilities and later of the fully fledged production plants. Those 
who remained in the R&D centre continued to tackle more advanced problems and 
operational problems reported from power plants and factories. The materials R&D 
groups often have to resolve QA problems of materials and fabrication. Their exper
tise is now frequently used by others in the nation.

7. THERMAL HYDRAULICS

Understanding of thermal hydraulics is very important in the design and running 
of nuclear power plants. As measurements inside reactor cores are generally very 
difficult, analysis is mostly resorted to, though considerable emphasis has been 
placed on as much out-of-pile experimentation as possible. With that aim in view 
several engineering loops, for boiling water and for pressurized water, are already 
in existence in the research centre (Fig. 1). Scale model studies are also being carried 
out, to aid understanding of the thermal hydraulic processes occurring in our nuclear 
power plants. The experimental facilities also help in reliability tests of components 
which are used in power plant operation, being used to detect manufacturing defects, 
early failures, and to simulate failures of these components in operation. In short, 
such facilities have helped us to improve the design and working of primary heat 
transport (PHT) pumps, fuelling machines, etc. A test facility to test computer con
trol in power fuelling machines for PHWRs is shown in Fig. 2.
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As mentioned earlier, analysis is the most important tool in thermal hydraulics. 
Large teams are working on computer codes and their validation with our own 
experimental results and with those available in the literature. There is a constant 
effort to develop more accurate codes, and in the generation of common codes which 
consider the interaction of reactor physics, the secondary side circuit and the electri
cal grid. Great emphasis is placed on thermal hydraulics under accident situations. 
Code development for thermosyphon conditions is taking place, in view of the 
concern for safety following the failure of active components.

8 . FUEL DEVELOPMENT

Fuel design is also another important R&D activity. The materials involved in 
fuel manufacture are constantly being improved not only with regard to their material 
properties and impurity content, but also with regard to the process of manufacture. 
The fuel design group observes the performance of the fuel in the reactor, looks at 
data from post-irradiation examination carried out on it and tries to improve the 
design with respect, for example, to the length-to-diameter ratio, the chamfer and 
shape of the fuel pellet, the gas pressure in the plenum, etc. Specialized computer 
codes have been developed for the design and prediction of fuel behaviour under all 
conditions, including transient conditions. The group has also designed advanced 
fuels such as mixed oxide fuel and has tested the behaviour in research reactors 
before design finalization. The considerable R&D effort has ensured good fuel 
behaviour in the power stations.

9. STRUCTURAL ANALYSIS

R&D work in structural analysis becomes important when a country decides to 
pursue independent design of nuclear power plants. Ability in this area has enabled 
us to design structural systems for our nuclear reactors on our own. This has enabled 
evolution of reactor system design to suit our safety standards and requirements. For 
example, when we decided to adopt vapour suppression pool-type containment for 
our reactors, we could change the structural configuration of the containment build
ing and the internal structure to suit this objective.

Yet another area where ability in structural analysis is very useful is in the study 
of structural failures. The accuracy and extent of analysis required to understand a 
structural failure are usually much greater than the requirement for the purpose of 
design. With the in-house ability in stress analysis, it has been possible to understand 
some of the very difficult failure situations and find a suitable repair solution. 
Figure 3 shows an experimental study on a model of a PHWR endshield and also a 
computer analysis of the three-dimensional temperature distribution in the same 
component.
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FIG. 3. Experimental and computer analysis o f  a PHWR component.
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10. DEVELOPMENT OF INDUSTRY

R&D has played a very important role in technology transfer in our country. 
As already mentioned, it was personnel from the R&D groups who were responsible 
for applying know-how from the laboratories to the construction units and the 
production units to scale up the processes, to improve their yield and introduce 
changes where necessary. The personnel from R&D groups were always responsible 
for the absorption of technology from abroad. It was they who took part in the con
struction of the BWRs and PHWRs initially, using know-how supplied from abroad, 
and then became responsible for their operation and for the construction of subse
quent nuclear power plants. It is they who have been continuously upgrading the tech
nology without any help from abroad. In contrast, many conventional industries in 
our country which started off with technology from abroad continue to import newer 
technologies many years after the import of the first technology. Thus, in our country 
R&D personnel who went to production-oriented organizations carried with them the 
superior culture of attempting to understand and improve, whereas managers who 
were employed only to run plants as supplied had to seek replacements abroad when 
the technology had become outdated. Even today, if such plants run into trouble 
during operation, the latter type of manager oftens run to the supplier abroad for 
trouble shooting. Quite often the foreign suppliers cannot fully solve.the problems, 
since they do not realize the problems created by the local environment, work culture 
and the variation in the specifications of local inputs to the industry in the purchaser 
country.

11. RESEARCH AND DEVELOPMENT

A word of caution is appropriate at this stage. It is most important to give equal 
emphasis to the development of basic sciences, preferably on the same campus where 
engineering R&D is carried out. Each section cross-fertilizes the other. Besides, 
large specialist teams with their differing approaches are available to work on mul
tidisciplinary projects and problems. The team with an engineering R&D background 
is able to contribute to the design and fabrication of sophisticated apparatus for basic 
R&D. Some of the microcomputer based equipment built by our R&D groups is 
shown in Fig. 4. Where large R&D facilities are required for basic research, as in 
research reactors, the design of the experimental facilities calls for engineering inno
vation as well.

12. INSTRUMENTATION

Instrumentation is another area needing constant R&D effort. The rate of 
obsolescence in the field of electronic equipment and systems is very high. As better
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F/G. 4. Microcomputer-based equipment for use in R&D.

and more reliable components and systems become available, their incorporation into 
the instrumentation for nuclear systems and reactors needs constant R&D effort. 
Also, the need for a better display of information to the operator in reactors under 
normal and abnormal conditions is being increasingly felt because of the complexity 
of the system and the fast rate at which incidents could develop into uncontrollable
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situations. Hence there is a constant effort to analyse the manner and rate of informa
tion generation, to sift what has to be presented to the operator under different situa
tions and to consider how to present information so as to catch his attention without 
confusing him. Effort is also being devoted to selecting the appropriate hardware for 
the purpose and also to developing the appropriate reliable software so that errors are 
minimized. As sophisticated semiconductor chips, computers, and software become 
available, information handling and processing perrhit further possibilities. Exploita
tion of these possibilities is continuously taking place in the developed countries. 
Especially within the realm of power reactors there is a demand from the operating 
and construction staff in developing countries for equivalent systems to be incor
porated in the plants. The R&D groups in instrumentation have therefore a continuing 
and challenging task to meet this demand. Regulatory authorities also make similar 
demands for enhancing safety. Where safety is involved our engineering R&D has 
been able to ensure that the safety features of plants in our country are the equal of 
those in developed countries. For example, head gear which have been developed for 
shut-off rods of nuclear reactors are shown in Fig. 5.

13. SAFETY

Safety research is another very important area. It encompasses all the 
disciplines mentioned above. However, a systems approach is needed for the analysis 
of reactor safety, as incidents in some part of the plant could affect the safety of the 
whole plant. Most often, recourse to detailed analysis with the help of computers is 
needed. Hence considerable expertise has been generated in modelling engineering 
systems, writing codes and validating them whenever possible. The codes are often 
very large linked codes. Incidents occur in operating plants which are quite different 
from occurrences reported from similar plants elsewhere. These may be small inci
dents but nevertheless for reasons of safety they have to be analysed, understood, and 
the cause eliminated. A high quality of engineering R&D know-how is required for 
such analysis. Thus the demands on engineering R&D pertaining to safety are 
constant and our country has developed considerable abilities in this area. Reviews 
of incidents affecting safety are made fast, as the operating staff demand quick solu
tions to meet the pressures for restarting operations quickly.

14. SPIN-OFF BENEFITS

Development of the nuclear power programme in India based on indigenous 
R&D has resulted in the development of a number of technologies. Many of these 
have a vital role to play in other sectors. For example, developments in the nuclear
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energy programme were useful in areas such as the control of locomotives, non
destructive examination activities in industry, silicon power packs for space applica
tions, telecommunication systems, satellite communication systems, development of 
raw materials such as titanium, tantalum and beryllium, the development of super
conductors, etc.

It is thus clear that an indigenous engineering R&D programme, when pursued 
in parallel with a national nuclear programme, leads to better assimilation of high 
technology in the industrial environment of the country, and to the programme being 
sustained and growing in a self-reliant way. It also enables development in a number 
of other high technology areas in the country.
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Abstract

ESTABLISHING A NUCLEAR RESEARCH PROGRAMME: THE PHILIPPINE EXPERIENCE.
Nuclear energy in the Philippines traces its beginnings to some three decades ago when in 

1955 the Philippine government signed a bilateral agreement on the civil uses of atomic energy 
with the US government in response to the Atoms for Peace programme launched by President Eisen
hower. The paper describes the development of nuclear energy in the Philippines with the creation of 
the Atomic Energy Commission under the Science Act of 1958. Under this Enabling Law and subse
quent ones, the Philippine Atomic Energy Commission (PAEC) was mandated to discharge the dual 
responsibility of promoting and of regulating the peaceful uses of atomic energy, including research and 
development. The initial efforts of the PAEC were directed towards the acquisition and establishment 
of the 1 MW research reactor provided by the US government under the bilateral agreement, the training 
of the requisite manpower to undertake activities in pursuit of the goals and objectives of PAEC and 
the development of a modest research and development programme in the use of radio
isotopes and nuclear techniques in agriculture, medicine, industry and scientific research. The paper also 
discusses the nuclear energy programme adopted through the years and the strategies employed to 
achieve its goals and objectives. The problems encountered in the implementation of these programmes 
and the measures undertaken to address the problems are also described. As is typical in a developing 
country, the resources available, the three ‘M ’s needed to run any undertaking, men, money and 
machines, are not unlimited, and in fact are very limited in the Philippines. The paper discusses the 
role of the following in the pursuit of nuclear research in the country: (a) availability of skilled man
power and manpower development programmes; (b) availability of equipment; (c) budget, including 
government support and other sources. Of special significance is the technical assistance received by 
the Philippines, notably from the International Atomic Energy Agency (IAEA), the US government 
(through the US Agency for International Development (USAID)), the United Nations Development 
Programme (UNDP), and the Colombo Plan. The role of technical assistance in the development of 
nuclear research and the magnitude of this assistance vis-à-vis local funding support are also discussed.
The paper proceeds to discuss the accomplishments in nuclear research in medicine, agriculture and 
industry. The ongoing upgrading of the 1 MW research reactor to a 3 MW TRIGA-type research reactor 
is expected to spur research and activities utilizing the research reactor. Finally, in the light of current 
experience, the paper presents research projects up to the 1990s.

1. INTRODUCTION

Nuclear energy in the Philippines traces its beginnings some three decades back. 
Its development was given impetus when the Philippine government signed on 
27 July 1955 a bilateral agreement on the civil uses of atomic energy with the United
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States government in response to the Atoms for Peace programme launched by Presi
dent Eisenhower. Under this agreement, the USA was to provide a research reactor 
and the Philippines was to provide the site and building to house the facility as well 
as the necessary personnel and financial support for its maintenance and operation.

The President of the Philippines then created an Interdepartmental Committee 
on 13 August 1955, the members of which represented the national agencies most 
likely to be affected by the immediate and long term impact of atomic energy 
development. The Committee was to determine the scope which the country expected 
to cover in the field of nuclear studies.

On 12 June 1958, Republic Act 2067, otherwise known as the ‘Science Act of 
1958’, was signed into law, creating the Philippine Atomic Energy Commission 
(PAEC) and the National Institute of Science and Technology (the reorganized 
Institute of Science and Technology) under the National Science Development Board 
(NSDB).

The NSDB was charged with the responsibility to co-ordinate, promote, and 
intensify scientific and technological research and development, both in the public 
and private sectors. Heretofore, the development of research in the Philippines had 
come about not as a part of a national research and development programme, but in 
connection with specific programme responsibilities of various government 
ministries and departments.

The PAEC, under RA 2067, later amended by RA 3589, was mandated to 
discharge the dual responsibility of initiating and promoting the peaceful utilization 
of atomic energy, at the same time regulating all nuclear activities in the country. As 
provided for in the law, the functions of PAEC are:

— to establish laboratories for nuclear research and training
— to conduct research and development relating to nuclear processes and 

techniques
— to issue rules and regulations for the protection of personnel and the general 

public
— to recommend deserving citizens for training through government and private 

grants and scholarships in the Philippines and abroad in nuclear science
— to represent the Philippines in conferences related to atomic energy and its 

applications.

2. PAEC RESEARCH PROGRAMME

2.1. The early years of PAEC

The PAEC was formally constituted on 16 July 1958 with the appointment of 
its first commission and deputy commissioner. Shortly afterwards the Philippines 
became a member of the International Atomic Energy Agency (IAEA), a special UN 
body created for the advancement of the peaceful uses of atomic energy.
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The initial efforts of the PAEC were directed towards the acquisition and estab
lishment of a 1 MW research reactor; the training of the requisite manpower to under
take activities in pursuit of the goals and objectives of PAEC; and the development 
of a modest research and development programme in the use of radioisotopes and 
nuclear techniques in agriculture, medicine, industry and scientific research.

In order to meet the immediate manpower need to make its research and 
development programme operational, short term training programmes were used. As 
more personnel became available, longer term training programmes, including train
ing leading to advanced academic degrees, were pursued.

By 1960, the nucleus of scientific and operational staff of the Atomic Research 
Centre had been constituted. Even with inadequate laboratory facilities, research 
activities were conducted on a modest scale. More sophisticated research was con
ducted co-operatively with several public and private research establishments having 
more adequate laboratory facilities. Preparations were made for an expanded 
research programme to be undertaken when the reactor facility became operational.

The research programme focused on the use of atomic energy as a research tool, 
principally in the applied areas of agriculture, industry, biology and medicine.

Radioisotopic applications in the medical field found early exponents in the 
Philippines. As early as 1955, the Philippine General Hospital (PGH) set up the first 
medical radioisotopes laboratory. By 1958, the PGH laboratory had already come up 
with twelve scientific papers.

With the availability of the reactor facility, which went critical in August 1963, 
as the principal research facility and a “ Co source with an initial activity of 500 
curies, research activities were accelerated, particularly those with immediate eco
nomic importance, such as radioisotope production. Preliminary studies which had 
initially promising results were now upgraded to projects.

Radioisotope production was geared initially towards the production of radio
isotopes for medical and research use. Initial trials for radioisotope production tests 
were made using a 2-curie polonium-beryllium neutron source in 1963. By the end 
of that year, 198Au, 24Na and 42K were produced on a trial basis. In March 1965, the 
first radioisotope delivery of colloidal 198Au was made to the Philippine General 
Hospital for use in cancer therapy. By 1966, seventeen different kinds of radioiso
topes were in routine production. About 85 % of the total production was used in med
ical research and therapy and the rest for training purposes.

In 1964, the India-Philippines-IAEA regional project on neutron crystal spec
trometry (also known as the IPA Project) was started. Co-operation in the nuclear 
field between countries in the Asia and Pacific region took place for the first time 
under the IPA (1964-1969), which promoted training and research in solid state 
physics. The success of this programme led to the formulation of the Regional Co
operative Agreement (RCA) for Research Development and Training Related to 
Nuclear Science and Technology, which came into force in June 1972 and is still in 
force today.
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By the late 1960s the Commission had established the basic nuclear facilities 
and had trained the necessary scientific personnel to pursue in earnest the goals of 
the national atomic energy programme. Research and development projects geared 
to the country’s economic and social development programme were lined up for 
immediate implementation. The major research programme areas were food and 
agriculture, industry and engineering, and medical and allied services.

At the turn of the ’seventies, national efforts to transform the Philippines from 
an agriculturally based country to an agro-industrialized one were heightened. 
National development was regarded not as simply meaning economic advance; it also 
meant the improvement of the well-being of broad masses of the Filipino people.

The structural transformation of the country’s energy mix from a primarily oil- 
based one to non-fossil and renewable sources became more imperative than ever.

Recognition of the use of atomic energy as an alternative source for bulk energy 
production was concretized by the governmental decision in 1973 to establish the first 
nuclear power plant in the Philippines. Meanwhile, the fulfilment of the food and 
nutritional requirements of the country left much to be desired. Onslaughts on the 
Philippine environment and ecology wrought by the frenzy of efforts towards 
industrialization were increasingly perceived.

Thus the National Atomic Energy Plan prepared in 1976, spanning the years 
1977-2000, sought to contribute significantly to the alleviation of the strains on the 
supply of food and energy as well as the provision of a habitat congenial to the enjoy
ment of the economic and social fruits of development. The programme for research 
and development had the following sub-programmes:
(1) Food and agriculture: aimed at meeting the food requirements of an increasing 

population, the programme has a two-pronged approach: (a) increase food 
production by mutation breeding and crop improvement and (b) minimize food 
loss by pest control and food preservation through irradiation.

(2) Energy and water resources: the national energy programme was aimed at 
reducing dependence on imported fuel and diversifying the country’s energy 
resources. To achieve these national goals, the PAEC fostered the development 
of alternative energy sources such as nuclear power.

(3) Industry and engineering: research efforts were aimed at bringing to industry 
the potential of nuclear energy.

(4) Medicine, public health and nutrition: the programme aimed at intensification 
of studies and applications of nuclear techniques in medical diagnosis, treat
ment, disease prevention, and more generally in safeguarding public health and 
nutrition.

(5) Improvement o f the human environment: the main thrust in this programme is 
the protection of the environment through radiation control and utilizing nuclear 
techniques to monitor pollution.

(6) Basic objective research: the PAEC research and development programme has 
always been applications-oriented in view of the limited resources available for

2.2. The national atomic energy programme
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research. Studies, however, that are basic in nature but essential to large scale
utilization of applied research results are also undertaken. Basic objective
research at PAEC falls into the following categories:
(a) basic studies in nuclear and solid state physics, radiation and radio

chemistry, radiation biology;
(b) application-oriented fundamental research, e.g. hot atom chemistry, 

nuclear instrumental analysis, and studies on improving dosimetry 
methods;

(c) problem-oriented research for applications in industry and engineering.

2.3. The nuclear power programme

Ever since the PAEC was established in 1958, it anticipated the possibility that 
nuclear power would some day become a component of the Philippine energy picture. 
In 1977, with the activities related to the establishment of the first Philippine nuclear 
power plant (PNPP-1) well under way, PAEC, consonant with its role as the licens
ing and regulatory body of the facility and in order to promote and ensure the safe 
and peaceful utilization of nuclear power, integrated its activities in a plan called the 
Nuclear Power Programme.

Under this programme, research activities for nuclear power systems develop
ment and for environmental protection were set out. Physical and mathematical 
studies of reactor cores and components were undertaken, aimed at obtaining 
physical data on local materials for nuclear reactor cores and components. The 
environmental studies aimed at establishing pre-operational environmental data for 
comparison with data after the nuclear power plant had become operational.

2.4. Organizational structure

Over the years, PAEC had undergone changes within the national organiza
tional set-up. Certain national developments and continuing response to the need 
organizational relevance necessitated such transfers. The decision to go nuclear in 
1973 had far-reaching effects on the programmes and organization PAEC. In view 
of its licensing and regulatory activity PAEC was transferred from the National 
Science Development Board (NSDB) and placed directly under the Office of the 
President through Presidential Decree No. 606 on 13 December 1974. Later, with 
the creation of the Department of Energy, PAEC was placed under the newly created 
Department on 6 October 1977 through PD 1206.

Because of the highly strategic and critical importance of the regulatory function 
relative to the PNPP-1, and the need for closer and more effective supervision of such 
functions by the President, PAEC was again placed under the Office of the President 
on 15 August 1980, by virtue of Executive Order No. 613-A. With the continuing 
reorganization in the government, on 27 July 1981 PAEC was placed under the 
administrative supervision of the Prime Minister.
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Pressure from the public and concerned scientists about the state of science and 
technology in the country caused the President to overhaul the machinery of govern
ment and reorganize the NSDB into a new body — the National Science and Techno
logy Authority (NSTA). For better co-ordination and synchronization of science poli
cies and programmes, PAEC was placed for administrative supervision under the 
NSTA through Executive Order No. 784, which was signed on 17 March 1982.

The basic research set-up of PAEC in 1960 survived these transfers of authority 
over PAEC. The Atomic Research Centre (ARC) has remained as the research arm 
of PAEC. When the Philippine Atomic Research Centre was established in 1960, 
there were five research departments, namely, the Agricultural Science Department, 
Chemistry Research Department, Physics Research Department, and Nuclear 
Engineering Department. Three operations and services departments provided sup
port for the activities of these research departments. These were the Reactor Opera
tions Department, the Health Physics Department, and the Experimental Services 
Department. Invariably, however, the research departments had to extend technical 
services to outside entities. For example, the Chemistry Research Department per
formed analysis for entities using techniques the department had developed.

In the reorganization of PAEC following its transfer from NSDB to the Office 
of the President, the four research departments (now named divisions) remained with 
the Atomic Research Centre with the addition of the Health Physics Research Divi
sion and the Mathematical Sciences Research Division.

Time proved, however, that research and development inevitably transcend 
organizational lines. Implementation of the research programmes could not be 
restricted solely to the ARC or the development and service activities to the other 
organizational units only. Sound management dictated the maximization of utilization 
of expertise. Thus, in the implementation of the research programmes, task forces 
were organized where needed.

3. TECHNICAL MANPOWER

The availability of qualified manpower to undertake research into the various 
applications of radiation and nuclear techniques has always been a primary concern 
of PAEC. Thus, PAEC undertakes a continuing manpower development programme 
which has two components: local training and overseas training.

Almost all of the local training courses in nuclear science and technology are 
conducted by PAEC, while foreign training programmes are undertaken mostly 
through technical assistance.

The personnel trained serve as the backbone for the PAEC research 
programme. In 1985, of the PAEC total personnel complement of 449, 105 or 23% 
were primarily involved in research and development activities.



IAEA-SM-291/22 139

Y E A R ---------►

FIG I. Government budget for science and technology/atomic energy, 1980-1985.

4. RESEARCH FUNDING

4.1. Local funding

In the Philippines, research and development activities rely mainly on govern
ment funds, since as Madame President Corazon C. Aquino puts it The private 
sector goes for short term gains principally because the local private sector doesn’t 
have more than short term resources and must invest in immediate growth because 
it can rarely support a long term investment” . Government expenditure over the 
years has continued to increase, from a total of 48.6 million Philippine pesos in 1971 
to 716.8 million pesos in 1980.

Notwithstanding the avowed recognition of science and technology as a tool for 
national development, it eventually is crowded out by other more pressing priorities 
when the national budget is allocated.

In 1980, the Philippine expenditure for research and development represented 
only 0.27% of GNP or just slightly higher (0.22%) than that spent by the USA 
in 1930.

A graphical representation of the budget for nuclear science and technology for 
the period 1980-1985 as well as that of NSTA is shown in Fig. 1.

4.2. Technical assistance

The nuclear science and technology technical assistance programme takes 
cognizance of the PAEC R&D programme which supports the national develop
mental priorities and programmes. The PNPP-1 is the single most expensive 
programme ever undertaken by the Philippine government. Thus, a sizeable portion
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FIG. 2. Distribution o f  expert services by field  — 1980-1985.

of the technical assistance programme is taken up by the nuclear power programme. 
This is reflected in the distribution of foreign experts by field, particularly during the 
period covering 1980-1985. Total expert services for this six-year period amounted 
to US $1 498 915. Of this, 62.7% were in the field of nuclear engineering and tech
nology; 19.1 % in safety in nuclear energy; and 18.07% in all other fields, as shown 
in Fig. 2.

It cannot be overstated that technical assistance has played a considerable role 
in the development of atomic energy in the country. Technical assistance has always 
been a major resource for the nuclear research programmes.

For instance, for the years 1984 and 1985 total technical assistance approved 
for the Philippines amounted to US $2 329 520 compared to the national budget for 
nuclear science and technology of US $2 361 860 for that same period. The actual 
funding received from the national budget was even less than the allocation, as 
reserves were imposed on all government agencies. A major portion of the budget 
went to the payment of salaries. The utilities took as much as 60% of maintenance 
operating expenses (electricity, water, communications, transportation). The rest was 
earmarked for supplies and materials. For 1984, only $5060 was earmarked for 
equipment outlay, in 1985 there was no equipment allotment.

The research contract programme of the IAEA, therefore, has provided addi
tional funds for making certain research areas operational. For the period 
1980-1985, the research contracts awarded to Philippine researchers amounted to 
US $234 700. Figure 3 shows the research contracts by field of research. It is 
interesting to note that the area of food and agriculture takes the biggest percentage, 
65.8%.

Technical assistance to the Philippines in the field of atomic energy has come 
principally from the International Atomic Energy Agency (IAEA), the United States 
Agency for International Development (USAID), and other United Nations Agencies 
such as the United Nations Development Programme, the Colombo Plan and from 
some countries under bilateral agreements.
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FIG. 3. Distribution o f research contracts by field, 1980-1985 (US $).

FIG. 4. Distribution o f technical assistance received from 1959 to 1985, by component (US $).

The assistance comes in the form of foreign fellowships, equipment, and expert 
services. From 1959 to 1985, the total amount of assistance received by the Philip
pine Government was US $9 197 752. Figure 4 shows the breakdown of technical 
assistance received by component. Fellowships accounted for $4 037 626 or 44%; 
expert services $2 448 405 or 27% and equipment $2 661 721 or 29%.

Of the total assistance of $9 197 752 the IAEA contributed $7 016 982, 
representing 76.29% of the total amount. NEC-AID contributed $477 600 or 5.19%; 
the Colombo Plan contributed $384 605 or 4.18% ; UNESCO and UNDP contributed 
$1 190 295 or 12.94%; and others (as from bilateral agreements, etc.) contributed 
$128 134 or 1.40%.
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The main facilities for research are the Philippine research reactor (PRR-1) and 
several “ Co irradiation facilities. A 20 000 curie “ Co source is immersed in the 
pool of the PRR-1. The second gamma facility is a gamma cell-220, a high intensity 
contained “ Co source with a strength of 7000 curies.

With the fuel supply and operating conditions obtaining in 1980, PAEC 
engineers anticipated that the PRR-1 would be able to continue operation only up to 
the end of 1982. The conversion of the PRR-1 from an MTR fuelled type to a 
TRIGA-type, it was argued, would produce better fuel economy, enhanced radio
isotope production capability, greater versatility for training, allow more research 
with greater precision, better safety operating levels, and less refuelling downtime.

A package of proposals for improvement of the radiation facilities and labora
tories was submitted to the Ministry of Energy. This included proposals for the 
PRR-1 and associated laboratories, namely: the radioisotope processing laboratories, 
radwaste/nuclear materials handling facilities, and the industrial applications labora
tory. Part o f the justification was that the reactor was an important tool in the training 
of nuclear operating personnel, and could be considered as an important adjunct to 
facilities available for training of future nuclear power plant operators. Under the 
proposal, the PRR-1 was to be upgraded to a 3 MW TRIGA-type reactor. The 
associated laboratories would be required for the optimum utilization of this reactor 
for isotope production, medical and agricultural radwaste treatment, and industrial 
applications such as leak tracing in pipes. In an unprecedented move, 30 million 
pesos were released from government funds for this proposal.

5. RESEARCH FACILITIES

6 . RESEARCH ACCOMPLISHMENTS

Food and agriculture. In 1970, the PAEC developed a new rice mutant, 
PARC 2, which has superior agronomic characteristics to its parent strain, IR 8 , 
popularly known as miracle rice. The mutant, also known as atomic rice, had better 
eating quality, longer grains, less chalky area and resistance to the dreaded tungro 
disease. In 1973, PARC 2 was approved certified by the Philippine Seed Board. 
Another mutant developed was an improved Milagrosa rice variety which has 
retained its well known flavour and aroma, has increased yield and has become 
non-seasonal.

PAEC Bengawan, a mutant derived from the Philippine Seed Board recom
mended Bengawan variety, has retained the eating quality and the resistance to tungro 
of the original Bengawan, while becoming non-seasonal. In one disease-observation 
planting, this mutant was almost tungro free while all other varieties including those 
from the International Rice Research Institute were almost wiped out by the tungro



IAEA-SM-291/22 143

disease. A farmer has reported a yield of 6.0 tonnes from a hectare planted with 
PAEC Bengawan.

Four improved mungbean varieties which are non-shattering have been 
developed. A high yielding sweet potato mutant is being tested.

The usefulness of irradiation techniques in extending the shelf-life of agricul
tural products such as garlic, onions, and mangoes has been adequately 
demonstrated. Garlic exposed to radiation has been tested in selected supermarkets 
in Metro Manila.

Studies on the control of fruit flies using sterile insect techniques in experimen
tal farms indicated markedly reduced fruit fly populations. This study, which spans 
two decades of research on the various aspects of insect population control, involved 
life cycle studies, radiosensitivity tests on the various life stages, formulation of 
mass-rearing media, development of fly tracer labels, and population dynamic 
studies.

The carabao, a water buffalo which is a major source of draught power in food 
production in the Philippines, as well as o f meat and milk, is being studied with the 
use of radioisotope techniques to improve its reproductive efficiency.

Industry. PAEC was able to produce a métallogénie province map of the Philip
pines which was made part of the Philippine Economic Atlas and used by mining 
companies as a guide in their mineral exploration activities.

PAEC scientists were able to demonstrate that local softwoods and other 
unwanted agricultural waste materials such as rice stalks, bagasse, wood shavings, 
etc., could be made into hard, waterproof and fire-resistant wall boards and panelling 
materials through graft polymerization using large doses of gamma radiation.

However, in view of the high cost o f the monomer used in the process this 
approach cannot be considered economic at the present time.

Other studies were related to problems brought to the attention of PAEC 
engineers by industrial concerns. These included optimization of mine tailing dis
charges through the use of radiotracers; on-line inventory of mercury in the electro
lytic cell section of a vinyl plant and leak/clog tracing in underground pipelines.

Public health and environment. A study has been conducted to establish natural 
radioactivity levels in different parts of the country from which the average exposure 
dose received by Filipinos can be inferred. The figures obtained in this study can be 
used as reference values on which to base assessment of any increase in environ
mental radioactivity. Bioaccumulation factors of selected marine food items were 
determined for internal dose calculation models.

The average concentrations of naturally occurring radionuclides in coal samples 
have been determined using radioisotopic techniques.

A dose-response calibration curve for chromosome aberration for Filipinos for 
use in assessing radiation exposure by biological dosimetry has been established.

Radiation has been effectively used in controlling the spread of Oncomelania 
quadrasi snails, the carrier of the parasite that causes schistosomiasis. A marked 
reduction of the snail population was seen where irradiated snails were released.
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The recent developments in the Philippines regarding the PNPP-1 demand a 
realignment of research priorities of the PAEC research and development 
programme. The main thrust of the economic recovery programmes of the new 
administration is in agriculture. Countryside development is being given first 
priority. President Aquino has acknowledged the role of Filipino science and techno
logy in the national recovery effort and promised government support for their 
growth and development. The PAEC will certainly answer her call.

7. CONCLUSION
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Abstract

INTERNATIONAL ACTIVITIES IN NUCLEAR SCIENCES: REPORT ON AN IAEA 
ADVISORY GROUP MEETING.

The report on  th e  conclusions and recom m endations o f the  Agency’s Advisory G roup 
on National Activities in Nuclear Sciences is focused on four m ajor topics: m anagem ent of 
nuclear science projects in developing countries, the  selection o f nuclear techniques m ost 
suitable to  provide rapid returns for required investm ents, co-operation in the  field o f nuclear 
sciences and technology, and th e  role o f the IAEA in assisting developing countries in in trodu
cing and prom oting nuclear research and developm ent. The report is based on the  discussions 
o f the Advisory G roup Meeting, held in A thens from  2 to  5 Septem ber 1986, and on the  analy
sis o f  several selected projects in different countries which have been im plem ented in co-operation 
with the IAEA.

1. INTRODUCTION

From 2 to  5 September 1986, the Agency convened an Advisory Group 
Meeting at the Democritos Research Centre in Athens. Because the topics of the 
discussions at this meeting overlapped, to  some extent, with the objectives of the 
Symposium, it was considered o f interest to  prepare a report for the larger meeting.

The title o f the Advisory Group does not fully define its scope. It is necessary 
to specify precisely its aims and objectives. The task o f the group was to  review 
and analyse the im plem entation of some Agency-supported projects in developing 
countries. As regards topics, the work o f the group was limited to  the projects 
in the field o f physical nuclear sciences. It was intended to develop, based on the 
lessons learned from past projects, some conclusions and recommendations. These 
might help to  improve the programming, im plem entation and evaluation o f the 
IAEA-co-ordinated projects in the Technical Co-operation and Assistance 
programmes.

147



148 FRLEC and DOLNICAR

The report was prepared by B. Frlec and the Scientific Secretary of the 
Advisory Group Meeting, J. Dolnicar. It contains the contributions o f  all scientists 
who participated in the work of the group (for the list of participants, see Annex I).

The Advisory Group addressed a number o f subjects. The present report 
is focused on three main problems:

( 1 ) management o f  nuclear science and technology projects in developing 
countries

(2 ) selection o f the m ost promising techniques and methods 
(3 ) co-operation.

The individual sections of the report follow this scheme. Realizing that 
the Agency’s activities are frequently closely related to  national efforts, each 
section also presents the desirable role and possible contributions o f the IAEA.

2. REVIEW OF SOME IAEA-SUPPORTED PROJECTS

The projects analysed by the Advisory Group are located in different conti
nents. They operate in countries such as Paraguay, Venezuela, Morocco, Mada
gascar, Thailand and Hungary, which represent a wide spectrum o f countries 
with greatly varying degrees o f tradition and experience in nuclear-oriented 
research. The projects analysed have, as a rule, several components: nuclear 
physics, radiochemistry, nuclear instrum entation and nuclear analytical methods, 
and are frequently applied in one, multidisciplinary laboratory. Both applied 
and fundam ental nuclear studies are fostered, with emphasis being placed on the 
type of research that is relevant to  the industry and economy of the country.

The first difficulty faced by the Advisory Group in an effort to  present an 
objective and meaningful analysis of these projects was the lack of a suitable 
measuring stick, and o f appropriate criteria to  be used in judging the progress 
and success o f the projects. It is questionable to  apply the established criteria, 
such as the number o f publications in internationally recognized journals or 
number of accepted patents, to  a laboratory that has only existed for five years, 
and is fighting for its survival in an environment that shows very limited under
standing for science in general, and in particular for nuclear research. The Advi
sory Group therefore suggested several other possible ways to  evaluate and judge 
the Agency-supported projects.

The most decisive factor in a nuclear-oriented research project is its scientific 
and technical staff. In many countries, appropriate scientists and technicians can
not be recruited; they simply do not exist. They have to  be trained, at home and 
abroad, and this is a time-consuming procedure. Even if they are found, it may be 
impossible to  hire them  because o f financial restrictions. Even if they are hired, 
it is frequently a difficult task to  keep the staff because o f low salaries compared 
to  private enterprises. If the project is being implemented in a laboratory that is
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associated with or part o f a science departm ent at a university, the project 
staff are, as a rule, heavily taxed with their teaching duties, leaving only little time 
for nuclear research.

There are o ther factors influencing and slowing down the progress of a 
nuclear project in a developing country:

— badly evolved infrastructure, lack o f good mechanical, electrical, electronics, 
vacuum or glassblowing workshop with sufficient and trained personnel;

— critical shortage o f current professional literature;
— difficulties and long delays in provision o f equipm ent and spare parts;
— lack of continuous scientific contacts within the country and with institu

tions abroad;
— poorly developed local industries which do not know how they can profit 

by applying nuclear techniques and m ethods in their production and 
quality control.

To all these factors, one must add, surprisingly enough, the disinterest of 
the national authorities for specialized research in nuclear sciences, and the 
resulting inadequate national support o f nuclear projects.

The Advisory Group concluded that the negative impact o f  the above- 
mentioned deficiencies can be minimized by improving the management o f  the 
nuclear science projects. Some o f the recom m endations are presented in Section 3.

In spite o f the difficult circumstances that govern the im plem entation of 
nuclear projects, the analysis of several IAEA-supported activities revealed excel
lent progress and results. As an example, we would like to  quote the case of 
applied and basic nuclear studies at Chiang Mai University in Thailand. From  
practically nothing, this project has produced in the last five years a new, small 
but adequately staffed and equipped institute (Fast N eutron Research Facility), 
which is today probably the leading laboratory in South-Eastern Asia in the field 
of fast neutron activation analysis, as well as in fundam ental studies with fast 
neutrons.

The Advisory Group reached the following general conclusions:

(a) The IAEA support of nuclear sciences and technology in developing countries 
is essential and should continue employing the many organizational forms 
that have been developed in the past and possibly introduce some new ones.

(b) The conditions under which nuclear sciences are being developed in different 
countries are very different. They may vary enormously even in the countries 
o f a comparable level o f development. Thus, specific approaches should be 
used to  assist a particular country. It is neither possible nor correct nor 
practical to  develop a single, universal model for assistance. Therefore, the 
IAEA should employ any conceivable approach, including non-orthodox 
ones, to  materialize the basic goals.
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(c) A common problem in all assisted countries is maintenance and repair o f 
equipment. Consequently, the group feels that the IAEA should:

-  continue to expand its efforts to organize and improve the training oppor
tunities in electronics at different levels o f proficiency (from instructors 
to  technicians) and with different scopes (local, national, regional and 
interregional).

— continue to  further develop activities leading to  improvement o f training 
methodology and aids (such as nuclear modules in kit form) for basic 
nuclear instrum entation.

3. MANAGEMENT OF NUCLEAR SCIENCE PROJ ECTS

3.1. Manpower development

In nuclear science-oriented projects in developing countries, there is an 
obvious lack of professional management. As a consequence:

— the available means are not used in the best possible way;
— the trained and skilled local people executing the project often leave for 

better jobs that provide better opportunities for work and/or better income;
— the developed potential is not exploited fully to  serve the country’s needs;
— the developed capacities are not used for disseminating nuclear techniques 

to a broader spectrum o f users; and
— the spin-off effects do not develop.

3.1.1. Project manager

The ^election of a properly trained personality for project manager appears 
to  be o f crucial importance for the successful execution and im plem entation of 
a project. The local and international resources backing the project will be used 
most efficiently if the project manager also has some professional management 
knowledge.

It would be useful if the IAEA would call the attention  o f the project-proposing 
country to  the careful selection o f a project manager. Furtherm ore, the IAEA should 
consider establishing suitable activities directed towards the training of project 
managers.

The attributes o f a good project manager are many:

— possessing enough professional knowledge o f the project topics to  be able
to understand intim ately the goals and the potential o f the project and to  be 
able to  communicate with researchers;
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— possessing enough professional management knowledge and experience to  be 
able to  create conditions that will stimulate the people employed by the 
project. In particular, this might imply the creation of conditions for:

— attractive opportunities for laboratory work,
— possibilities for additional income, and
— occasional travel abroad;

— having adequate authority  and competence to:

— hire the necessary staff;
— delegate management responsibility;
— create an organizational scheme allowing for at least a few full-time employ

ees on a project, even in cases when this is hindered by local circumstances;
— establish contacts with local authorities at whatever level is necessary.

Although a project manager should be an active scientist, he should not be 
judged only by scientific criteria (num ber o f published papers), but by the success 
of the project as a whole. In short, a project manager should be able to  assure the 
continuity and stability o f  a project. It is essential that the national authorities 
give the project manager the opportunity  to develop his leadership potential.

3.1.2. Project s ta ff

Past experience shows that nuclear science projects cannot be successfully 
executed and implemented unless there is:

— some local expertise already existing, originating either from the local univer
sity courses in nuclear science, or being trained through the IAEA training 
schemes.

' — at least a few research people employed full-time by the project.

Projects that were based on part-time staff burdened with other duties 
such as teaching, adm inistration, etc., generally dem onstrated only limited progress. 
The Advisory Group concluded tha t the IAEA training schemes represent an essen
tial contribution to  nuclear science manpower development. The IAEA should 
continue its activities in organizing training courses in nuclear sciences at what
ever level and at whatever location is most appropriate, and should encourage 
the exchange o f  scientific experience. For the projects that are supported by 
the IAEA, the Agency should insist th a t at least a few research people be 
employed by a project on a full-time basis.

A common feature o f all nuclear science projects is instrum entation. There
fore, training instrum entation (basic knowledge, m aintenance and repair) is of a 
very fundam ental interest and importancé. Taking into account the conditions 
in less developed countries, it seems tha t practical training of groups (and not 
individuals) should be done in the country and not outside it. Com petent groups
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responsible for m aintenance and repair of all equipm ent o f the various projects 
should be organized. They will eventually also develop an ability to  build simple 
pieces o f equipm ent, especially in electronics, and not just do repair and maintenance, 
which is certainly an asset for the country concerned. It.is advisable to  select from 
the existing electronic laboratories or knowledgeable people, the ones who have 
the best potential, and train them in specific directions. The activity along these 
lines will be successful if  the group receives consistent support.

3.2. Contacts with the local economy

Contacts with the local economy are essential for the dissemination of 
m ethods and know-how acquired through an IAEA-sponsored project. They 
should be started, as one of the indispensable duties of the project management, 
as early as possible during the im plem entation o f a project.

At later stages the initial contacts with the local economy should be trans
formed into contracts, thus providing a welcome source of additional revenue 
for the continuation of the activities initiated by the project. Again, the role of 
the project management in drafting proper contracts seems to  be indispensable.
In any case, the revenue from this collaboration should go, to  a major extent, 
to  the executing laboratory to  improve its structure.

3.3. Adequate local support

Many nuclear science projects, including those supported by the IAEA, 
have failed or were not as successful as they could have been, because the local 
support (funds, manpower, infrastructure) was either not adequate or not contin
uous during the im plem entation stage.

3.3.1. General

The IAEA should make provision to ensure that, whenever possible, projects 
should be implemented in phases. The next phase should be awarded only if  the 
previous ones have been successfully implemented and properly carried out,

Successful im plem entation of a project calls for regular evaluations of the 
effects. The criteria for the evaluation should be defined prior to  the start o f a 
project, in a m utual agreement between those who have set the goals of a project 
and those who are supporting it (e.g. between the technical staff o f  the IAEA and 
the project management).

The phase reports (annual or more frequent) should include, besides the 
obvious technical data, the results obtained and broader effects o f the project 
(such as spin-off effects, etc.). These reports should first be evaluated indepen
dently by the local authorities within the recipient country and a separate evalu
ation should be sent to  the IAEA. The recipient o f  IAEA Technical Assistance
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should be prepared to accept a follow-up mission whenever it is deemed appro
priate. The group feels tha t the best evaluation of the results of a project could 
be executed in a meeting at the location o f the project in the presence o f all 
parties involved.

It is recommended that the national counterpart o f the IAEA expert in an 
IAEA-supported project be required to send an evaluation o f the expert and his 
interventions. On the o ther hand, the counterpart should receive a copy o f the 
expert’s full report directly from the Agency.

In order to  assure the continuation o f the activities started with a success
fully implemented project, the group suggests that the IAEA should have follow-up 
missions within an appropriate time after the term ination of the project.

3.3.2. Financial

The meaningful im plem entation of nuclear science projects calls for conti
nuous financial backing o f the activity started with a project. The necessary 
revenue will be supplemented by the Contacts and contracts w ith the local economy. 
Numerous problems o f the local economy such as analyses of food, minerals, m ate
rials, etc., can be rather easily solved with nuclear methods. Past experience shows 
that numerous spin-off effects could be expected from nuclear science-oriented 
projects. All o f this is for the benefit o f a developing country.

Consequently, the IAEA should make provisions when approving a project 
for Technical Co-operation that the recipient countries o f IAEA Technical 
Assistance, when proposing a project, should assure, from whatever source is 
most appropriate, their continuous financial backing of the activities initiated with 
the help o f the IAEA.

3.3.3. Infrastructure

3.3.3.1. Maintenance and repair o f instrum ents

Effective m aintenance and repair is needed for the trouble-free operation 
o f nuclear science oriented projects. This includes good electronic and mechanical 
workshops with well-trained technicians or professionals.

The local authorities should either make such facilities available to  the project 
management or provide it with an opportunity  to  develop a specialized shop. An 
essential part o f this is an adequate fund o f foreign currency meant for spare parts 
and expendables.

3.3.3.2. Inform ation

Nuclear science projects cannot be implemented successfully unless there 
are adequate sources of relevant inform ation available. In some developing
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countries, a proper inform ation infrastructure, such as libraries with up-to-date 
literature and docum entation centres covering areas or regions, simply does not 
exist. The group was surprised to find that IAEA publications that are sent to 
Member States very often do not reach the laboratories et the working level.

The IAEA activities directed towards the organization of training courses 
and study tours that supplement the regular IAEA inform ation services are 
extremely useful for the dissemination o f the latest available inform ation on a 
particular topic.

The Group feels, however, that the IAEA should also use some other, non- 
conventional ways for sending the relevant inform ation directly to nuclear science 
centres. The IAEA is in a unique position to  undertake a preselection of the avail
able inform ation. It is suggested that experts should, for instance, select each 
year the 20 most im portant papers in their field and send the list to  the IAEA to 
be distributed among the interested centres.

It is also suggested that each o f the future Technical Assistance projects 
should have a defined allotm ent meant for literature in order to  overcome the 
notorious lack of the necessary basic literature needed for the im plem entation 
o f nuclear science projects in developing countries.

It was also suggested that a catalogue of nuclear techniques implemented 
in different laboratories all over the world and their applications should be made 
in the near future. Such a catalogue would be most useful and would also enhance 
co-operation among nuclear science centres.

3.4. Public relations

Successful im plem entation of nuclear science oriented projects and the 
continuation of activities thus initiated, especially in less developed countries 
where nuclear m ethods are being newly introduced, requires well-developed 
public relations. The group feels that this very im portant feature is most often 
neglected by project managers. Good public relations facilitate contacts with 
the local economy, with local authorities, and last but not least, popularize the 
potential o f the new approaches among less knowledgeable people.

4. SELECTION OF ADVISABLE RESEARCH TOPICS AND TECHNIQUES

Using the analyses of several IAEA-assisted nuclear science projects, the 
Advisory Group made an effort to identify some nuclear m ethods and techniques 
which can be recommended as most promising for developing countries. Fully 
realizing that the success o f a technique strongly depends on the technological 
level of the country, and on numerous other factors (as listed in Section 3), the 
members of the Advisory Group nevertheless suggested tha t some projects would 
be particularly suitable for developing countries.
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4.1. Nuclear instrumentation

Nuclear instrum entation is a common denom inator, and frequently the 
common source of difficulties for all nuclear science projects. Therefore, the 
projects dealing with establishing and prom oting nuclear instrum entation labora
tories should receive priority. There can be several stages o f a nuclear instrum en
tation laboratory; the spectrum ranges from simple equipm ent m aintenance and 
service groups to  advanced nuclear electronics sections, which have recently been 
extended in laboratories for com puters and interfacing. The Advisory Group 
strongly endorsed the activities of the IAEA in the topics of preventive m ainte
nance. Of particular interest to  the Advisory Group was the Agency’s effort in 
developing m odular nuclear instrum ents in k it form, thus offering the Agency- 
supported projects adequate instrum ents at a low price. It was concluded that 
this activity should be better advertised, and continued.

4.2. Inexpensive nuclear techniques

It would appear that the low-cost nuclear techniques are the most attractive 
for developing countries, in view of sharply limited resources. On the o ther hand, 
it should be realized that such techniques and m ethods have only a limited scope 
o f application. Furtherm ore, if the ‘inexpensive’ techniques are improved and 
their application field is expanded, they become expensive techniques. A simple 
tracer m ethod is inexpensive but add a mass spectrom eter or a liquid scintillation 
system to be able to reach low values o f tracers, and the m ethod becomes expen
sive. One of the techniques in this category that appears only poorly exploited 
is the use of solid state nuclear track detectors. It would be advisable for the 
Agency to make an effort to  advertise and prom ote this technique. Again, it 
should be realized that the application o f nuclear track detectors requires small 
financial resources only if introduced on the most simple level. The m ethod can 
be excellently applied to  dating problems but then thermal neutrons are required, 
and the work with nuclear track detectors is not inexpensive any more.

4.3. Moderately expensive nuclear techniques

A num ber of techniques have proven their suitability for projects in developing 
countries. X-ray fluorescence analysis, Mössbauer spectroscopy, and low level 
counting are some examples of techniques successfully introduced in many small 
laboratories. They do not require large research facilities or strong sources of 
radiation. They are applicable to  a great variety o f  widely different problems, 
and stimulate an interdisciplinary approach. The Advisory Group concluded that:

— The introduction o f such moderately expensive techniques (in the range of 
US $50 000) can be strongly recommended in most developing countries, 
assuming that the local support is available;
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-  The Agency should increase its efforts to prom ote these techniques; it would 
be valuable if some alternative solutions to the instrum entation requirements 
can be found, making the necessary equipm ent less expensive and thus more 
widely available. As an example, it was shown that X-ray equipment could, 
under specific conditions, be assembled for as little as US $8000. This would 
be within the reach o f  many university laboratories in developing countries;

— The Agency should improve its system for good training in these techniques, 
and should prom ote them  on different levels, including very advanced aspects.

4.4. High cost techniques

Nuclear science m ethods which require the use of major research facilities, 
such as research reactors and accelerators, have been introduced in some developing 
countries. However, there is a large majority o f  countries tha t cannot afford to  
acquire and operate such expensive facilities. N eutron activation analysis using 
thermal neutrons from a research reactor, or fast neutrons produced by a neutron 
generator, or accelerator-based techniques such as proton-induced X-ray emission 
and Rutherford backscattering, are examples of very powerful nuclear analytical 
techniques that are beyond the abilities o f many developing countries. The 
Advisory Group felt that the wide utilization o f such techniques represents an 
ideal ground for local or regional co-operation. The Agency should consider 
selecting an operating facility with such a set-up as would allow the scien
tists from developing countries that do not operate major facilities to  exploit 
the capabilities o f the more powerful m ethods. It should be investigated whether 
the Agency could equip a neutron activation analysis channel at an operating 
research reactor and place it at the disposal o f scientists from less well-equipped 
developing countries.

The topic of nuclear techniques is also discussed in Paper IAEA-SM-291/11 
by J. Csikai, a member o f the Advisory Group.

5. CO-OPERATION

5.1. Co-operation within a country

Research laboratories implementing a nuclear science project should have 
an established co-operation with the local university or universities, thus broadening 
the relevant manpower and infrastructure potential (see Section 3.3).

The project management should endeavour to  establish working contacts 
with local industry and other potential users (typically medical centres) o f the 
project, communicating the results and spin-offs as early as possible. Good 
contacts based on contracts assure the continuation o f the activities initiated by 
a project. The group feels that co-operation between laboratories within a country
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can significantly upgrade a project. In addition, nuclear problems im portant for 
the country can be solved much more readily.

Since co-operation has, as a rule, developed between intim ately interested 
individuals, a formal framework for it should be added only at a somewhat later 
stage, if necessary.

There are very different schemes available for starting a co-operation. It is 
up to the project management to  find and establish the m ost appropriate ways.

5.2. Regional co-operation

Regional co-operation is very often hindered, though it is obviously bene
ficial to  all involved, by a politically based desire to  be self-sufficient. This leads 
in most cases to  less effective investments and high m aintenance costs.

It is therefore suggested that good, reliable inform ation on nuclear science 
activities in neighbouring countries or countries o f the region should be made 
available. Descriptions of the IAEA-sponsored nuclear science projects should be 
more widely distributed. The IAEA should direct its assistance according to  the 
most rational distribution o f the nuclear science activities in a particular region 
and not entirely depending on the requests o f the Member States.

Project managers should make endeavours to establish seeds o f a regional 
co-operation by establishing links among the laboratories. It is felt that from such 
co-operation, proposals for new regional nuclear science projects should arise and 
these should be treated by the IAEA as high priority proposals.

5.3. Co-operation with advanced countries

Many co-operation projects between nuclear science centres in less developed 
countries and those o f advanced countries are essentially assistance efforts with 
different motives. Nevertheless, the group feels that co-operation projects could 
also be established among laboratories at a very different level o f development 
provided that there is a m utual interest to  solve a common problem. A less 
developed laboratory can contribute a part o f the necessary manpower, some
times even equipment.
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Abstract

DEVELOPING COUNTRIES AND ACADEMIC EDUCATION IN NUCLEAR SCIENCES:
AN ALTERNATIVE APPROACH.

Whilst excellent training in nuclear sciences is available in some developing countries, 
this is no t the case in the m ajority. The paper considers an approach to  training which is an 
alternative to copying established schemes in advanced countries. Science students a t under
graduate level should be obliged to  a ttend  a course on atom ic and nuclear physics, w ith some 
variation in emphasis, depending on the stu d en t’s main field of study. For postgraduates, it is 
suggested th a t there should be a tw o year course. In the first year there should be a single 
course on Nuclear Techniques and Methods, for all postgraduate studen ts o f nuclear physics. 
This course should have a practical emphasis. In the second year, students will specialize, 
will be assigned additional topics to  study, a thesis topic, and a supervisor. The paper concludes 
by discussing the advantages and disadvantages o f such an alternative approach.

1. INTRODUCTION

The peoples o f developing countries are entitled to  benefit from the 
contributions o f nuclear sciences. A condition for efficient introduction of 
nuclear science and technology is properly trained professional and technical 
personnel.

There are countries (India, Brazil, Hungary) where excellent training is 
available at the home universities, and where the rudim ents o f nuclear physics 
and radiochemistry are even taught in high school. The considerations in the 
present paper obviously do no t apply to  them.

The case in the large m ajority o f developing countries is, unfortunately, the 
reverse o f the above. There are those where nuclear topics are no t taught, at 
any level; and there are others tha t have introduced nuclear subjects into the 
curricula o f  different university departm ents, and had to  realize rather soon 
that it is impossible to  copy the programmes o f the Massachussetts Institute of 
Technology or Oxford in their particular environment. As a consequence, the 
good intentions o f starting the education o f  nuclear scientists and technologists

159



160 DOLNICAR

indigenously frequently fail or produce inadequate results. Many o f the 
developing countries vote for the other alternative: all o f their professionals in 
the nuclear field are educated abroad. Some return to their home country, 
many with academic degrees and with PhD theses in topics such as elementary 
particle physics, quantum  theory or high energy theoretical studies. They 
usually find a job at the local university, and start to teach elementary particle 
physics, quantum  theory or high energy theoretical studies. But how many 
o f these educated scientists does a country need, as opposed to  a num ber o f 
well-trained experimentalists?

Perhaps it would be valuable to  consider another approach to nuclear 
science training in developing countries, as an alternative to  the blind copying of 
established schemes at universities in advanced countries.

2. PREREQUISITES FOR NUCLEAR SCIENCE TRAINING IN 
DEVELOPING COUNTRIES

Some boundary conditions must first be defined.

(1) In most developing countries, training in nuclear topics can only start at 
the university. It is too  much to expect that some concepts can be 
properly introduced in high schools.

(2) Any training in nuclear sciences must produce professionals who are needed, 
and can find em ploym ent in the national economy.

(3) The num ber o f students and those who successfully finish their academic 
training in the nuclear field will be small, for two reasons:
-  very few will select these rather difficult studies, and
— the requirem ent for nuclear trained staff is low, and will be for a long 

time to  come,
(4) In contrast to advanced countries who train specialists, a developing country 

needs many more generalists, i.e. professionals who are at home in several 
topics.

(5) Any good training in experimental nuclear subjects m ust rely heavily on 
practical laboratory work, and this must be at an adequate level. With 
only two Geiger-Müller counters, a physics departm ent cannot run a good 
course. As a m atter o f fact, it cannot be done properly w ithout computers.

(6) The individual desires o f  university professors and lecturers should take 
second place to  the requirements o f an optim al programme. For example, 
a curriculum cannot include two courses on general relativity just because 
there is a lecturer available, while there is no course on nuclear instrum enta
tion. Perhaps the lecturers will have to  shift their interests slightly, but 
this might be very desirable anyway.
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(7) Up to  an MSc degree (or equivalent) the nuclear professionals should be 
educated domestically. If further training is needed, and there are good 
candidates, they should continue their studies abroad, either specializing 
in some topic or studying for a PhD.

3. THE INTEGRATED APPROACH

Given below is a proposal for an in tegrated  approach for nuclear science 
teaching at universities in developing countries. It satisfies the above conditions much 
better than the conventional way firmly established and consequently followed 
at many top universities in advanced countries.

3.1. Undergraduate studies

Suppose that there is a university in a developing country, and its faculty 
o f science consists o f  departm ents o f physics, chemistry, biology, geology, and 
possibly others. For any student in the faculty o f  science it should be compulsory 
to  attend a course on atomic and nuclear physics, on an undergraduate level.
In different departm ents such a course could be run under a different name: 
introduction to  radiochemistry for chemists, principles o f radiation biology for 
biologists, microscopic aspects o f m atter for geologists. In spite o f  this desirable 
variation in emphasis, such a course should provide the basic concepts o f atomic, 
molecular and nuclear physics, taking the phenomenological approach rather 
than digging deep into theory. Practical laboratory experiments should be 
introduced. Probably 40 hours o f lectures and 40 hours o f laboratory work 
and seminars should be sufficient.

This is not a particularly radical proposal, but in most o f the universities 
in developing countries we do not find such courses. Even in advanced countries, 
the necessary emphasis o f particular aspects o f different departm ents is usually 
lost in a general course.

3.2. Postgraduate studies

In most o f the developing countries it would be impossible to  find, year 
after year, enough physics students who would like to  undertake postgraduate 
studies in nuclear physics. W ithout students a postgraduate programme cannot 
start. The same applies to  chemists interested in radiochemistry, biologists for 
radiobiology, etc.

It should be possible, however, to  assemble each year a group consisting 
o f physicists, chemists, biologists, geologists, etc., integrate them  first in a 
heterogeneous, and with time in a homogeneous team and offer them  a post
graduate programme leading to  an MSc degree in nuclear science (no t physics, 
or radiochemistry).
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The concept o f an integral approach relates most o f all to  the students. 
However, it should also apply to  the way the postgraduate studies are organized.

The established m ethods o f postgraduate studies prescribe a number of 
courses for the students, in topics which are seldom relevant to  what these 
students will need in professional life. Most o f the courses are just for training 
o f the brain, and the contents are rapidly forgotten after the students have 
passed the prescribed examination. Most o f the courses are far from the realities 
o f everday life (or nuclear life). Is a student ever told about the price of 
nuclear instrum entation, about how to select the most suitable radioisotope 
from a catalogue, or how to  organize an experiment, from planning to presenta
tion o f results? And yet this is what he will have to  do in his job. The 
consequence of the  established educational methods is that the students 
become extremely knowledgeable and able to  perform acrobatic thinking — 
but rather useless for their potential employers.

Let us try  another approach. The two-year postgraduate studies should 
be divided into two parts.

During the first year, the students will attend one single course. If  a title is 
needed, it can be called Nuclear Techniques and Methods. It will start with 
simple techniques, such as use o f radioactive tracers. This should include the 
description o f the technique, equipment needed, m ethods o f data collection 
and evaluation. When studying the technique, the students will discover that 
they need some fundam ental understanding o f basic phenomena. The lecturer(s) 
will discover this even earlier, and will be prepared with a parallel series o f 
lectures tha t will present the fundamentals whenever needed. The students will 
also discover that they do no t understand the operation of equipment. And 
the lecturer(s) will be ready with another parallel lecture (or laboratory 
experim ent) to  explain the instrum entation. Simultaneously with the study 
of radioactive tracer techniques in hydrology, biology, medicine, the student 
will learn about the handling o f radioisotopes, radiation protection, Geiger- 
Müller counters and associated electronics, absorption o f beta rays in m atter 
and diffusion in liquids. It is im portant to  note that all this knowledge will be 
directly related to  a technique and to  a set o f problems that can be solved by 
nuclear methods, i.e. it will not be science for its own sake.

From simple techniques, the course will move to  more sophisticated 
subjects, always emphasizing the practical aspects — but also providing 
simultaneously a deep basic knowledge. Whenever advanced mathematics are 
needed, it will be provided. Whenever more details are required, in physics, 
chemistry, biology, etc., they will be presented in support o f the main theme. 
Starting as a rule from  the applications, the students will have to  absorb much 
o f the knowledge which is, in an orthodox school, given in special courses.
On the other hand, they will not be forced to  study, at this stage, topics 
completely unrelated to  practical aspects o f nuclear science, for example special 
theory o f relativity or theory o f elementary particles. Such advanced topics
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as quantum  chemistry or special m ethods o f operational mathematics will be 
given to  the extent tha t they can be integrated into the course on applied nuclear 
science because needed there.

Practical work will be essential, and should consume a major part o f the 
students’ time. Again, an integrated approach will be established. The classical 
experim ent of Geiger-Müller tube characteristics will be given but in such a way 
that each student will assemble, by soldering, a simple electronics system 
needed in the operation o f the tube. The elements o f statistics will be taught 
with the aid o f  a pocket calculator and a desk microcom puter, in such a way that 
each student will also learn the elements o f com puter programming.

Assume tha t the students successfully complete, in one year, this integrated 
course which leads them  from the use o f  tracers to  the application o f  synchrotron 
radiation, while also providing extensive knowledge in the fundam ental principles, 
the necessary mathematics (including use o f computers) and instrum entation 
(including electronics), as related to  the main theme.

In the second year, each student will decide in which particular field in 
nuclear science he wishes to  specialize: nuclear physics, radiochemistry, radio- 
biology, nuclear instrum entation. At this stage, he will be assigned:

— some additional topics to  study in his selected field, using appropriate 
books, journals, etc.

— a thesis topic in his specific field, preferably directly related to  a real problem 
in his country

— a supervisor (m entor) who will assist him in his work.

In one year, at the latest, the student will have to complete his additional 
studies and present a thesis. If satisfactory, he will receive the MSc degree.

The spirit o f  the group should be maintained also in the second year: in 
regular seminars, the students will report on their individual work, discuss their 
approach and results, and profit from the experience o f their colleagues.

4. ADVANTAGES

What could be the advantages o f such an educational system in a developing 
country?

(1) A fter completing the programme, the students should be in a position to 
start useful work immediately. (Again, we should visualize the difference 
between an advanced and a developing country. In an advanced one, the 
MSc will join a team where he will learn the practical side o f his field. In a 
developing one, this team  mostly does not exist: frequently the MSc will 
be a team by himself.)

(2) Owing to  the multidisciplinary approach in the MSc programme, the 
graduate will no t be lost if  he encounters a problem slightly out o f his field of
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specialization. In a developing country where a suitable specialist is not 
easily available even by a telephone call, this is an essential advantage.

(3) Strong emphasis on laboratory work will provide the graduate with the 
im portant skills, including the manual ones, frequently absent in students 
in developing countries. It will also give him the necessary confidence in 
the handling o f  equipm ent and instruments.

5. POTENTIAL PROBLEMS

There are several problems inherent in the proposed scheme:

(1) Where to  find teachers who are able to  conduct a multidisciplinary, integrated 
course? A possible solution might be to have this course run simultaneously 
by two professors (say, one nuclear physicist, one radiochemist), and to 
a ttract, for the supplementary topics, o ther lecturers, as needed (possibly 
mathematicians, electronics specialists).

(2) How to organize a suitable teaching laboratory? The requirements o f a 
good laboratory are high, and the investments considerable. However, one 
should realize tha t the laboratory will serve many departm ents o f the 
faculty o f science (in an advanced country, each o f these departm ents
has its own laboratory). Assistance from the outside will be obtainable 
for a well-prepared programme.

(3) Formally, the question of compatibility o f an integrated MSc course with, 
say, the established MSc programme at the Massachussetts Institute of 
Technology will arise. It is probable th a t a student applying for a PhD 
programme in nuclear physics at Oxford will have to  take some additional 
courses (he might have to  study A. Messiah’s ‘Quantum Mechanics, I and II’ 
since he did no t have this in his MSc course at home). But this would be a 
reasonable price to  pay for the advantages o f the nuclear science MSc 
course at home.

6 . CONCLUSION

It is im portant to  emphasize again that the above integrated scheme is not 
intended for advanced developing countries. The university structure in these 
countries is too  rigid, anyway, to  allow for a different approach, even if  it would 
offer advantages. Only the universities young enough to  be flexible and open to 
new ideas could try  such an approach. And they can only do so with help 
from outside.
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Abstract

STRATEGIES OF NUCLEAR FUEL CYCLE RESEARCH FOR DEVELOPING COUNTRIES.
Recent developm ent o f nuclear energy has focused the  a tten tion  o f a num ber of 

developing countries on investigating the possibility o f introducing this source of energy into 
their long term  energy strategies. As m ost o f these countries are lim ited as regards capital, 
m anpower, and industrial R&D potential, substantial assistance from  the developed part o f the 
world will be required. At the same tim e indigenous capability is needed to  take full advantage 
of nuclear energy to  accelerate econom ic growth. In particular, fuel cycle technology develop
m ent is the field in which local know-how is needed in order to  gain the full benefit o f nuclear 
energy. For this reason each developing country  em barking on a nuclear energy program m e 
will require a long term  nuclear fuel cycle strategy to  m eet its fu ture  needs. This strategy will 
include research and developm ent o f nuclear fuel cycle technology. The paper presents a case 
study of the  design of a long term  strategy for the nuclear fuel cycle with emphasis on research 
and developm ent in this field to  support the general strategy of developing nuclear energy. 
Particular a tten tion  is paid to  the  analysis o f fron t end nuclear fuel cycle technology to 
determ ine its part in the developm ent o f nuclear energy in the  long term . Special a tten tion  is 
paid to  the m anpow er needed for the industrial developm ent o f individual technologies. The 
analysis also covers the back end fuel cycle technology required for the long term  developm ent 
o f nuclear fuel cycle strategies. Several scenarios are discussed with the aim of assessing their 
po ten tial for a particular country.

1. INTRODUCTION

The development o f nuclear energy and its short and long term prospects 
have attracted a num ber o f developing countries to  investigate and assess its 
potential in prom oting their economic development [1—3]. One o f the most 
im portant criteria in this evaluation is related to  the availability o f uranium 
resources and nuclear fuel cycle technology for the processing of reactor fuel 
elements, and reprocessing and radioactive waste disposal. In this respect 
developing countries will need a nuclear fuel cycle strategy based on long term 
planning for the development o f nuclear energy. For this reason assessing 
scenarios for nuclear fuel cycle strategies is o f key im portance in the develop
m ent o f the energy system and the economy overall. Since a num ber o f the 
developing countries are embarking on nuclear energy programmes, various 
strategies have been investigated.
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In planning a strategy for the development o f nuclear power in any specific 
country, a reference standard plant has to  be selected. Currently, standard 
plants are 900—1200 MW(e) for PWRs and 600 MW(e) for HWRs. Recently 
the possibility has been considered o f designing and constructing medium size 
nuclear power plants. Studies have shown that the technology for 300 MW(e) 
units is available with a small economic penalty in comparison to  the standard 
size. In particular, 200—300 MW(e) HWRs seem very attractive, even from 
the economic point o f view. As enrichment service costs decline, medium size 
PWRs may become attractive from the economic point o f view also.

The nuclear industry was founded on small reactor technology. Today 
there are still 73 operating power reactors in the range 40-400 MW(e) that 
went in to  commercial operation prior to  1975 [4]. In the ’sixties and ’seventies 
the economics were a primary justification for building larger and larger 
generating units. The so called ‘sixteenth’ power law was commonly employed 
in designing and planning new generating capacity: doubling the size o f unit 
would increase its capital cost by a factor o f only 1.5. Cost tends to  vary in 
proportion to  equipm ent surface area while capacity is in proportion to  the 
enclosed volume. As size grows, volume increases faster than surface area. The 
assumption tha t un it capital cost decreased with size was generally supported 
by empirical studies [5].

Economics o f scale also apply to  fuel cycle costs: a large reactor burns 
fuel more efficiently than a small one. Small reactors have a greater ratio o f 
core surface area to  core volume than do large reactors. Consequently, in a small 
reactor core more neutrons per unit o f fuel escape from the reactor core and do 
no t take part in the  fission process. The influence of plant size on nuclear fuel 
cycle cost is given in Table I.

2. NUCLEAR POWER PLANT DEVELOPMENT

TABLE I. INFLUENCE OF PLANT SIZE ON 
NUCLEAR FUEL CYCLE COST

Plant size (MW(e)) Fuel cycle cost ratio

100 1.16

200 1.14

400 1.09

800 1.03

1000 1.00

1300 0.96
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Studies [6 ] have shown that in 1990 there will be 29 countries having an 
electric grid capacity which could accommodate power reactors larger than 
300 MW(e), assuming the maximum unit size did not exceed 5% of the installed 
electric capacity. If the maximum unit size were 10% of the installed electric 
capacity, the num ber o f countries would be 40. The figures for the year 2000 
would be 41% and 52% respectively. This shows tha t there are a num ber of 
countries which are and will be interested in the development of nuclear power.

3. NUCLEAR FUEL CYCLE STRATEGY

In Webster’s Dictionary strategy is defined as “ the science and art of 
employing the political, economic, psychological and military force o f a nation 
or group o f nations to  afford the maximum support to  adopted policies” . In 
this respect the nuclear fuel cycle strategy can also be envisaged as a polyvalent 
goal which can be achieved with different means. As most developing countries 
have become only recently, historically speaking, independent political entities 
the first priority o f  a great num ber o f  them  is their sovereignty and independence. 
Hence their nuclear fuel cycle strategy is, and in the near future will remain, a 
political issue and developing countries have a strong motivation not to  be 
influenced by existing political organizations. This is the reason why a num ber 
o f developing countries have designed nuclear fuel cycle strategies based on 
indigenously developed technologies [4]. Even if  one can argue about the level 
o f technology achieved in some particular cases, it has been proved that there 
is no inherent lim itation in local technology development. Economic advantages, 
too, are a prestigious motivation for further development.

Within the two existing commercial reactor technologies based on natural 
and enriched uranium there are a num ber of different options. For natural 
uranium reactor technology, heavy water enrichm ent is needed which in some 
cases is considered as an easier technology task. Enriched reactor technology 
is strongly related to  the developent o f uranium enrichm ent technology. In 
both  cases there is also the possibility o f storing the enriched material so as not 
to  be subject to  foreign political leverage. For this reason in the analysis of 
possible options storage o f enriched material should be taken into consideration.
As regards o ther front end technologies there exist a num ber o f different 
suppliers, so that one can rely on world market availability w ithout incurring a 
high risk. In the front end fuel cycle strategy, if the country does not have 
domestic economically justified uranium resources, the world uranium market 
has proved to  be a reliable source. If  a country has uranium ore pure enough to 
be economically exploited there is very strong need to  develop the domestic 
technology, even if  licensing foreign technology or technology transfer is planned. 
As regards the fron t end fuel cycle strategy, enrichment technology is the major 
technical hindrance to  gaining total independence with respect to  the fuel cycle [7 ].
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Regarding the back end o f the fuel cycle, including reprocessing and high, 
medium and low level waste management, there are a num ber of options 
available. Currently, most western vendors are proposing interm ediate storage 
of spent fuel at the power plant. The Soviet Union is offering to  take spent 
fuel back. It is becoming obvious that breeder technology will be even longer 
delayed than was thought a few years ago, and mixed oxide fuel will prove to 
have economic advantages in therm al reactors. All these factors must now be 
considered in assessing options for back end fuel cycle strategies.

4. YUGOSLAV CASE STUDY

In presenting a Yugoslav case study our intention is to  draw attention to 
our approach to  the problem o f developing a nuclear fuel cycle strategy. In order 
to  evaluate possible options, several scenarios for nuclear power plant demand 
are used for techno-economic evaluation [8 ]. Here is one scenario with three 
possible nuclear fuel cycle options, namely:

(a) international fuel cycle supply
(b) indigenous fuel cycle development
(c) mixed path for fuel cycle options.

The following scenario for the nuclear fuel cycle facilities is designed in 
accordance with the demand for nuclear power within the Yugoslav energy 
programme, taking into account the material balance. Table II shows the capacity 
o f infrastructure facilities for PWR and HWR reactor technologies [9, 10].
Figure 1 shows the annual capital requirements for the international supply 
option. Figure 2 shows the capital requirem ents with indigenous fuel cycle 
development designed to  provide a completely independent nuclear fuel cycle 
service for the selected nuclear power construction scenario. It is obvious 
that at the beginning o f the nuclear power programme the building of the 
indigenous facility cannot be economically justified [10]. Until this criterion is 
met, nuclear fuel cycle service needs will have to  be satisfied by the world market.

In the analysis of possible paths, which will include having recourse to  the 
world m arket and building indigenous nuclear fuel cycle facilities, it was 
determined that the financial resources needed to  service the nuclear fuel cycle 
before domestic facilities can be utilized would be about 25% o f the investment 
required for the front end PWR fuel cycle option. In this analysis the possibility 
was considered o f co-operating with o ther purchasers with similar requirements 
for nuclear fuel cycle service. It appears tha t an international venture for the 
nuclear fuel cycle facilities would be economically attractive and very 
beneficial for those countries no t having a large need for nuclear fuel cycle service.
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FIG. 1. Nuclear fu e l cycle service financial burden.

FIG. 2. Capital requirem ents fo r  indigenous fu e l cycle developm ent.

5. TECHNOLOGY DEVELOPMENT

Nuclear fuel technology has proved its m aturity and a num ber of facilities 
with different capacities and technology have been in service for many years 
already [11]. Some o f them  are very advanced and some still need improvement. 
F ront end fuel cycle technologies related to  ore processing are strongly dependent 
on the type o f ore as well as on o ther local conditions. This implies that for the 
ore processing facility there will be a need for changes or further developments
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in technology in order to  meet local conditions. As regards other front end fuel 
cycle technologies, their m aturity is proved and only economic criteria must be 
met before building an indigenous facility based on technology transfer from 
the potential supplier. However, even this approach will require domestic 
know-how in these technologies in order to  make the proper choice and to  be 
prepared for technology transfer and subsequently for operation o f the facility.

As regards back end fuel cycle technologies, most o f them  are in the stage 
o f development and further work is needed. Spent fuel storage, waste storage 
and handling technology will always need local development because they 
strongly depend on local conditions. Besides strong motivation for international 
co-operation in this field, indigenous know-how is needed to  support the local 
organization required for the safe handling o f highly radioactive material.

To meet its further needs for nuclear fuel cycle service, Yugoslavia has 
decided to  organize a nuclear fuel cycle technology development programme 
concentrating on those technologies relevant to  the forthcom ing needs o f the 
nuclear power programme. This technology development programme will 
include geological research, uranium ore processing technology, fuel element 
production technology, spent fuel reprocessing technology, spent fuel and 
radioactive waste storage and mixed oxide fuel technology. As most o f these 
activities are in the planning stage some o f them  will be given priority in order 
to  meet future needs in due time. This is particularly relevant to  the technology 
o f uranium ore processing and waste treatm ent and its disposal.

6 . RESEARCH PROGRAMME

Any technology development programme requires support for the concom itant 
research programme. As relates to the nuclear fuel cycle technology development 
programme the major need is to have pilot facilities on a laboratory scale which 
should serve as the starting point in any technology development. For this reason 
each technology to  be developed has to  proceed through three steps, namely, 
laboratory scale facility, pilot plant facility and commercial facility. The first stage 
aims to  obtain basic knowledge in the technology, instrum entation and quality 
control development and operational experience with radioactive materials. The 
second stage is devoted to  semi-industrial development to  obtain technological 
parameters to  be used in the design o f the large scale facility. Special attention 
at the second stage is given to  manpower development in order to  have experienced 
professionals able to  operate the facilities. However, they may be obtained 
through commercial arrangements with outside suppliers.

Starting from the early days of nuclear power development in Yugoslavia 
some nuclear fuel cycle technologies have been developed to  the pilot scale.
Uranium oxide fuel element production technology is at the most advanced stage.
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Also, spent fuel reprocessing technology has reached the laboratory scale. Waste 
treatm ent and disposal technology was imm anent to  working with radioactive 
materials. The new research programme designed to  meet future requirements 
o f nucléar fuel cycle technology is focusing its attention on:

(a) ore processing technology
(b) fuel element production technology
(c) spent fuel reprocessing technology
(d) mixed oxide fuel technology
(e) waste treatm ent and short term  disposal for low, medium and high level 

wastes technology.

The long term  programme places strong emphasis on the development of 
equipm ent and instrum ents relevant to  the future potential market. In this 
respect we are willing to  investigate the possibility for co-operation with other 
organizations with a similar programme and future needs.
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Abstract

NUCLEAR TECHNOLOGY RESEARCH IN GREECE.
Nuclear technology research in Greece aims at the developm ent o f the necessary infra

structure in certain fundam ental branches that are m ainly related to  the peculiarities o f the * 
country. The activities includes the  estim ation of the individual and social risk from  the 
operation  of nuclear installations and o ther existing energy facilities; investigating problem s 
arising from the high seismic activity, the m arked demographic inhom ogeneity and the m eteoro
logical peculiarities o f the country  in respect to  site selection; studying safety and analysing 
nuclear installations, e.g. noise analysis and therm ohydraulic analysis, etc. In addition there are 
some o th er related activities such as those concerning the safe and reliable operation o f the c o u n try ’s 
only reactor, a 5 MW open-pool-type research reactor which is located within the  lim its of 
Athens, the  largest population  centre o f Greece. The main aim o f research and developm ent 
activities is the  creation o f a scientific-technological infrastructure in certain branches of 
nuclear technology th a t will be indispensable in solving specific problem s related to  existing 
nuclear installations w ithin o r outside Greece.

1. INTRODUCTION

It is well known that despite its advantages nuclear power creates some 
problems that are more profound and grave for a developing country than for 
a developed one 11, 2]. This is due mainly to  the lim ited am ount o f qualified 
manpower available and the limited financial resources of a developing country, 
both  of which have a serious influence on nuclear power programmes. But even 
if a country such as Greece has no plans for installing nuclear power reactors, the 
existence o f other local nuclear research installations and of foreign power reactors 
with potential transboundary effects makes imperative the creation of some mini
mum manpower infrastructure. This was dramatically made clear by the recent 
Chernobyl accident, which had consequences all over Europe and even beyond, 
to distances of thousands kilometres. To face successfully such events a developing 
country must have the expertise and the technical infrastructure required. The 
development o f qualified manpower is closely connected to  the existence of 
research programmes in nuclear technology, a fact that is realized in Greece.
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Today, although the com petent authorities o f the country do not favour 
the installation of a nuclear power reactor, giving priority to the exploitation of 
domestic energy sources, the necessity of developing qualified manpower has been 
fully comprehended and is firmly supported. The role of developing the minimal 
manpower infrastructure required has been taken up in Greece mainly by the 
National Research Centre for the Physical Sciences (NRCPS) Democritos, and it 
is concerned with specific research projects of nuclear technology that focus on 
problems closely related to the peculiarities o f the Greek environment [3, 4].
Other institutions active in the field are the National Technical University of 
Athens (Polytechnio) and the Aristotelian University of Thessaloniki.

2. PRIORITIES OF RESEARCH ACTIVITIES
Г

The main goal o f nuclear research and development activities in Greece is 
the creation of the necessary scientific-technological infrastructure in certain 
fundam ental branches of nuclear technology, such as risk assessment, nuclear 
safety, dispersion o f radioactive pollutants, etc. This infrastructure will help the 
country to  face problems that could be created either by existing research instal
lations within the country or by foreign nuclear power reactors, especially those 
tha t are sited close to  Greece. A secondary benefit of such an infrastructure could 
be (a) its active involvement in any future questions raised about w hether or not 
to initiate a nuclear power programme and (b) its help in relating the nuclear 
programme to  national requirements. On the o ther hand, the operation in Greece 
of a research reactor and of some other smaller scale nuclear facilities creates the 
need to  ensure their safe operation and their best exploitation for research, educa
tional, and production purposes, and this can only be achieved by developing the 
appropriate expertise.

Taking the above into account and also considering that if the existing man
power were to  get involved in a future nuclear power programme it would need 
to  deal mainly with problems related to site selection, safety and reliability, quality 
assurance and handling o f radioactive wastes, the following groups o f priorities 
for research and development activities emerge:

(a) protection o f the public from the operation of nuclear installations;
(b) safe and reliable operation as well as the exploitation of Greek nuclear 

research installations;
(c) investigation of the prerequisites o f a nuclear programme, with emphasis 

on site selection; and
(d) development o f know-how in certain areas of nuclear technology, such as 

nuclear safety and analysis, reliability analysis, quality assurance and radio
active waste handling.

The development o f a minimum manpower infrastructure in some funda
m ental branches o f nuclear technology underlines the expediency of these activities.
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Certain fundam ental branches of nuclear technology do not lend themeselves easily
— if at all — to transfer, because of the pecularities of the Greek environment [1].

3. RESEARCH ACTIVITIES

In describing the relevant research activities in Greece a distinction must 
be made between activities within the area of nuclear science applications and 
activities within the area of nuclear technology. The former, which include among 
other uses all applications o f isotopes in industry, agriculture, medicine, etc., and 
which are more widespread in Greece than the latter, are not treated in the present 
paper. Nuclear technology research activities are taken to  mean all activities related 
to nuclear reactors and their fuel cycle. With this terminology in use the relevant 
activities perform ed can be divided into the following groups:

(a) estimation of the risk resulting from the operation of nuclear installations 
and comparative risk assessment of different energy sources;

(b) analysis and safety aspects of existing nuclear installations, mainly the 5MW 
open-pool-type research reactor of the NRCPS Democritos;

(c) special safety and reliability problems of nuclear reactors, such as thermo- 
hydraulic analysis, fault detection, and noise analysis;

(d) examining specific problems of site selection and design of nuclear plants in 
relation to  characteristic factors o f the Greek environment, e.g. the high 
seismic activity and the extrem e inhomogeneity o f population distribution;

(e) examining problems associated w ith low and medium level radioactive wastes; 
and

(f) o ther related activities.

3.1. Estimation of the risk from nuclear installations

The main objective o f these research activities [5] is the estimation of the 
social and the individual radiation risk resulting from the operation o f existing 
or future nuclear installations within the country, such as the 5 MW open-pool- 
type, water m oderated and cooled research reactor o f the NRCPS Democritos, or 
beyond the country’s borders, such as the nuclear power reactors in the Balkan 
peninsula and even further aways, as the recent Chernobyl accident in the Soviet 
Union has dramatically shown to be necessary. A nother aspect of these activities 
is to  set this risk in perspective by comparing it to  the corresponding risks from 
other energy sources, e.g. lignite fired power plants, hydroelectric plants, and 
other technological activities in Greece.

Since the radiological consequences of nuclear accidents extend — when 
serious — to distances of hundreds o f kilometres, the special characteristics of a 
country, e.g. demographic, meteorological, topographical and even social inhom o
geneities, are significant. For this reason, in the activities o f this group emphasis
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is placed on the influence o f such characteristics on accident consequences. Indeed, 
Greece is a country characterized by a strongly non-uniform population distribution, 
with a few large population centres of limited area containing about half the 
country’s population, while the rest o f the country exhibits, a very low population 
density. It is also characterized by predom inantly north and south winds, a high 
frequency of sky clearness, and an extensive presence o f sea and mountains. The 
influence of all these factors constitutes subjects for intensive analyses in relation 
to risk assessment.

A major part of these activities is devoted to  developing calculational capabi
lity, i.e. model development and com puter im plementation, of transient three- 
dimensional atmospheric dispersion under any atmospheric conditions, taking 
into account the topography of Greece. A nother objective is the analysis o f the 
flow field of the lower atmosphere in the Greek territory within the framework 
of specifying boundary conditions and input data for atmospheric modelling 
and accident consequence analysis in general [5].

There are also activities related to the extensive demographic heterogeneity 
o f the country, the emphasis being placed on formulating appropriate population 
distribution criteria for site selection, that are based on risk assessment.

The better knowledge o f potential or actual radiological consequences from 
the operation o f nuclear installations within or outside Greece, and the formula
tion o f appropriate population distribution criteria in site selection processes that 
are based on risk estimations, underline the significance of the relevant activities.

3.2. Safety of existing nuclear installations

The objective o f this group of development activities is to  ensure safe and 
reliable operation of the existing nuclear research facilities in Greece. The main 
efforts concern the 5 MW research reactor of the NRCPS Democritos. The reactor 
is located in the Athens suburb of Aghia Paraskevi, on the foot o f the Immitos 
mountain, less than 10 km northwest of Athens city, the largest population centre 
of Greece, with more than 30% of the country’s population.

The activities perform ed include: (a) analysis o f the thermal behaviour of the 
reactor in accident situations and especially under loss of coolant accident (LOCA) 
conditions that could potentially lead to  a core melt. To this purpose a transient 
three-dimensional heat transfer model is under development, (b) Study and identifi
cation o f research reactor parameters with noise analysis techniques, (c) Study of 
the introduction of low enriched uranium (LEU) fuel elements in the reactor core 
in place of the currently used highly enriched uranium (HEU) fuel elements. Both 
neutronics and safety aspects of the HEU to  LEU conversion are under analysis.

Finally, in this group related activities such as the periodic review o f the 
safety analysis of the reactor and the design and installation of engineered safety 
features that aim at improved safety and the better protection o f both  the operating 
personnel and the population around the reactor site are being developed.
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3.3. Safety and reliability problems of nuclear reactors

In this group of research activities there are two main directions. The first 
concerns problems o f therm ohydraulic behaviour of nuclear reactors, mainly in 
relation to  LOCA events. The areas of activity include the transient analysis of 
the rewetting process following a LOCA, with the main objective being the investi
gation of the m otion o f the quench front, and the study o f the flow field and 
tem perature in the reactor downcomer in small break LOCAs, focusing on effects 
o f emergency inlet flow o f cold coolant, mass flow through the core and to  the 
break and steam condensation at the top. The activities are aimed towards the 
development o f appropriate models and are based on indigenous theoretical analy
ses and on experimental work performed elsewhere, since because o f the existing 
financial lim itations the expensive experiments required are not easy to  perform.

The second direction concerns mainly problems o f reliability analysis.
Included are: (a) study o f the dynamic behaviour o f nuclear reactors in connection 
with their reliability, aiming at the determ ination of ways o f improving their safety 
and availability, (b) study o f reliability and availability of large scale systems that 
involve a high level o f risk, and their application to  nuclear reactor models, (c) deve
lopm ent of fault detection techniques, such as noise analysis, with applications 
to nuclear systems, and (d) development of common mode failure detection 
techniques and their application to  the control and operation system of the 
Democritos research reactor.

3.4. Specific problems of site selection

The subject o f this group is the improvement o f knowledge about and the 
concentration, processing and codification of those fundam ental characteristics 
of the Greek environment that are closely related to  site selection, e.g. dem o
graphic and environmental data, data on district development such as land uses, 
industrial zones and transportation zones and, in particular, seismic activity.
These data are used to  draw appropriate maps reflecting the present situation, 
and maps based on estimations for future development, tha t could be used in 
respect to  site investigations. Emphasis is placed on estimations of the seismic 
risk. To this purpose the Greek territory has been divided into seismotectonic 
zones and the seismic characteristics o f each zone are being analysed. The high 
seismic activity o f Greece and its definitive influence on installing nuclear plants 
underline the significance o f such activities.

This group also includes some other classical approaches to  nuclear power 
plant siting.

3.5. Low and medium level radioactive wastes

The main effort in this activity focuses on medium and low level wastes 
and is concerned w ith the study o f leaching mechanisms and leaching techniques
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for such wastes. Work at present deals with the kinetics o f metal ions from solid 
materials simulating products o f insolubilization o f radioactive waste concentrates 
of low to medium activity [6 ]. Several leaching m ethods are being comparatively 
analysed and the effect o f tem perature changes is being studied. Emphasis is 
being placed on the elucidation o f the behaviour o f im portant individual cations, 
such as Sr++ or Sc^em bedded in a suitable material in the form of a simple salt. 
Both highly soluble and slightly soluble salts are being analysed. The influence 
o f other factors such as atmospheric C 0 2 on the leaching of metal ions is also 
being studied.

3.6. O ther related activities

Besides the research and development activities described in the previous 
sections, there are some other related activities that are either being developed 
on a smaller scale or are indirectly associated with nuclear technology research. 
The first category includes research activities on reactor analysis m ethods, with 
the main aim being the development o f  specific theoretical models and their 
im plem entation in com puter codes for the neutronic analysis o f actual reactor 
cores. The second category includes the development and application o f analy
tic techniques based on the delayed fission neutron m ethod for quantitative 
analysis o f  uranium and thorium.

4. NUCLEAR RESEARCH AND INFRASTRUCTURE

The question o f w hether or not to  build a nuclear power plant in Greece 
has been postponed by the com petent authorities to  the future and the govern
m ent has put priority on the exploitation o f domestic energy sources, mainly 
lignite and hydropower.

Today, after the Chernobyl accident, the prospects for the initiation o f a 
nuclear power programme in Greece seem more rem ote. However, the necessity 
o f  developing a critical minimum manpower infrastructure is very evident. To 
name just a few reasons, one could refer to  the optim ization o f radiation protec
tion and the minimization o f risk in the development and exploitation of other 
peaceful uses o f nuclear energy, better knowledge and potential confrontation 
of problems arising from the operation o f nuclear power plants in neighbouring 
countries and even beyond, and the more efficient protection o f the population 
from various sources o f radioactivity. Additionally, by developing such a man
power infrastructure spin-off benefits are also created in o ther related technolo
gical fields, a fact tha t underlines the significance o f such an infrastructure.

Naturally, under the present circumstances, i.e. the absence of prospects 
for advancing a nuclear power programme, the development of a nuclear infra
structure is necessarily limited, and today the role of pursuing it has been taken
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up by the Democritos research centre, which is carrying out a series o f research 
activities in nuclear technology. The basic benefits of such an infrastructure 
would be: (a) to  cope with problems associated with existing nuclear installations 
within the country and its neighbourhood, and (b) to  contribute to  the taking of 
rational decisions by the appropriate authorities in m atters o f nuclear power.
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Abstract

NUCLEAR POWER IN THE REPUBLIC OF KOREA: RESEARCH AND DEVELOPMENT.
The Republic of Korea has been a Member State of the IAEA since 1957. Until the 

late 1960s, nuclear R&D efforts were mainly focused on radioisotope utilization, radiation 
applications in the fields of agriculture and medicine, and basic research using a research 
reactor. In the 1970s, two oil shocks influenced the adoption of nuclear power plants (NPPs) 
in Korea. As a result, nine NPP contracts were made during this decade, and needs for nuclear 
power technology development increased. In the early part of the 1980s, however, the 
Korean economy shrank somewhat due to the aftermath of the second oil shock. During this 
difficult period, we attempted to heal and reorganize the industrial infrastructure so as to 
maximize the participation of local capabilities in every possible way and in order to stabilize 
the national economy. In this connection, the roles and functions of nuclear organizations 
were identified for the development of nuclear power technology. The purpose of a functional 
division of responsibilities among nuclear organizations is to eliminate duplication of investment 
and to concentrate manpower in designated fields. However, even though they are specialized, 
they frequently have meetings, co-ordinating and co-operating to reach the final goal of 
achieving self-reliance in nuclear power technology as soon as possible. At the beginning of 
the 1980s the Korea Advanced Energy Research Institute (KAERI) was launched to develop 
CANDU fuel design and manufacturing technology. After three years of efforts, KAERI 
was successful in loading its fuel bundles into the KNU-3 -  a CANDU-type reactor -  24 bundles 
in 1984 and a further 24 in 1985. The core will be fully loaded with KAERI fuel bundles from 
1988 onwards. As regards KNU-11 and -12, in 1985 full scope transfer of technology for 
reactor design, construction and equipment supply was requested. Given such transfer, 
we can improve indigenous capabilities, including the design of nuclear steam supply systems.
By the year of 2000, we are aiming to achieve self-reliance in nuclear power technologies.

1. BRIEF HISTORY OF NUCLEAR R&D IN THE REPUBLIC OF KOREA

1.1. Organizational development for nuclear R&D

The history o f nuclear R&D in the Republic o f Korea (ROK) began about 
30 years ago. In line with the worldwide movement o f ‘Atoms for Peace’, the 
Division o f  Atomic Energy was established in March 1956 in the Ministry of 
Education for the peaceful uses o f  nuclear energy. In 1957, the Republic of 
Korea became a Member State o f the IAEA. In 1959, the  Atomic Energy Law

183



TABLE I. ORGANIZATIONAL DEVELOPMENT OF NUCLEAR R&D

1 8 4  JUHN and KIM

Jan. 1959 The Office of Atomic Energy (OAE) is established as a government 
organization and in March the Atomic Energy Research Institute (AERI: 
origin of KAERI) is founded within OAE

Dec. 1963 The Radiological Research Institute (RRI) is founded within OAE

Nov. 1966 The Radiation Research In Agriculture (RRIA) is founded within OAE for 
agricultural applications of radiation

Jul. 1968 Signature of Non-proliferation Treaty (NPT)

Feb. 1973 AERI, RRI, RRIA are reorganized as an integrated research institute, 
KAERI (Korea Atomic Energy Research Institute)

Dec. 1976 The Korea Nuclear Fuel Development Institute (KNFDI) is founded

Apr. 1978 KNU-1 (1st NPP in ROK) is commissioned

Dec. 1980 The Korea Atomic Energy Research Institute (the old KAERI) and KNFDI 
merge and become the Korea Advanced Energy Research Institute (the 
new KAERI)

Jan. 1982 The Nuclear Safety Centre is established within KAERI

was promulgated and the Office o f Atomic Energy (OAE) and Atomic Energy 
Research Institute (AERI) were established under the direct control o f  the 
President o f  ROK. The Atomic Energy Commmittee was also set up at that 
time to  make decisions related to  nuclear activities. AERI conducted basic 
nuclear research, mainly using a research reactor until it became an independent 
corporate body in 1973, the Korea Atomic Energy Research Institute. In 
February 1972, the OAE was reorganized as the Bureau o f Atomic Energy 
within the Ministry o f Science and Technology, which was established in 1967.
In order to  develop nuclear fuel technologies, the Korea Nuclear Fuel Develop
m ent Institu te (KNFDI) was established in 1976. In December 1980, the former 
KAERI and KNFDI were merged and became the Korea Advanced Energy 
Research Institu te (the new KAERI) (see Table I).

1.2. Past experience and fu ture prospects for nuclear research and development

Until the late 1960s nuclear R&D efforts in ROK were mainly focused on 
basic research on radioisotope utilization and radiation application in the fields 
o f agriculture and medicine. Studies on reactor physics and m aterial properties 
were also carried out using a research reactor.

The first nuclear power project in ROK was started in the early 1970s. 
Following the first oil shock in late 1973, the nuclear power programme has con
stantly accelerated in order to  develop alternative energy resources to  oil, which
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TABLE II. NUCLEAR POWER PLANTS IN ROK
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Plant Reactor
type

Capacity
(MW(e))

Date of 
commissioning

NSSS
supplier

KNU-1 PWR 587 1978-04-29 Westinghouse

KNU-2 PWR 650 1983-07-23 Westinghouse

KNU-3 CANDU 679 1983-04-22 AECL

KNU-5 PWR 950 1985-09-30 Westinghouse

KNU-6 PWR 950 1986-06-01 Westinghouse

KNU-7 PWR 950 1986-12 Westinghouse

KNU-8 PWR 950 1987-09 Westinghouse

KNU-9 PWR 950 1988-09 Framatome

KNU-10 PWR 950 1989-09 Framatome

KNU-11 PWR 900 1995 under bid 
evaluation

KNU-12 PWR 900 1996 under bid 
evaluation

has no t yet been found in ROK. During the 1970s, contracts for nine nuclear 
power plants were made with foreign suppliers, as shown in Table II. As of 
1985 nuclear power generation from four nuclear power plants is 16 745 GW-h, 
which represents 28.7% o f to tal electricity. When all these nine nuclear power 
plants are in operation in the late 1980s, nuclear pow er’s share will be over 50% 
of to tal power generation.

These nine nuclear power plants comprise three 600 MW(e) units and six 
900 MW(e) units. Three 600 MW(e) nuclear power projects, the first phase 
nuclear power projects, were im plem ented by turnkey contracts, mainly because 
there was a lack o f experienced m anpower in the field o f nuclear power technology. 
With some experience obtained through carrying ou t the first phase nuclear 
power projects, six 900 MW(e) nuclear pow er projects, the second phase nuclear 
power projects, have been carried ou t using a com ponent approach.

The prime contractors for bo th  the first and the second phase nuclear 
power projects are foreign vendors, as shown in Table II. Through producing 
these nine nuclear units, some nuclear pow er technology know-how has been 
acquired. It is realized, however, that software-related technologies, including 
reactor design technology cannot be developed w ithout indigenous technical 
support.
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Year

Nuclear

MW(e)

capacity

% of total GW-h

Nuclear power 
generation

% of total

1978 587 8.5 2 324 7.4

1980 587 6.3 г  a u 9.3

1982 1266 12.3 3 777 8.8

1984 1916 13.5 11 792 21.9

1985 2866 17.8 16 745 28.9

In the early part o f the 1980s, Korean industry shrank somewhat, and 
the rate o f economic growth declined, compared with the 1970s, mainly due 
to  the afterm ath o f the second oil shock.

However, during this hard period, we took the opportunity, by reorganizing 
our industrial infrastructure, to  maximize the participation o f  indigenous 
capabilities in every possible field in order to  stabilize the national economy.

We also went a new direction in nuclear industry. Organizations deeply 
engaged in nuclear power got together and identified their roles and functions 
for the development o f nuclear power technology according to  their main 
functions, past experience and manpower. The purpose o f functional division 
o f responsibilities among organizations, as shown in Table IV, is to  eliminate 
duplication o f investment and manpower.

Each organization could concentrate its efforts on its designated fields to  
reach the final goal o f  achieving self-reliance in nuclear power technology as 
soon as possible. Even though their roles are distinct, the nuclear organizations 
often have meetings and discussions in order to  co-ordinate their work effectively.

2. THE ROLE AND EXPERIENCES OF KAERI IN NUCLEAR
TECHNOLOGY DEVELOPMENT

2.1. The role of KAERI in nuclear technology development

From  its establishment in the late 1950s until the late 1960s, KAERI 
(form erly AERI) mainly carried ou t basic nuclear research using a research 
reactor. During these two decades, KAERI placed emphasis on the development 
o f radioisotope utilization and applications o f radiation in the fields o f  agriculture 
and medicine. In the late 1960s, KAERI conducted a feasibility study for
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TABLE IV. DIVISION OF RESPONSIBILITIES IN NUCLEAR
POWER DEVELOPMENT

KEPCO KAERI KHIC KOPEC KNFC KEPOS

Project
management

*

NSSS
— System 

design
— Mechanical 

component 
design & mfg

«

*

Turbo
generator

*

BOP
-  System 

design
— Equipment 

design
*

*

Fuel
— Design
— Fabrication

*
*

Repair and 
maintenance

*

Note:
KEPCO: Korea Electric Power Corporation
KAERI: Korea Advanced Energy Research Institute
KHIC: Korea Heavy Industries & Construction Co., Ltd
KOPEC: Korea Power Engineering Co., Inc.
KNFC: Korea Nuclear Fuel Co.
KEPOS: Korea Electric Power Operations & Services Co.

introducing the first nuclear power plant into ROK, with the assistance of an 
IAEA site survey mission.

When the first phase nuclear projects were carried ou t under turnkey 
contract with foreign advanced countries in the early 1970s, KAERI seldom 
had chances to  participate in the nuclear power projects, mainly owing to  lack o f 
practical experience and knowledge o f nuclear power projects. KAERI was 
involved rather in advising the government authorities on nuclear safety 
aspects by reviewing safety analysis reports o f the nuclear power plants.
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As the second phase nuclear power projects were implemented using the 
com ponent approach, in the late 1970s, KAERI’s role in nuclear power 
technology development in ROK gradually increased. Once involved in nuclear 
power technology development projects, KAERI’s manpower and budget 
continued to  grow. In this period, most o f  the R&D facilities related to  the 
nuclear fuel cycle were installed at KAERI. These comprise the nuclear fuel 
fabrication plant, conversion and refining facilities, the out-pile test facility, 
the post-irradiation examination facility and the radioactive waste treatm ent 
facility. The out-pile test facility, which has been extensively used for indigenous 
fuel technology development, was designed by KAERI.

Following its success in the development o f fuel fabrication technology 
in the early 1980s, KAERI was recently requested to  develop NSSS system 
design and engineering technology for KNU-11 and KNU-12. KAERI is playing a 
leading role in helping achieve self-reliance in nuclear power technologies 
before the tu rn  o f the century in ROK.

2.2. Experiences o f KAERI in nuclear technology development

At the beginning o f the 1980s, KAERI decided to  develop its own capability 
for design and manufacturing CANDU-type fuel, using a pilot fabrication plant 
which has operated since 1978. After three years o f R&D efforts, KAERI was 
successful in loading its own fuel bundles into the CANDU nuclear power plant 
(i.e. KNU-3) — with 24 bundles in 1984 and 1985, respectively. These fuels 
were satisfactorily burned at the reactor for about a year and discharged 
w ithout any damage. The utility  which runs KNU-3 was so satisfied w ith the 
performance of KAERI fuel that it asked KAERI to supply more. KAERI 
has been asked to  supply 360 fuel bundles in 1986 and about 2550 bundles, 
which are equivalent to  half the core, in 1987.

The full core o f KNU-3 will be loaded solely with KAERI-made fuel from 
1988, which will save about 2.5 million US dollars o f nuclear fuel im port cost 
annually from 1988. To this end, KAERI recently expanded its pilot scale 
fabrication plant to  the capacity o f  a semi-commercial scale plant.

When it expanded the capacity o f its fabrication plant, KAERI also tried to 
develop indigenously, with small and medium-sized m anufacturing companies, 
some o f the machines and equipm ent required for plant expansion, including 
sophisticated welding machines, instead o f  importing them  from abroad.

By doing so, it is believed that the capability and quality of domestic 
industries have been improved and several million dollars o f investment have 
been saved.

Before setting out on the development o f indigenous fuel fabrication 
technology, KAERI reviewed the possibility of importing proven foreign 
technology. The costs for technology transfer, however, were far beyond 
KAERI’s expectation and the budget available at that time. Additionally, most
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o f KAERI’s researchers and engineers preferred to  develop, rather than to 
im port, technology, using their experience, and they were confident that they 
could achieve their goal.

Even though KAERI finally decided to develop and commercialize fuel 
technology using its own R&D efforts, KAERI would like to  increase in ter
national co-operation. It is realized tha t as the technical capability o f KAERI is 
built up, technical collaboration, with foreign R&D institutions should also 
be increased.

As a result o f successful fuel technology development, not only has KAERI 
improved its own technical capability bu t it has also saved the significant am ount 
o f money which would otherwise have been paid for technology transfer.

For PWR type fuel design, KAERI concluded a technology transfer contract 
with KWU (Federal Republic o f Germany) in August 1985. Starting in 1989, all 
the fuel assemblies required for Korean PWR NPPs will be designed by KAERI 
and be m anufactured by KNFC (Korea Nuclear Fuel Company), which has a 
plant capacity o f 200 t  U per annum.

KAERI is also working on the R&D project ‘Conversion o f U3 0 8 to  U 0 2’ 
on a commercial scale (1 0 0 1 U/а) by developing its own aluminium diuranite 
(ADU) process. We expect several million dollars of savings through this project.

KAERI aims to  develop all the necessary technologies related to  the nuclear 
power programme and recently established a global long term  schedule for 
achieving self-reliance in nuclear power technology by the year 2000. Last but 
no t least, KAERI and all o ther ROK nuclear organizations are willing to  share 
their experience in building up nuclear power technologies with o ther developing 
countries.
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Abstract

THE ROLE AND IMPORTANCE OF SCIENTIFIC RESEARCH IN THE DEVELOPMENT 
OF CZECHOSLOVAK NUCLEAR POWER.

The current state and prospects of the development of nuclear power in Czechoslovakia 
are reviewed and results obtained from programmes of scientific research are presented. The role 
and importance of scientific research programmes are discussed, as are their planning, organization 
and management. Examples are given showing the scope and the tasks in the individual sectors 
of scientific research supporting the development of nuclear power. Ceaseless attention is devoted 
to the improvement of the technical and economic specifications of nuclear power plants under 
construction and in operation, to assuring high quality and reliability of equipment, and to the 
safety of nuclear power plants and their entire fuel cycle. The scientific research tasks are orien
ted to and significantly affect all disciplines associated with the development of nuclear power, 
especially nuclear power plant design and construction, equipment production, nuclear power 
plant startup and operation, radioactive waste management, nuclear power plant decommisioning, 
etc. The role and importance of co-operation with the USSR and other countries and internatio
nal organizations in the development of Czechoslovak nuclear power are also discussed.

The use of nuclear energy for the production o f electric power in Czecho
slovakia on an industrial scale started in 1979, when the first pressurized water 
reactor unit o f the WWER-440 type with a power o f 440 MW(e) was commissioned 
in the Jaslovské Bohunice nuclear power plant. The programme of development of 
nuclear power envisages that in the near future 12  reactor units o f this type will 
be built on three sites. Currently, six reactor units are in operation (four in Jaslovské 
Bohunice and two in Dukovany) while the six remaining units are at different stages 
o f construction (two in Dukovany and four in Mochovce). It is expected that in 
1990 the num ber of units in operation will increase to  ten with an increase to 12 
two years later. In the following period, WWER-1000 pressurized water reactors 
o f 1000 MW(e) will be introduced, first on the Tem elin site, where preparation 
work has already been started. It is assumed that after the year 2000, fast breeder 
reactors will be used, when they attain industrial m aturity.

Of the to tal production of electric power in Czechoslovakia, in 1985 the 
share o f nuclear power was 14.6%; in 1990 this should be about 30%, in the year 
2000 approxim ately 52% and in 2010 around 65%. The rapid development of
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electric power using nuclear sources is not only to  meet increased electric power 
demand but also to  replace a major part o f current production by coal-fired power 
plants. It is also expected that nuclear power plants will be used for district heat 
supply. All reactor units under construction will be provided with turbines capable 
of supplying heat. Current analyses show that nuclear power should meet about
0.3% o f Czechoslovakia’s heat supply requirements in 1990 and at least 3-4% in 
the year 2 0 0 0 .

The foundations o f this development were laid in 1955 when the first 
agreement was concluded between Czechoslovakia and the USSR on the develop
ment of research into nuclear physics and on the uses o f nuclear energy for the 
needs o f  the Czechoslovak national economy.

In subsequent years, im portant scientific research establishments were opened 
and the industrial production base for nuclear equipm ent was set up. The main 
outcom e o f research and development in co-operation with the USSR was the 
first Czechoslovak experimental nuclear power plant A-l of the uranium m etal- 
heavy w ater-carbon dioxide type with a power of 150 MW(e). It was commis
sioned in 1972 and supplied electric power to  the transmission network till 1979, 
when it was decommissioned.

An agreement between Czechoslovakia and the USSR on the construction 
of nuclear power plants with Soviet light water reactors of the WWER-440 type, 
concluded in 1970, was a milestone in the development o f our nuclear power. 
Within the agreement, a protocol was signed on co-ordinated research projects 
in the field o f light water reactors o f this type which have also been included in 
programmes for the development o f nuclear power by some other CMEA countries. 
Within a relatively short time, the co-operation made it possible for our scientific 
research base to  create the prerequisites for the modification of Soviet project 
designs to  suit our specific conditions, to  introduce the production o f m ajor items 
of technological equipm ent, and to  train personnel for the startup and operation 
of nuclear power plants of this type.

Czechoslovakia is a country with a planned national economy and hence also 
planned development o f  science and technology. Within the state plan for this 
development, production was mastered and introduced of equipm ent such as the 
reactor primary coolant circuit, the steam generator, the pressurizer, special valves, 
etc., at the first stage. The long term  concept o f the development o f our nuclear 
power is an integral part o f the CMEA countries’ plans, which relate not only to  
scientific research bu t also to production. The first two WWER-440 reactor units 
were delivered to  Czechoslovakia from the USSR. The remaining ten units, how
ever, will be m anufactured in our country and contracts have been signed for the 
delivery o f the equipm ent to  the USSR, the German Democratic Republic and 
Hungary. Our research and development strives to  ensure high quality and 
reliability o f deliveries for nuclear power installations within the integrated 
projects o f the CMEA countries, while respecting the growing potential of the 
specialized production o f Czechoslovak industry.
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The objective of the next stage of co-operation of our scientific researchers 
with their Soviet counterparts is to  develop and start production of nuclear power 
plant equipm ent featuring an advanced light water reactor o f 1000 MW(e) (WWER- 
1000) and prepare the construction o f such nuclear power plants in Czechoslovakia. 
Annual production o f two to  three reactors is planned, o f which one will be intended 
for the country while one or two should be exported.

CMEA countries are fully aware that early creation o f preconditions for 
the development o f nuclear power will be o f  key importance for the next few 
years. Thus, the target project ‘Development of Nuclear Power up to  the Year 
2000’ has first priority among the so-called State Target Projects, i.e. complex 
innovation programmes assuring the fulfilment o f the basic objectives of the 
state economic policy. The said State Target Project consists o f four sub- 
programmes:

— power, directly controlled by the Federal Ministry of Fuel and Energy;
— engineering, controlled by the Federal Ministry of Electrotechnical Industry;
— building, controlled by the Ministry of the Building Industry of the Czech 

Socialist Republic and the Ministry of the Building Industry of the Slovak 
Socialist Republic;

— science and technology, which is involved in the Project in its entirety , and 
hence with all the other sub-programmes. The Czechoslovak Atom ic Energy 
Commission, is responsible for its supervision.

The Target Project is a complex o f tasks which should solve the outstanding 
problems of Czechoslovak nuclear power in the sequence: prediction — research 
and development — production — application (operation) in rapid succession. 
Considerable emphasis is put on the high level of the problem, high quality, 
reliability and safety. The Project naturally includes tasks which do not imme
diately concern production bu t whose results affect it to  a certain extent. This 
mainly applies to tasks such as increased safety o f nuclear installation operation, 
environmental control, etc.

A realistic view o f the scope of problems associated with the development 
of nuclear power shows that Czechoslovak research and development can play 
an im portant albeit only partial role within the integrated research and develop
m ent base o f the CMEA m em ber countries. The approval in December 1985 by 
the extraordinary CMEA Meeting o f the Complex Programme o f Scientific and 
Technical Progress o f CMEA Member States up to  the Year 2000 was highly 
appreciated. The Programme sets five priorities in fields of scientific and techni
cal progress o f which the third one is entitled ‘Accelerated Development o f Nuclear 
Power’. The whole docum ent, dealing with a complex national economy, outlines 
all the scientific and technical and organizational measures necessary for implemen
ting the programme within the set deadlines. Co-operation in the im plem entation 
of the programme is based on agreements concluded at the level o f central bodies 
of the m em ber countries and of contracts concluded directly between co-operating 
organizations.
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The year 2000 is a target year for both  the State Target Project and the Complex 
Programme of CMEA Member States. However, both  also incorporate tasks whose 
practical im plem entation is envisaged beyond that year. For Czechoslovakia, they 
include, for instance, the development of equipm ent for fast reactors, the develop
m ent of high tem perature power installations, and building the fundations of 
therm onuclear power. We want to  participate in the work on these problems 
and thus provide a certain continuity in the transition to  a future generation of 
nuclear power systems.

In reviewing our international co-operation, we must also emphasize the 
very positive role o f the IAEA in the development o f our nuclear power. It is 
an example o f mutually advantageous co-operation, where we have access to 
review inform ation, in-house training and schooling of personnel, and use of 
other services o f the Agency while, on the o ther hand, our specialists can take 
part in co-ordinated research programmes, in the work of various IAEA working 
bodies, technical and economic assistance to  other countries, etc.

Our principle in scientific research is not to  discover and solve problems 
which have already been discovered and solved. For this reason, we welcome 
mutually advantageous co-operation with any partner, and under acceptable 
conditions we are ready to  purchase know-how or licences. I believe that 
Czechoslovakia could offer a counter-value in turn.
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Abstract
RESEARCH AND DEVELOPMENT RELATING TO FAST BREEDER REACTORS AND 
ITS IMPACT ON NATIONAL DEVELOPMENT IN INDIA.

Fast breeder reactors are expected to play a major role in meeting India’s energy needs 
in the 21st century. In order to develop fast breeder reactor technology, a new research centre 
now called the Indira Gandhi Centre for Atomic Research has been set up at Kalpakkam. An 
experimental fast reactor, FBTR, has been commissioned and a prototype fast breeder reactor 
(PFBR) with a capacity of 500 MW(e) is being designed. With the need for R&D support for such 
a programme having been recognized, research laboratories dealing with reactor engineering, 
metallurgy, materials science, chemistry, chemical engineering, instrumentation and safety 
research have been set up. The paper briefly discusses some of the R&D work of this Centre 
and its impact on national development. Even though the design of the FBTR is based on 
the French reactor Rapsodie, its construction has been essentially an indigenous effort. The 
engineering development behind FBTR is discussed using examples such as forming, forgings, 
stelliting, welding, manufacturing components such as rupture discs and liquid metal seals, and 
special concreting. The technology for handling and purifying sodium had to be mastered.
Efforts are now under way to develop the technology for the construction of the PFBR. Some 
of the major R&D programmes are devoted to fuels and materials. FBTR is the first reactor 
to be fuelled by a mixed carbide of uranium and plutonium. PFBR fuel must be capable of 
very high performance in terms of burnup and rating. Fuel development involves studies on 
fuel chemistry, post-irradiation examination and fuel reprocessing. Structural materials used 
in the reactor must withstand difficult service conditions: high temperature, neutron fluences 
and a sodium environment. Developing suitable materials, evaluating and testing them and 
understanding their behaviour when they are subjected to welding, irradiation, etc., are 
important areas of research and development. Sodium chemistry and technology constitute 
another segment of the programme. The impact of these developments on science and techno
logy in India is pointed out.

1. INTRODUCTION

Nuclear energy has to  make a major contribution towards meeting the 
growing needs for electrical energy in India. Our plans envisage the deploym ent 
o f pressurized heavy water reactors to  generate 10 000 MW(e) by the turn  of the

195



196 SUNDARAM et al.

century. Thereafter, the nuclear energy programme will depend heavily on fast 
breeder reactors (FBRs). Fast breeders working on a U-Pu cycle alone will increase 
the national nuclear energy resources by a factor o f 60 to  70. FBRs working on the 
Th-233U cycle will then provide a much more abundant source of electrical energy.
To realize this goal the Reactor Research Centre was set up at Kalpakkam in Tamil 
Nadu, beginning in 1971. The fast breeder test reactor (FBTR) constructed here 
has now been commissioned. A prototype fast breeder reactor (PFBR) with a capa
city o f 500 MW(e) is at the design stage. It was recognized quite early on that a 
self-reliant fast reactor programme requires strong R&D support in areas such as 
reactor design and engineering, metallurgy and materials science, chemistry, chemi
cal engineering, instrum entation and safety research. Fully fledged R&D laborato
ries catering to  these requirements have been set up. The Centre, which has now 
grown to almost its full size, has recently been renamed the Indira Gandhi Centre 
for A tom ic Research (IGC). This paper briefly discusses some of the R&D work 
of this Centre and its impact on national development.

2. CONSTRUCTION OF FBTR

FBTR is a sodium cooled plutonium  fuelled loop-type fast reactor o f 40 MW 
thermal and 13 MW nominal electrical power. The reactor has provided experience 
in the design, construction and operation o f liquid metal cooled fast breeder reactors 
(LMFBRs) and serves as an irradiation test bed for the development o f  fuel, blanket 
and structural materials. In addition, valuable experience has been gained in LMFBR 
technology pertaining to  sodium pumps, sodium heat exchangers, sodium-heated 
steam generators, fuel handling machines, control rod mechanisms, in-core and out- 
of-core instrum entation, etc.

While FBTR is similar in design to  the French fast test reactor Rapsodie, it 
has sodium-heated steam generators and a turbo-generator not featured in the 
French reactor. Further, while Rapsodie uses mixed plutonium  oxide and highly 
enriched uranium oxide fuel, FBTR uses a mixed carbide fuel o f Indian design.

A very im portant aspect of the FBTR project is tha t the construction of the 
reactor is essentially an indigenous effort. A bold decision was made to  fabricate 
within the country all the major com ponents such as the reactor vessel, fuel and 
reflector subassemblies, rotating plugs, control rod drive mechanisms, sodium 
pumps, interm ediate heat exchangers, steam generators, special steam turbine, 
sodium piping, fuelling machines, central data processing system, control room 
panels, etc.

3. PROTOTYPE FAST BREEDER REACTOR (PFBR)

With the successful commissioning and achievement o f first criticality o f the 
FBTR, the first phase of the breeder reactor programme at IGC has reached 
a culmination, and a beginning has rightly been made on the design o f a prototype
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fast breeder reactor (PFBR) with a capacity of 500 MW(e). The setting up o f such 
a commercial-sized reactor by the year 2000 with the full participation of Indian 
industry will provide impetus for a series o f such reactors to  be built in the early 
decades of the next century.

The capacity of PFBR has been arrived at after a careful consideration of 
steam turbine availability, grid capability, costs, the present status and future 
requirem ents o f the breeder programmes, etc. The PFBR will be a pool-type 
LMFBR, unlike FBTR, which is a loop-type. In the pool design, the primary 
pumps and the interm ediate heat exchangers (IHXs) are located inside the reactor 
vessel, thereby eliminating the need for primary piping. It is planned to  have four 
heat transport circuits, involving four primary pumps, eight IHXs, four secondary 
loops w ith pumps and twelve steam generator modules. The chain reaction will 
be controlled by twelve control rods.

A preliminary core design and plant layout has been evolved by systematic 
multidisciplinary design studies. Experience with the FBTR has given the Reactor 
Group the necessary experience and confidence to  undertake the design o f the 
PFBR.

4. ENGINEERING AND TECHNOLOGY DEVELOPMENT

4.1. Engineering development for FBTR

The fabrication o f fast reactor com ponents requires achievement o f close 
tolerances on rolled shells, high radiographic quality welds, control o f welding 
distortion, controlled heat treatm ent, qualification o f forming procedures, precision 
machining o f individual parts and assemblies, delicate work such as fixing up therm o
couples, assembly in nuclear clean conditions, etc. The m anufacture o f all the criti
cal com ponents o f FBTR was developmental in nature, since manufacture o f thin- 
walled stainless steel com ponents to  stringent specifications had not been under
taken earlier by any of the m anufacturers. On the conventional side also, a few of 
the com ponents were m anufactured in India for the first time. Mention may be 
made of the turbo-generator for FBTR with steam at 480° С and 125 kg/cm 2, 
specially designed and m anufactured by Bharat Heavy Electricals Ltd (BHEL), 
and the polar crane for the reactor containm ent building (RCB) moving on a 
circular track of 24 m dia. a t an elevation o f 14.5 m. Some o f the im portant 
development work carried out for the FBTR is summarized below:

(a) Borated and high density concretes were developed for use as shielding 
materials.

(b) Large diam eter carbon steel forgings were m anufactured in India for the 
first time.

(c) A stelliting process was developed indigenously.



(d) In the m anufacture of reactor vessel and other components, pull-outs were 
formed on shells and pipes. Similarly, the Y-bend section o f the primary 
sodium circuit was made by forming it in two halves and then welding these 
together. These operations were successfully carried out after considerable 
developmental effort.

(e) Dissimilar metal welding such as that between 2.25Cr-lM o and AISI 316 
steel in the steam generator was carried out after establishing the technique 
through various trials.

(f) Core subassemblies were subjected to  hydraulic tests in a suitable facility 
set up for the purpose.

(g) Liquid metal seals were developed to  provide leaktightness between the 
reactor cover gas and RCB atmosphere.

(h) R upture discs needed to  relieve pressure in the secondary sodium circuit
in the event o f a sodium -water reaction were designed, fabricated and tested 
in sodium.

(i) About 100 tonnes of commercial sodium procured indigenously was purified 
to  nuclear grade in a special facility built for the purpose.
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4.2. Development of PFBR technology

There are many fascinating aspects and challenging tasks in the development 
o f PFBR technology. The main technological challenge for PFBR stems from the 
very large size o f reactor components and different design features of some 
com ponents when compared to  those of FBTR. The concept o f the primary 
circuit housed in the main sodium tank, preferred on account of its inherent 
safety, also requires studies of flow distribution within the main tank and compo
nent arrangements. While in the case of the FBTR the design and manufacturing 
know-how were made available through a technical collaboration with the French 
Atomic Energy Commission, the emphasis now is on developing the major PFBR 
systems on our own, considering the confidence gained in the course of construction/ 
commissioning o f the FBTR.

Engineering development is thus necessary to  finalize the design and to  verify 
the performance o f  com ponents in simulated reactor conditions over sizeable 
periods o f time. The latter requirement will call for manufacture and testing of 
the prototypes o f critical components in sodium test facilities. The major areas 
of thrust are pool and com ponent hydraulics, experimental stress analysis and 
com ponent m anufacture and testing. Fabricating large-size com ponents such as 
the reactor vessel with its 15 m diameter, 13 m high and 20  mm thick cylindrical 
shell and 35 mm torispherical bottom  to the required tolerances and quality with 
the infrastructure available in the country is indeed a challenging job.
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5.1. Fuel development

A mixed oxide of uranium and plutonium  containing 15-30% plutonium  is 
generally used as fuel in the current generation o f fast breeder reactors. However, 
mixed carbides and nitrides are potentially superior because o f their better physical 
properties, such as therm al conductivity and density. For the FBTR, we have 
chosen a mixed carbide o f uranium and plutonium  as the fuel, not only because 
o f  our interest in this potentially superior material but also because o f better 
com patibility with cladding and coolant when the plutonium  content is high, as 
required for a small fast reactor like the FBTR.

The FBTR fuel has, however, been designed on the basis of limited infor
mation available on the properties o f a mixed carbide with high plutonium  concen
tration. Often we had to  resort to  theoretical analysis in the absence of experimen
tal inform ation. The post-irradiation studies on this fuel after it is burnt in the 
reactor will give us the necessary data to  improve its performance so tha t a burnup 
of 5 atom  per cent is realized.

A commercial fast breeder reactor can generate power at competitive prices 
only if the maximum possible energy is extracted from its fuel bundles. Thus 
the development of a reliable, high performance fuel is an im portant task in our 
programme to construct the PFBR. The PFBR fuel must be capable o f high 
burnup (greater than 10 at. %) and high breeding ratio. Fuel development 
work includes design and specification, analysis using models, irradiation 
experiments followed by post-irradiation examination and the development of 
fabrication and reprocessing processes. Such a fuel development task calls for 
multidisciplinary research involving metallurgists, chemists, physicists and 
chemical engineers.

5.2. Fuel chemistry

The development o f high performance fast reactor fuel requires studies on 
the basic physical and chemical properties o f fuel material, the chemical compa
tibility of fuel with cladding or coolant, and the changes in these properties with 
changes in fuel composition, stoichiom etry, porosity, im purity levels and burnup.

Im portant therm ophysical fuel characteristics are therm al conductivity, 
melting point, specific heat and equation o f state. Considerable inform ation on 
therm odynam ic param eters and phase relationships in fuel has to  be generated to 
understand and predict the irradiation behaviour o f the fuel and to  specify a 
suitable initial fuel composition. Fuel behaviour is complicated by the form ation 
of fission products during irradiation. New com pounds are formed which affect 
the chemical interaction between the fuel and cladding and create problems 
during dissolution. In the case of carbide fuel, uncertainty in knowledge of the

5. R&D PROGRAMMES ON FUELS AND MATERIALS
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fraction of carbon tied up by the fission products causes difficulty in specifying 
the initial stoichiom etry o f the fuel. The facilities and expertise necessary for 
carrying out such studies have already been generated at IGC.

5.3. Post-irradiation examination

Post-irradiation examination and evaluation is proposed to  be carried out 
in controlled purity (50 ppm moisture, 50 ppm oxygen) hot cells in a nitrogen 
environment. Exam ination will include non-destructive and destructive testing 
of fuel pins, subassemblies and control rods. Fuel performance will be assessed 
from pre-irradiation fabrication data, reactor operation data, post-irradiation 
test results and modelling studies.

FBTR is a test bed for evaluation of fuel and structural materials for 
the FBR programme. As Pu-rich carbide fuel is being used as driver fuel for 
FBTR, the optim um  linear heat rating and burnup level o f this new fuel have to 
be established. Irradiation experiments have been planned for determining the 
optim um  performance level o f this fuel. In addition, irradiation experiments 
with and w ithout on-line m onitoring for assessment o f the radiation damage of 
structural materials and of the thermal and chemical performance o f fuel are 
being designed. The tem perature in irradiation experiments will be controlled 
by variations in coolant flow and bond composition and gap. N eutron flux will 
be varied by the choice o f irradiation position in the reactor.

5.4. Fuel reprocessing

The success o f fast breeder reactors is closely linked with the capability to 
reprocess fuel and blanket material efficiently and recycle them  back to  the 
reactor within a short time. Irradiated fuel discharged from these reactors has 
characteristics different from those of fuels discharged from thermal reactors, 
mainly because o f the high Pu content, high burnup level and corresponding 
chemical composition. This demands appropriate development o f the process, 
equipm ent and instrum entation, followed by dem onstration on a pilot plant 
scale, to  establish confidence for full scale plant design.

As direct dissolution o f  the carbide fuel results in the form ation of organic 
species which may affect plant operation, an electrolytic dissolution process is 
being developed. This will be followed by PUREX process steps, but the high 
concentration of plutonium  and fission products demands the development of 
an appropriate flow sheet.

Various rem otely operated items o f process equipm ent have been developed. 
These include a single pin chopper, a sintered filter system, a high speed centri
fuge, a 16 stage mini m ixer-settler, centrifugal extractors with short contract 
time and air pulsed mixer-settlers.
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Structural materials used in the reactor core must w ithstand difficult service 
conditions: high tem perature, neutron bom bardm ent and sodium environment. 
Steam generator materials must be compatible both  with sodium and water. The 
development o f suitable materials with long life under such conditions is a challen
ging task. Much work is being done in our Centre to  develop and characterize 
these materials and to  assess their mechanical properties under conditions of 
reactor service such as the sodium environment and high fast neutron fluence.

5.5.1. M aterials evaluation and testing

The objectives for the detailed characterization and evaluation of FBTR 
materials are twofold: ( 1 ) to  assure tha t the structural materials used m eet the 
long term  property requirem ents assumed in the design over and above the short 
term acceptance criteria; and (2 ) to  provide the baseline data against which 
the changes in the properties and the m icrostructure of these materials occurring 
during reactor service can be m onitored. In contrast, the R&D programme on 
PFBR materials has a much wider scope. Commencing with the selection and 
specification of candidate materials, the programme involves detailed testing and 
evaluation o f creep, fatigue, fracture and corrosion behaviour o f these materials. 
Alloy design and development is also envisaged.

5.5.1.1. Evaluation of mechanical properties and their correlation with micro- 
structural parameters

A detailed study on the tensile, creep, fatigue and impact properties o f type 
316 austenitic stainless steel has been carried out as a function of various metal
lurgical parameters such as ageing, grain size, cold work and m inor chemistry 
changes. Detailed analysis of the low cycle fatigue and creep fatigue interactions 
based on inelastic analysis is also under way. A nother material being investigated 
is Nimonic PE 16 alloy, which is a candidate wrapper tube material.

5.5.1.2. Welding metallurgy

Welding constitutes the most im portant fabrication procedure in the construc
tion of fast reactors. A systematic study o f the effects o f the welding process 
variables, choice of electrode/filler, pre- and post-weld treatm ents on the macro- 
and m icrostructures, mechanical properties and corrosion behaviour of austenitic 
stainless steel welds has been undertaken.

5.5. Materials development
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5.5.1.3. Alloy development

The cladding and wrapper tubes o f the PFBR will be made o f a special 
nuclear grade steel containing 15% Cr, 15% Ni, 2.5% Mo and a small quantity  
of titanium . Similarly, the  radial neutron shields of the PFBR will be made of 
a carbon steel containing a small quantity o f titanium. Efforts are being made 
to produce, evaluate and standardize these alloys for PFBR applications. The 
programme involves melting and fabrication studies, m icrostructural characte
rization, evaluation of mechanical properties, sodium compatibility, irradiation 
experiments and welding qualification.

5.5.1.4. Sensitization, corrosion and oxidation studies

Austenitic stainless steels are generally prone to  sensitization, which manifests 
itself in the form o f intergranular corrosion and cracking in aqueous environments. 
Considerable effort has been devoted towards learning to  understand this phenom e
non and to  evolving possible remedial measures. The tim e-tem perature sensitiza
tion diagrams for annealed and cold-worked austenitic stainless steel have been 
established.

Investigations have also been undertaken on aqueous corrosion and stress 
corrosion cracking o f austenitic stainless steel under a variety of conditions, 
including cold work and sensitization.

5.5.1.5. In-sodium testing programme

It is known that the service environment can have considerable influence 
on the life of reactor com ponents, particularly with respect to  creep, fatigue and 
creep-fatigue interaction. Hence, facilities are being planned for creep, fatigue 
and corrosion testing o f samples at various tem peratures and in flowing sodium 
of controlled purity.

5.6. Materials science

Radiation damage of fast reactor structural materials is a serious problem. 
Recognizing the fact that the damage arises essentially due to  defect generation, 
basic studies are being carried ou t on the characterization, growth, kinetics and 
dynamics o f defects and their effects on the various materials properties.

5.7. Sodium chemistry and technology

Liquid sodium, used as the coolant in fast breeder reactors, is compatible 
when in the pure state with the stainless steel structural materials. However, 
impurities such as oxygen and carbon, even at parts per million levels, can cause
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corrosion and mass transport. There is considerable incentive to  minimize the 
corrosion allowance provided in the design of structural materials. For this, one 
must understand the mechanisms of these processes and also m onitor impurities 
in reactor loops. Developing techniques to  do so is part o f  our ongoing programme. 
Understanding activity transport in reactor loops and mitigating its effects in the 
maintenance of reactor com ponents is another area which deserves attention.
Leaks in the steam generators which can lead to  sodium -w ater reactions can be 
detected quite easily using sensitive detectors under development.

5.7.1. Sodium  chem istry

The necessary techniques to characterize the reactor sodium in various stages 
of its use have been developed. For on-line m onitoring of the im portant non- 
metallic impurities, i.e. oxygen, hydrogen and carbon, various on-line meters have 
been developed.

These m onitors will help in detecting air, oil and water leaks into reactor 
sodium circuits. These m onitors have also been used for various therm odynam ic 
studies such as the measurement o f threshold oxygen concentrations in sodium 
required for the form ation o f NaCrO and for the reaction of sodium with the 
mixed oxide fuel.

Radionuclides from activated structural materials and failed fuel pins are 
transported to  different regions o f the primary circuit, thereby affecting opera
tional safety. Hence, studies on radioactivity transport in, and decontam ination 
of, sodium are im portant. To study activity transport and develop new traps, a 
radioactive sodium loop is being set up.

5.7.2. Sodium  technology

PFBR is much larger than FBTR and developments in sodium technology 
must take this into account. For example, the sodium inventory in PFBR will 
be about 3000 tonnes as against 90 tonnes in FBTR. To keep this sodium pure, 
‘cold traps’ with increased impurity trapping capacity have to  be developed.
To provide the high sodium flow required through the core, much bigger sodium 
pumps (6000 m 3/h  capacity) have to  be designed, m anufactured and tested. For 
pumping sodium in smaller loops and for measuring its flow, electromagnetic 
pumps and flow meters are required.

6 . IMPACT ON SCIENCE AND TECHNOLOGY IN INDIA

The successful com pletion of the FBTR project has generated new technical 
expertise and skills in the country. It has also strngthened the confidence o f Indian 
scientists and engineers that they can harness sophisticated technology. The creation
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of such pockets of scientific excellence and technological sophistication acts as a 
catalyst to  national development.

Participation in the fast breeder programme has given Indian industry greater 
confidence in taking on more challenging tasks. The need is also recognized to  meet 
the stringent quality control requirem ent of the reactor projects. New technologies 
and practices have been transferred to Indian industry with the result that better 
products are indigenously available. Trained engineers have also become entre
preneurs.

Our scientists interact with the academic com m unity in the country, thus 
enriching bo th  groups. In particular, we provide specialist assistance in teaching 
and training to  universities in our region.
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Abstract-Résumé

FIFTEEN YEARS OF TEACHING AND RESEARCH INTO NUCLEAR PHYSICS AT THE 
UNIVERSITY OF MADAGASCAR.

The paper reports on fifteen years of teaching and research experience in nuclear physics 
at the University of Madagascar. Many difficulties were encountered in setting up the Labora
tory of Nuclear Physics and Applied Physics (LPNPA) from scratch. At the outset there were 
no offices, laboratory rooms, students, technicians or research workers — and only one professor, 
who had done his research in theoretical (elementary particle) physics. Through the support of 
the Malagasy Government, in particular the Ministry of Higher Education and Scientific Research, 
and the assistance of the International Atomic Energy Agency beginning in 1977, these difficul
ties were overcome and some thirty students were successfully trained locally at post-Masters 
level, laboratories were set up for X-ray fluorescence analysis, alpha and gamma radioactivity 
studies, and equipped with solid-state nuclear detectors. All this culminated in some fifty 
publications. The paper also describes the recommended strategy (programme development, 
mushrooming, bilateral and/or multilateral co-operation problems, training of teachers, and 
the endogenous approach).

QUINZE ANNEES D’EXPERIENCE D’ENSEIGNEMENT ET DE RECHERCHE EN PHYSIQUE 
NUCLEAIRE A L’UNIVERSITE DE MADAGASCAR.

On rapporte une expérience de 15 années d’enseignement et de recherche en physique 
nucléaire à l’Université de Madagascar. De nombreuses difficultés ont été rencontrées dans la 
mise sur pied à partir de zéro du Laboratoire de physique nucléaire et de physique appliquée 
(LPNPA). Au départ, en effet, il n’y avait aucun bureau, aucune salle de laboratoire, aucun 
technicien, aucun étudiant, aucun chercheur, et il ne se trouvait qu’un seul professeur ayant 
fait ses recherches en physique théorique des particules élémentaires. Grâce à l’appui du 
gouvernement malgache, en particulier du Ministère de l’enseignement supérieur et de la 
recherche scientifique, et avec l ’aide de l’Agence internationale de l’énergie atomique, qui a 
commencé en 1977, nous avons pu surmonter ces difficultés, mener à terme la formation 
locale d’une trentaine d’étudiants du niveau post-maftrise, monter des laboratoires de fluo
rescence X à énergie dispersive et d’études de radioactivité alpha et gamma, équipés de détec
teurs solides de traces nucléaires, le tout aboutissant à une cinquantaine de publications. La 
stratégie conseillée (programme évolutif, stratégie de la tache d’huile, problème de coopéra
tion bilatérale et/ou multilatérale, formation de formateurs, approche endogène) est décrite.
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1. INTRODUCTION

Si la nécessité de la recherche scientifique constitue une évidence théorique 
et pratique pour les pays avancés qui ont une longue tradition de civilisation 
industrielle et de progrès technologique, il semblerait qu’en ce qui concerne les 
pays en voie de développement (PVD), l’urgence et la gravité des problèmes 
socio-économiques à résoudre orientent vers des solutions concrètes, 
rentables à court terme, passant par l’assistance technique et le transfert immédiat 
de technologie. Les échecs rencontrés un peu partout dans le monde ont cepen
dant incité à réviser les principes de départ et à essayer de nouvelles voies plus 
adaptées non seulement aux besoins réels des PVD eux-mêmes mais aussi aux 
intérêts de leurs partenaires économiques et politiques.

Ces nouvelles approches critiques portant sur la conception du développe
ment et les moyens de la réaliser, nous les avons appréhendées non pas spécula
tivement mais au cours d ’une quinzaine d ’années d’expérience à l’Université de Mada
gascar où nous avons créé le Laboratoire de physique nucléaire et de physique 
appliquée (LPNPA).

Nous ne disposions en 1968 d ’aucun soutien logistique ni d ’aucun personnel 
qualifié; nos seuls atouts étaient notre form ation de physicien théoricien des 
hautes énergies (particules élémentaires) reçue après nos études supérieures au 
Centre de physique théorique du CNRS à Marseille, et la volonté d’appliquer nos 
compétences au développement du pays, en com ptan t d ’abord sur ses propres 
forces.

Il aura fallu tou t d ’abord convaincre les décideurs politiques et le public, 
même scientifiquement formé mais dans des disciplines parallèles, de la nécessité 
de la recherche en physique nucléaire pour un pays en développement confronté 
quotidiennem ent à l’insuffisance en produits de première nécessité, aux infrastruc
tures déficientes et à la dégradation des termes de l’échange [1 ].

Si les arguments qui nous ont été opposés tenaient souvent de l’ignorance, 
il faut reconnaître que la peur de la radioactivité entretenue par le souvenir encore 
vivace d’Hiroshima et de Nagasaki ainsi que l’annonce des essais nucléaires et des 
accidents dans des centrales nucléaires un peu partout dans le monde créent des 
réticences difficiles à surmonter.

2. PREMIERE ETAPE: L’INFORMATION HONNETE

En effet, certains arguments contre la physique nucléaire sont pertinents, mais 
nombreux sont ceux qui viennent d’une mauvaise information. Aussi, la première 
étape d’une action positive est-elle l’inform ation la plus large, la plus objective et 
honnête possible par les médias (radio, télévision, conférences publiques, exposi
tions). Nous devons m ontrer les différents aspects de la physique nucléaire: les 
bom bes nucléaires, les effets biologiques de la radiation nucléaire, les applications 
des techniques nucléaires dans divers domaines, en médecine, en agriculture, dans
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l’industrie. Il faut m ettre l’accent sur les possibilités nucléaires qui peuvent être 
directem ent appliquées au développement économique du pays pour éduquer les 
masses et susciter l’intérêt de ceux qui seront susceptibles de maîtriser toutes ces 
techniques. Les résultats de cet effort d’inform ation dépassent souvent les espé
rances tant parmi le grand public que parmi les étudiants dont il nous faut freiner 
l’enthousiasme (quelle contradiction! ), car il n’est pas concevable qu’un nombre 
trop grand d’étudiants, le désireraient-ils, s’engagent dans ces études p lu tô t 
difficiles.

Nous nous sommes assurés de l’appui du Ministère de l’enseignement 
supérieur et de la recherche scientifique, et nous avons reçu l’aide de l’Agence 
internationale de l’énergie atomique (Programme ordinaire d’assistance technique, 
MAG 1/004) en 1977.

3. SECONDE ETAPE: ELABORATION DU PROGRAMME -  STRATEGIE
DE LA TACHE D’HUILE

La deuxième tâche stratégique consiste dans l’élaboration d’un program m e  
à très court term e  (un ou deux ans) pouvant être imm édiatem ent appliqué au 
développement économique du pays (par exemple, analyse des minerais, destruc
tion d’insectes nuisibles par stérilisation nucléaire, etc.). Ce programme doit 
s’appuyer sur une éducation universitaire en physique nucléaire de façon que 
s’établisse une relation perm anente à double courant entre la recherche de base 
et la recherche appliquée. Une recherche appliquée non soutenue par une recherche 
de base est vite stérile, et une recherche fondam entale sans application pratique 
peut être décourageante à cause de son long terme.

Dans un pays où il n’existe pas de conseil national pour la recherche scienti
fique, le programme débute à l’université (après la maîtrise ou après un niveau 
équivalent). Actuellement, dans les PVD, la tendance générale est de réunir 
l’enseignement supérieur et la recherche scientifique sous l’égide d’un même 
ministère. Cette solution est non seulement la plus économique mais aussi la plus 
logique car la plupart des cerveaux disponibles enseignent à l’université, et en 
principe -  et ce point est pour nous essentiel -  les professeurs d ’université sont 
censés consacrer une partie de leur temps à la recherche.

Comment avons-nous établi notre programme? Le programme d’enseigne
m ent ne doit pas être fixé une fois pour toutes: une partie doit être changée 
d’une génération à l’autre. Ce programme évolutif se divise en deux parties, A et B.

La partie A, fixe, donne la connaissance de base (par exemple, un complément 
en mécanique quantique, sur la structure de la matière, une introduction à la phy
sique nucléaire, à la physique des solides, aux techniques de mesure en physique, etc.)

La partie В change d’une prom otion d’étudiants à la suivante de façon qu’on 
puisse enseigner des techniques nucléaires introduites (par exemple, la fluores
cence X, l’analyse des minerais, l’activation neutronique, etc.) à la fois sur la base 
fondam entale et appliquée.
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Le programme B' introduit après le programme B est relié à celui-ci. Par 
exemple, si le programme B est l’analyse radiom étrique avec un  détecteur Ge(Li) 
ou un détecteur Si(Li), alors le programme B' com porte l’étude des détecteurs 
à semi-conducteur dans l’optique de la physique des solides de sorte que le nouveau 
programme enseigné, tou t en renforçant le premier, en élargit aussi le champ d’appli
cation en perm ettant l’introduction d’autres techniques ou d ’autres branches scien
tifiques (par exemple, les applications des semi-conducteurs au problème énergétique: 
les cellules photovoltaïques).

Nous pouvons schématiser les relations des divers programmes A, В, В', B" , 
etc. par le diagramme de la figure 1 .

Normalement, les meilleurs étudiants seront les chefs de file dans chaque 
branche scientifique ainsi progressivement introduite.

Nous appelons cette organisation la «stratégie de la tâche d’huile».

4. PROBLEMES PSYCHOLOGIQUES

Dans la mise en œuvre de ce programme, nous devons faire très atten tion  à 
la psychologie des étudiants. Les techniques introduites ne doivent pas être trop 
compliquées car il est nécessaire de souligner que la plupart des étudiants n’ont 
pas eu la possibilité de manipuler des appareils électriques (pas même un oscilloscope), 
familiers aux étudiants éduqués dans une bonne université; il faut vaincre ce que 
nous appelons la «peur des boutons». Nous ne devons pas négliger cette barrière 
psychologique impensable pour des étudiants venant d ’universités très bien 
équipées, sinon le résultat ne se fait pas attendre: les étudiants désertent 
le laboratoire et on se retrouve tou t seul! Aucun étudiant, même parmi les meil
leurs, ne vient grossir les rangs, car la réputation de difficulté des études nuclé
aires est vite faite. Même si la technique introduite ne doit pas être trop  compliquée, 
elle ne doit pas non plus être trop  simple car l’intérêt des étudiants tom be vite et 
nous en saisissons facilement la conséquence.
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Cet obstacle surm onté, il se produit d’ailleurs parfois la tendance inverse qui 
consiste à croire qu’«il n’y a qu’à» appuyer sur un bouton pour obtenir un résultat 
sans prendre conscience exactem ent ni de la nécessité de parfaire sa technicité ni 
d’avoir à ménager un matériel coûteux.

Nous demandons donc aux étudiants de manipuler les appareils avec une 
extrême précaution de façon à limiter les accidents, au risque de faire réapparaître 
la «peur des boutons».

5. LES PROBLEMES TECHNIQUES ET QUELQUES SOLUTIONS

Les aspects psychologiques com pliquent les problèmes techniques. Nous ne 
devrions négliger aucun d’entre eux, même le plus simple, car il peut être le grain 
de sable qui bloquera to u t le système; et c’est l’échec. Nous allons proposer les 
solutions pour quelques-uns d’entre eux.

La pénurie en devises étrangères ne perm et ni l’achat de nouveaux matériels 
ni même souvent celui des pièces de rechange essentielles. :

Il y a les difficultés de comm unication à tous le niveaux. Les inform ations 
scientifiques arrivent — quand elles arrivent — avec de gros retards (en moyenne 
une ou deux années). Bien sûr, il y a la possibilité de l’expédition des publications 
par avion, mais beaucoup d’institutions scientifiques reculent devant le coût 
élevé des frais postaux aériens.

Nous pouvons surm onter ces difficultés techniques par le biais des relations 
bilatérales e t/ou  multilatérales. Depuis quelques années, plusieurs universités et 
de grands laboratoires des pays avancés s’intéressent de plus en plus aux difficul
tés du Tiers-Monde. Nous devrons profiter de cette ouverture. Mais la coopéra
tion ne signifie pas assistance: l’échange doit se faire à double sens de sorte que 
chaque partie tire profit de la collaboration, sinon l’assistance apparaît vite 
comme une nouvelle forme de dom ination scientifique et culturelle.

Donnons un exemple: un laboratoire bien expérimenté e t équipé souhaite
rait analyser des minerais provenant d’un PVD. De telles analyses peuvent se 
faire partiellement (ou com plètem ent si possible) dans le PVD. Mais le labora
toire qui aide doit être lui aussi intéressé pou r son propre com pte  par les résul
tats obtenus en commun. C’est de la philantropie bien comprise.

Nous pouvons demander aux chercheurs étrangers de s’arrêter m om entané
m ent dans le pays lors de leurs déplacements professionnels ou privés pour pouvoir 
discuter avec eux et échanger des informations. Les institutions locales peuvent 
prendre en charge leurs frais de séjour. Mais nous estimons que cette solution 
n’est possible que si le pays se trouve sur les lignes internationales du trafic 
aérien.

Il y a en particulier la pénurie de pièces de rechange. Dans les pays isolés, 
il arrive souvent qu’un appareil de plusieurs centaines de milliers de dollars soit 
immobilisé pendant plusieurs mois, voire pendant plusieurs années par la panne 
provoquée par une petite pièce coûtant 2 à 3 dollars mais introuvable dans le pays.
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Nous pouvons constituer un stock d ’une année pour des pièces de rechange. 
Mais qui n’a fait l’expérience désespérante de posséder en abondance des pièces 
détachées inutiles dans l’immédiat alors que la petite pièce à laquelle on n ’avait 
pas pensé et qui est devenue essentielle, manque!

Dans les conditions socio-culturelles difficiles dont nous devons toujours 
tenir compte, l ’im m obilisation des appareils signifie très rapidem ent la dém obi
lisation du personnel technique et chercheur. La relance ne peut en être que 
plus ardue et aléatoire.

Nous proposons comme solution, par-delà les contacts directs et personnels 
forcém ent limités, l’institution d’une «banque de pièces détachées» gérée par des 
institutions de coopération bilatérale et/ou  multilatérale, comme l’UNESCO ou 
Г AIE A, qui pourrait envoyer rapidement les pièces de dépannage non coûteuses 
comme les capacités, les microrésistances, les circuits intégrés, etc.

Pour éviter la paralysie prolongée du laboratoire en cas de panne, une autre 
solution serait de disposer d’au moins deux chaînes com plètes de détection  
identiques ou interchangeables. La première chaîne, solide et peu coûteuse, mais 
de performance moyenne, sert à acquérir le savoir-faire (par exemple une chaîne 
de détecteur germanium pur avec une résolution modeste); l’autre, plus perfor
m ante mais aussi plus coûteuse, ne sera utilisée que si nous cherchons des mesures 
très fines (par exemple en détecteur à germanium ultra pur avec une très haute 
résolution).

6 . STRATEGIE ENDOGENE DE FORMATION DE FORMATEURS

M aintenant abordons la form ation des spécialistes locaux à l’université.
En premier lieu, posons que la revalorisation de la recherche dans les univer

sités des PVD est une condition préalable qui implique que les professeurs ne 
soient pas écrasés par leurs charges d ’enseignement et qu’on prenne comme critère 
d’avancement la productivité et le dynamisme et non uniquem ent l’ancienneté.

Sur le plan psychologique, il est très difficile de demander à quelqu’un de 
«faire de la recherche pour la recherche» sans compensation personnelle. Ainsi, 
il est nécessaire d’avoir une stratégie de form ation de formateurs.

Si, au début, l’intervention de professeurs étrangers enseignant dans les 
domaines théorique et pratique est nécessaire au démarrage d’un travail de recherche 
durant leur visite à court (quatre semaines) ou à moyen terme (3 à 6 mois), il faut 
instituer, après leur départ, Y auto-éducation. Cette dernière signifie que la (n-1 )ième 
génération d’étudiants participe à la form ation de la n-ième génération dans la 
form ation où elle a été spécialement formée et réciproquem ent. Cette form ation 
auto-suffisante e t endogène peut se faire au moyen de séminaires internes. Bien 
entendu, nous avons besoin de l’intervention de spécialistes de temps en temps 
pour contrôler les connaissances ainsi acquises et donner une nouvelle impulsion 
pour d’autres directions de recherche.
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L’im pact psychologique de cette auto-form ation est double: la stim ulation 
personnelle et surtout la création de «l’esprit d’équipe» dont la carence est un 
des freins au développement. Nous ne cesserons de souligner que, sans esprit 
d’équipe, il n’est pas possible de faire de la bonne recherche. Il y a un défaut 
observé surtout parmi les chercheurs débutants ou mal formés: ils préfèrent 
travailler to u t seuls car ils ont peur que les camarades ne leur volent leurs idées 
qu’ils n’osent d’ailleurs pas m ettre à l’épreuve. Ils cachent leurs résultats et 
fuient tou te  discussion. Si nous pouvons tolérer une telle a ttitude dans les grands 
centres, par contre, dans les petits laboratoires et a fortiori dans ceux qui démarrent 
dans les PVD, nous devons nous battre vigoureusement contre une telle attitude, car 
le cloisonnement retarde l’obtention de résultats tangibles en même tem ps qu’il 
constitue un gâchis des potentialités matérielles et humaines déjà pourtan t 
insuffisantes.

Dans un PVD, la com pétition sur des sujets de recherche parallèles est 
inadmissible. Nous voyons souvent, dans les PVD, plusieurs groupes de recherche 
travaillant sur le même sujet et utilisant la même technique sans aucun contact 
les uns avec les autres. Quelle perte énorme de «matière grise» e t de moyens 
financiers! La moisson est grande dans les PVD et ce sont les travailleurs qui 
manquent.

Le laboratoire d ’université doit se transform er en laboratoire de recherche 
ou en institu t de recherche. En effet, un professeur d ’université, à cause de ses 
charges d’enseignement, ne peut être qu’un chercheur à temps partiel. Le dévelop
pem ent rapide du laboratoire exige la présence de chercheurs à plein temps. Mais 
le lien entre l’université et cet institu t de recherche doit être très étroit car il doit 
contribuer à la form ation locale à la fois des enseignants de l’université et des 
chercheurs. La vocation est donc double. Les chercheurs à plein temps expéri
mentés doivent obligatoirement participer à l’enseignement des jeunes étudiants 
en les faisant contribuer par exemple à leurs travaux de recherche. Mais cet 
enseignement doit être allégé (1 à 2 heures par semaine). Il y a donc deux 
catégories: les chercheurs-enseignants e t les enseignants-chercheurs.

Il existe une solution très simple quand le temps manque et qu’on est pressé 
de former très vite des physiciens nucléaires: c’est d’établir une assistance bilaté
rale e t/ou  multilatérale à très long terme avec des apports extérieurs considérables 
en moyens financiers et humains.

Cet approche exogène a l’avantage de la rapidité et de l’efficacité immédiate 
mais, tô t ou tard, elle crée une situation de dépendance onéreuse à tous les points 
de vue. Son inconvénient est son coût très élevé et il n’est pas sûr qu’après le 
départ des experts et des consultants le programme puisse continuer, à moins que 
l’approche endogène que nous proposons en assure le relais.

L’un des principaux avantages de la stratégie endogène est la meilleure utili
sation des possibilités financières et humaines. Son inconvénient est qu’il est long 
à faire démarrer. Son décollage prend du temps. Mais une fois engagé, le mouve
m ent s’accélère avec le temps: le nombre de chercheurs augmente vite; les limites 
sont alors d’ordre financier.
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Dans l’approche endogène, la chance pour que le projet continue en donnant 
satisfaction après le départ des consultants et des experts est nettem ent plus grande 
que dans l’approche exogène, si le projet est mené et dirigé par une équipe locale 
bien en traînée et motivée.

7. RESULTATS OBTENUS: LE LPNPA

En 1976, il n’y avait rien ou presque rien.
En 1986, dix ans après, le résultat visible, sans parler de la sensibilisation 

du public concernant l’intérêt de la physique nucléaire et des techniques nucléaires, 
est le suivant:

— quatre salles de laboratoire de fluorescence X avec détecteurs Si(Li), de 
radiométrie alpha avec détecteurs à barrière de surface, de radiométrie gamma 
avec détecteurs au germanium pur et N al(T l), d ’électronique nucléaire, d ’étude 
de la radioactivité de l’environnement, de détecteur solide de traces nucléaires;

— la form ation locale d’une trentaine de chercheurs postuniversitaires;
— une vingtaine de mémoires de diplômes d ’études approfondies de physique 

nucléaire et de physique appliquée tous intégralement préparés au LPNPA;
— une cinquantaine de publications;
— six thèses de 3e cycle soutenues et plusieurs en préparation;

les sujets de recherche portent sur les mesures de teneur en uranium, en thorium , 
en terres rares, de la radioactivité alpha des minerais de Madagascar, sur l’électro
nique nucléaire, sur l’étude des détecteurs à semi-conducteurs, sur l’effet photo- 
voltai'que, etc.

8 . CONCLUSION: IMPORTANCE DE LA FORMATION

Dans notre stratégie de développement endogène, il nous est apparu que, 
sans négliger les aspects technologiques de haut niveau que recouvre la recherche 
nucléaire dans un PVD, la primauté et la priorité doivent revenir aux hommes.
Le développement doit être essentiellement le développement de tou t de l’homme, 
et de to u t homme. Il doit avoir pour base, agent et finalité, l’homme. C’est en 
assimilant les connaissances et en participant à leur acquisition que les hommes 
peuvent s’assurer dans la solidarité — et non dans l’exploitation des uns par les 
autres ni par la violence — la maîtrise complète des conditions de leur existence.
Ils deviennent ainsi par leur travail les créateurs qui trouveront les solutions 
technologiques et politiques requises par les situations réelles.

La réciproque en est que le sous-développement est essentiellement intel
lectuel, et le corollaire qu’un nouvel ordre m ondial de développem ent in tellectuel 
e t scientifique  est un préalable au nouvel ordre économique tan t souhaité. C’est 
intentionnellem ent que nous n’avons pas ajouté l’adjectif «technologique» car
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la technologie est la conséquence du développement intellectuel et scientifique 
comme l’argent devrait être la conséquence de tou t développement bien orienté 
et non l’inverse [2 ].
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Abstract

BENEFITS FROM JOINT RESEARCH ACTIVITIES BY UNIVERSITIES AND NATIONAL 
INSTITUTIONS FOR NUCLEAR PROGRAMMES IN A DEVELOPING COUNTRY.

In a developing country such as Greece where a nuclear power programme is under conside
ration and faces special problems, collaboration between universities and national institutions in 
joint research projects, besides helping to obtain valuable results, is the best way to benefit 
both parties in their individual programmes. Ten years ago a joint research programme 
between the Control Group of the University of Patras and subsequently the National Technical 
University of Athens (NTUA) on the one side, and the Group of Research Reactor Modelling, 
Reliability and Failure Detection of the Nuclear Technology Department of the NRCPS 
‘Democritos’ on the other, was established. The co-operation proved to be fruitful as regards
(a) exchanging information and know-how relating to academically oriented activities and 
nuclear reactor and laboratory experiments and research; (b) working in joint research programmes 
on systems control theory and applications to nuclear reactors; and (c) training of post
graduate students in theory and applications as well as in methods and techniques used in a 
nuclear laboratory. Particular areas of joint activity and research are nuclear reactor modelling, 
simulation and identification; control theory methodology as applied to nuclear reactors; treat
ment of nuclear power systems using large scale systems techniques; microprocessor-based 
systems for nuclear reactor measurements, data acquisition and nuclear signal processing and 
control; analysis and optimization of system reliability and maintenance with application to 
nuclear reactor systems; dynamic failure detection of nuclear systems using state observers 
and filters; and application of knowledge-based systems and artificial intelligence techniques 
to nuclear reactor systems (evaluation, operation, maintenance and safety procedures). Naturally, 
this co-operation has contributed to the preparation of the necessary manpower for carrying out 
research and practical work in the systems and control area of the nuclear field, and for following 
up the new technologies.
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Although the nuclear power programme in Greece faces crucial problems 
because o f economic, social and political considerations, and despite limitations 
in infrastructure, technology and manpower, there have been many valuable 
examples of the peaceful uses o f atomic energy since the foundation o f the Greek 
Atomic Energy Commission in 1956 and the building o f the Greek research reactor 
in 1961.

The universities, especially the Technical Universities o f Athens and Patras, 
have developed sections with complementary activities in the field of nuclear 
energy.

The collaboration in the nuclear field between the National Research Centre 
for the Physical Sciences Democritos and the Greek universities takes many forms, 
one of which is jo in t research into the systems and control aspects of nuclear 
reactors. This collaboration stems from the fact that a large number of scientists 
from NRCPS Democritos have become university professors and most o f them  are 
continuing their previous work under various collaboration schemes. Such 
co-operation and especially the establishment of jo in t research projects is very useful 
because of the limited available resources, manpower and expertise, and seems to 
be the best way to  obtain valuable results and simultaneously benefit all the insti
tutions.

1. INTRODUCTION

2. GENERAL OBJECTIVES OF CO-OPERATION

It is evident tha t research programmes in major scientific areas, apart from 
generating new knowledge, constitute the main way of producing new scientific 
manpower. This is the case with the nuclear science and technology programmes, 
which exploits the potential for new uses o f nuclear techniques both  in the applied 
sciences and the industrial sector, and helps in building up the necessary indi
genous expertise to  diagnose and solve the problems that inevitably arise in such 
a national effort. F o r developing countries with lim ited resources and manpower 
the main consideration is the optim ization o f the nuclear research programme in 
terms o f magnitude o f effort as well as o f areas of research. Since in our country 
the nuclear power programme is under crucial consideration, our main objectives 
are to  maintain a research programme which is innovative in the field of nuclear 
systems control and related applied areas, such as informatics, concerning the 
research reactor.

The general objectives o f this co-operation-were and still are the following:

(1) The exchange o f inform ation and know-how between staff involved with 
academically oriented activities and those involved w ith the nuclear reactor, 
laboratory experim ents and research;



IAEA-SM-291/26 219

(2) The development and realization o f a dynamic jo in t research programme on 
control systems theory and application, and system reliability and m ainte
nance with application to  nuclear reactors;

(3) The development of a programme of training postgraduate students in theory 
and applications as well as in system m ethods and techniques used in a nuclear 
laboratory.

3. CO-ORDINATING THE PROGRAMMES OF A RESEARCH INSTITUTE 
AND AN ACADEMIC INSTITUTE

The functions and activities of the above two types of institute are almost 
complem entary and so co-operation between them  is a necessity for m utual 
improvement o f resources, m anpower and technological infrastructure.

Naturally, the development o f a jo in t programme starts by defining the area 
o f common interest and exploiting the topics o f co-operation between the scien
tific personnel o f the two sides, as well as seeking ways o f realization, official 
approval and considering m atters o f expenditure.

Undisputedly, the area of perfect matching between the tw o types o f  insti
tu te  is that o f training at the postgraduate level. The com plem entary technolo
gical and manpower infrastructures are beneficial to  the completeness of study 
as well as to  the advancement of the programmes of the institutions.

In our case, throughout the years this matching has been implemented 
beneficially in various ways, such as:

(a) organization of jo in t seminars, lectures and technical workshops or symposia
(b) jo in t supervision o f final year projects in the nuclear field, utilizing com puter 

and control system theory
(c) research by postgraduate students working in both  environments and making 

use of their human resources and equipm ent, and
(d) development of common and unified technical files on the areas of 

co-operation.

4. TECHNICAL AREAS OF CO-OPERATION

The areas o f jo in t activity and research are the following [1-34]:

— Nuclear reactor modelling, simulation and idèntification
— Control theory m ethodology as applied to  nuclear reactors
— Treatm ent o f nuclear power systems using large scale systems techniques
— Microprocessor-based systems for nuclear reactor measurement and control
— Analysis and optim ization of system reliability and m aintenance with appli

cation to  nuclear reactor systems
— Dynamic failure detection o f nuclear systems using state observers and filters
— Application o f  artificial intelligence and knowledge-based approaches.
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The nuclear reactor models considered throughout this jo in t work were of 
both the lumped-parameter and distributed-parameter (space dependent) types. 
For the most part, linearized models have been investigated using differential 
or integral equations.

The differential equation models were mainly of the usual state-space form

d x (t) /d t =  A x (t)  + B u(t), x (0 ) =  x 0
U )

y (t) =  C x (t)

where x (t) is the state vector, Ü (t) is the input vector and A , В , С are matrices 
of appropriate dimensions (constant or time varying). Of course multi-variable 
high-order differential models have been occasionally studied.

The differential space dependent nuclear reactor models considered were 
o f the general multigroup type, i.e.

^  3 X ( x , t )  _  _
A (X , x , t ) — —------ =  F (X , x , t), xeD, t >  0

Ot

(2)
f t(X ,  x ,  t) =  Ü , xG9D

where X ( x , t )  is the space and time dependent state vector function, А ( Я ,  x,  t) 
is a matrix-valued function of its arguments, ? ( . . .)  is a spatial operator over
D, ß (...) is a spatial operator over i?D compatible with F (...)  and D, t?D are the 
spatial domain o f interest and its boundary surface. Various forms of ?  (...) and 
ß (...) have been studied.

The linearized version o f the above model is

ax(x,t)  ^ _
------------  = £ f ( x ) X ( x , t )  + B ( x , t ) u ( t ) , x e D ,  t > 0

ot
(3)

a ( x ) X ( x , t) =  0, xG9D, t > 0

where the boundary operator a (x  ) is compatible with the spatial operator i^ (x ) .  
The integral equation versions o f the above models are:

4.1. Nuclear reactor modelling, simulation and identification
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X ( x , t )  =  X0( x , t ) + G ( x , t ) O d (5Î , t ) ,  xeD , t > 0

and

C0( x , t  ) = J  K( x ,  t ; x ' ,  0 ) )£0( x ' )  dx '  (5)

D

t

G(x, t)  =  J  J  ÏC(x, t, x ' , r  )(•) dx ' .  dr

O D

—* j  ̂  ̂ ■—► 
where K ( x , t; x , r  ) is the associated Green m atrix function and Ud(x, t) is 
usually assumed to  have the form

N

k= 1

corresponding to  N control rods at xk£ D (k  = 1 , 2 ,  ..., N).
Very briefly the results achieved are the following [6 , 7, 22, 24, 33, 34]:

(a) Deterministic and stochastic test inputs were designed for improved nuclear 
reactor identification (especially Walsh-type multisequence inputs).

(b) The Walsh and block-pulse function expansion approach has been success
fully employed for identifying nuclear reactor systems using simulated (and 
occasionally real) data.

(c) Some problems o f identifying lumped and distributed parameters o f coupled- 
core reactors have been solved using correlation function m easurement com
bined with pseudorandom perturbation.

4.2. Control theory methodology applied to  nuclear reactors

Our work in the application o f control theory has followed tw o main paths:

(a) Application o f  optimal control theory methodology for both  lumped- 
param eter and distributed-param eter models [2-4, 8 ], and

(b) Application of state feedback multivariable control for inpu t-ou tpu t 
decoupling and eigenvalue assignment [1, 5, 14].

Along the first path, we have studied space dependent reactor models of 
the types discussed in Refs [3, 4] and treated linear-quadratic nuclear reactor 
control problems w ith the modal expansion technique, direct variational synthesis 
(using Walsh function expansions), the adjoint space technique, and Holder’s
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inequality technique. We have also studied bilinear reactor models, as well as 
stochastic models.

Along the second path, we have treated nuclear reactor decoupling, eigen
value and exact model matching problems. Essentially the objective in this type 
o f work is to realize exactly given dynamics by feeding back some or all o f the 
reactor state variables through appropriate gains.

4.3. Treatment of nuclear systems using large scale systems techniques

Nuclear power systems are actually large scale systems and can be treated 
by hierarchical (decom position-co-ordination), decentralized, and multi-time- 
scale techniques.

Regarding the hierarchical control structures tw o different situations can be 
distinguished. The first occurs when the controller needs to  solve a problem by 
means o f a hierarchical computing or optim ization scheme, and the second occurs 
when within the control structure one can distinguish some hierarchy which 
affects the actual control actions, as happens in a multilayer control structure 
where the control function is partitioned into several algorithms operating at 
different time-scales (adaptation layer, optim ization layer, regulation layer).

Decentralized control schemes are popular in both engineering and 
managerial/operations research problems, and are classified into deterministic and 
stochastic schemes.

The work o f  the group in this area was concentrated on the e-coupling, 
singular perturbation and hierarchical control approaches [25, 29, 30].

4.4. Utilization of microprocessor-based systems

The advent o f  modern microprocessors has allowed the im plem entation of 
decentralized and distributed com putation, signal processing and control. Besides 
the development o f  general proportional integral derivative (PID) (three term ) 
microprocessor-based controllers, the group has studied and used in several cases 
multiprocessor (or tightly coupled) structures in contrast to  multiple processor 
(or loosely coupled) systems [17, 20, 31].

4.5. Reliability and maintenance studies

A considerable effort in the jo in t activity was devoted to  the analysis and 
optim ization o f system reliability and maintenance. Several models were studied, 
including reactor models with general, partial and catastrophic failures and models 
with various types o f  repairable components or items [9 ,11-13 , 15, 19, 21, 26].
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4.6. Failure detection techniques

The design o f failure detection techniques for technological systems (parti
cularly of nuclear reactor systems) is o f primary importance for both  operational 
and safety reasons. The group has also looked at this aspect and has completed 
some review evaluation studies [10, 16, 19]. Currently work is in progress on 
applying the overlapping decomposition m ethod of Siljak combined with 
Luenberger-type observers for detecting sensor failures in nuclear reactors. The 
square root filtering m ethod has also been applied to  certain practical problems.

4.7. Application of artificial intelligence and knowledge-based approaches

Recently atten tion  has turned towards the fashionable m ethodology o f artificial 
intelligence and knowledge-based approaches for bo th  fault diagnostics and intelli
gent control. The work of the group is at its beginning and one of the group’s aims 
is to  develop and apply an expert system suitable for nuclear reactor failure dia
gnosis. Two avenues will be followed. The first is to  adapt to  nuclear reactors 
existing expert systems from other knowledge domains (e.g. space station auto
m ation [32]) and the second will be to  start from basic principles and techniques 
and develop a new expert system directly appropriate for the type o f failures 
encountered in nuclear systems [27, 28].
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Abstract-Résumé

NUCLEAR RESEARCH AND TRAINING OF SCIENTIFIC PERSONNEL.
The development of a national nuclear programme for power, scientific and technical 

applications necessarily involves setting up a research programme. Once the objectives of this 
programme have been established (goals, long-term plan, finance, methodology, organization), 
what kind of training programme must be set up? It is essential to devise an action programme 
and its success is dependent on a sustained and continuous effort. National training resources 
are useful in various ways in the establishment of such a programme: university technological 
institutes, specialized courses, research laboratories and integrated programmes. Links between 
research and training are vital. The contribution from international co-operation' agreements is 
likewise important. How can a developing country benefit from this and evaluate the short- 
and long-term dividends? Finally, what are the spin-offs of such research programmes for 
technical training in areas of activity outside the nuclear sector? On the basis of the French 
experience, the paper attempts to show how research and teaching can go hand in hand and 
how training in nuclear sciences can serve as an example for training in other advanced 
technologies.

RECHERCHE NUCLEAIRE ET FORMATION DU PERSONNEL SCIENTIFIQUE.
Le développement d’un programme nucléaire national, destiné à des applications 

énergétiques, ou scientifiques et techniques, rend inéluctable la mise en place d’un programme 
de recherche. Les objectifs de ce programme ayant été établis (finalités, plan à long terme, 
financement, méthodologie, organisation), quel programme de formation mettre en place? La 
constitution d’un programme mobilisateur est essentielle, et la réussite passe par un effort 
soutenu et constant. Les moyens nationaux de formation sont diversement utiles à la mise en 
place d’un tel programme: instituts de technologie des universités, cours spécialisés, laboratoires 
de recherche, programmes intégrés. Les liens entre recherche et formation s’avèrent essentiels. 
L’apport de collaborations internationales est également important. Comment un pays en 
développement peut-il en tirer profit, et en mesurer la rentabilité à court et long terme? Quelles 
sont, enfin, les retombées d’un tel programme de recherche dans le domaine de la formation
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technique dans des secteurs d’activité autres que le nucléaire? En s’appuyant sur l’expérience 
française, on tente de montrer comment la recherche et l’enseignement peuvent s’articuler et 
comment l’enseignement des sciences nucléaires peut servir d’exemple de formation aux 
technologies de pointe.

1. LIENS ENTRE RECHERCHE NUCLEAIRE ET FORMATION

Le développement d ’un programme nucléaire national, qu’if  ait un objectif 
énergétique am bitieux ou qu’il soit destiné à des applications scientifiques et 
techniques (médecine, agronomie, etc.), impose de façon inéluctable la mise en 
place préalable ou simultanée d’un programme de recherche dans ce domaine. 
L’importance de ce programme sera, bien entendu, variable suivant le degré 
d’autonom ie souhaité; un tel programme demeurera nécessaire et pourra rester 
significatif même dans le cas d ’une forte dépendance extérieure où les connais
sances sont acquises par un transfert de technologie. En effet, un pays receveur 
ne peut utiliser ces connaissances qu’après assimilation et il doit jouer un rôle 
actif pour que le transfert et «l’apprentissage» soient efficaces et rentables au 
regard de l’effort financier consenti. C’est ainsi que la recherche, et principalement 
la recherche technologique, joue un rôle essentiel dans le processus de maîtrise 
progressive de la technologie importée, et perm et au pays receveur d’adapter les 
choix techniques à son contexte spécifique et d ’avancer ainsi vers une plus grande 
autonom ie techhologique.

Nous n’aborderons pas en détail les caractéristiques de ces programmes de 
recherche appliquée, développés dans plusieurs exposés au cours de ce colloque, 
mais nous rappellerons volontiers quelques points de repère.

Il est nécessaire d’avoir une am bition raisonnable dans la définition d’un 
programme de recherche, d ’annoncer clairement les objectifs dans le long terme 
et de les adapter en fonction des progrès obtenus dans le court et le moyen terme, 
et, enfin, d ’être conscient de la difficulté de calibrer cet effort et d ’éviter la 
dispersion.

On doit aussi savoir qu’il s’agit d’un effort national, de longue haleine, qui 
doit, pour la plus grande part, être financé de façon autonom e, même s’il s’appuie 
largement sur une assistance étrangère.

Des difficultés d’un même ordre vont se présenter lorsqu’il s’agira de 
planifier et de m ettre en place les programmes de form ation des hommes nécessaires 
au démarrage, à la croissance, au renouvellement constant d ’un tel programme de 
recherche et à son adéquation aux objectifs économiques qui le sous-tendent. 
Disposer de personnel formé, en qualité et en quantité, est en effet l’une des 
conditions critiques pour le succès d’un programme de recherche et, en particulier, 
d’un programme énergétique nucléaire qui associe étroitem ent recherche et 
développement, réalisations industrielles, exploitation et maintenance des 
centrales et, éventuellement, installations associées du cycle du combustible.



IAEA-SM-291/40 229

Mais, aux difficultés «classiques» de planification, de m éthodologie et 
d’organisation ainsi qu’aux aspects de financement, s’ajoutent dans ce domaine 
les problèmes inhérents à la gestion des hommes:
— com m ent concilier les intérêts individuels (diplômes, carrière) et les impératifs 

collectifs (objectifs, optimisation)?
— com m ent, surtout, fixer les ingénieurs et techniciens dans leur pays et dans leur 

spécialité? (D’où la nécessité d ’avoir un programme nucléaire clairement défini 
et, en particulier, un programme de recherche «mobilisateur».)

La complexité, mais aussi la richesse, d ’un tel effort de form ation viendra de 
la pluralité des besoins, en niveaux (cadres dirigeants, encadrement, techniciens) 
et en spécialités (très pointues et très diverses dans le domaine nucléaire) ainsi 
qu’en compétences souvent pluridisciplinaires.

Il faudra enfin trouver les ressources pour constituer, souvent rapidement, 
les équipes de départ autour desquelles s’articulera la croissance des programmes.

2. FORMATION NUCLEAIRE: SPECIFICITES ET METHODES

2.1. Le nucléaire: une spécialisation

Si l’on excepte les techniciens (dont certains peuvent recevoir une form ation 
uniquem ent orientée vers les activités nucléaires), l’ensemble du personnel 
travaillant dans le domaine nucléaire doit d ’abord avoir reçu une solide form ation 
dans une discipline conventionnelle (physique, chimie, mécanique, électricité, 
électronique, métallurgie, etc.). Une spécialisation lui est ensuite donnée pour 
lui perm ettre d’adapter ses connaissances aux contraintes ou aux caractères 
spécifiques de l’énergie nucléaire dont une partie constitue une science et l’autre 
des techniques en perm anente et rapide évolution.

Pour tou te  la partie conventionnelle, la form ation du personnel scientifique 
d’un pays repose par conséquent entièrem ent sur le système national d ’éducation. 
Au contraire, tou te  la spécialisation aux techniques spécifiques de l’énergie 
nucléaire ne peut se faire qu’en liaison très étroite avec la recherche. C’est dans 
ces contacts étroits et perm anents entre la recherche et l ’enseignement que se 
produit l’indispensable transfert d ’expérience grâce auquel les résultats obtenus 
par les chercheurs seront le plus rapidem ent diffusés, connus, et surtout mis en 
œuvre. L’osmose entre recherche et form ation doit se faire à la fois par les 
hommes, les équipements et les activités.

2.2. L’enseignement par les chercheurs e t les ingénieurs

Certaines disciplines théoriques fondam entales (neutronique, physique 
nucléaire, etc.) peuvent être enseignées par des professeurs à plein temps. Pour
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tous les autres cas, c’est dans chaque domaine particulier le praticien le plus 
qualifié qui fera les cours et devra avoir un sens suffisant de la communication 
et de la pédagogie. Bien sûr, dans un pays qui se lance dans une activité où peu 
de choses ont été jusque-là développées, il faudra nécessairement faire appel à 
une collaboration internationale avec des pays ayant une expérience plus longue. 
Mais, au fur et à mesure qu’un programme national de recherche se développe, 
ce doit être une des activités, voire même une des obligations des chercheurs de 
form er des étudiants.

La question se pose surtout dans un pays où un programme électronucléaire 
se développe. La plupart du temps, la construction des réacteurs est assurée par 
un fournisseur extérieur, avec cependant la collaboration plus ou moins étendue 
d’ingénieurs et de chercheurs nationaux pour qui le choix du constructeur, la 
discussion des spécifications et des modalités de réalisation, le choix du site de la 
centrale, l’assurance de la qualité, la mise en place de la réglementation nationale 
en m atière de sûreté, etc., constituent une expérience unique et un enrichissement 
exceptionnel des connaissances.

En enseignant à d ’autres leur expérience, ils réalisent le plus efficace des 
transferts de technologie mais, en outre, ils doivent faire une synthèse de ce qu’ils 
ont appris, rechercher la meilleure façon de se faire bien comprendre de leur 
auditoire et, ce faisant, réfléchir à la façon dont ils pourraient améliorer leur 
propre activité. C’est donc une lourde charge que ces chercheurs ou ces ingénieurs 
doivent ainsi s’imposer: ils sont déjà peu nom breux dans le pays en développement, 
et par conséquent très sollicités par de nombreuses tâches dont certaines peuvent 
apparaître plus im portantes ou plus séduisantes que l’enseignement. Pourtant, 
s’ils laissent l’éducation aux seuls universitaires et si les spécialistes nationaux 
continuent de se form er à l’étranger, l’expérience irremplaçable qu’ils ont 
acquise au cours de la construction et de l’exploitation des installations ne sera 
pas transmise et ce sera une «perte sèche» pour le pays.

D’une façon générale, l’importance de la form ation ne doit jamais être sous- 
estimée; c’est le plus rentable des investissements, même si les bénéfices n ’en sont 
recueillis q u ’à moyen terme. Et il ne faut jamais hésiter à y consacrer les efforts 
nécessaires: plus peut-être que dans d ’autres domaines, les résultats que l’on 
obtient sont à la mesure des sacrifices consentis.

2.3. L’accès des étudiants aux outils de la recherche

L’enseignement par ceux-là même qui ont une expérience directe, quotidienne, 
du sujet qu’ils tra iten t, doit être complété par un accès direct des étudiants aux 
laboratoires ou aux équipements utilisés par les chercheurs.

Pour cette raison, les établissements d ’enseignement doivent être étroitem ent 
liés aux centres de recherche de sorte que, régulièrement, les étudiants puissent 
appliquer concrètem ent les connaissances acquises dans des séances de travaux 
pratiques où ils utilisent les mêmes instrum ents que les chercheurs lorsqu’il s’agit 
d’équipements dépassant les moyens d ’une université ou d ’un institut.



IAEA-SM-291/40 231

Bien entendu, la nécessité d ’une telle liaison varie beaucoup selon les 
disciplines concernées. En inform atique, elles n’apparaît pas ou très peu; en 
chimie, en métallurgie, tou te  une partie des enseignements peut être illustrée par 
des travaux pratiques exigeant des équipements relativement peu onéreux; mais 
la form ation en radioprotection ou en robotique, par exemple, nécessite, après 
une brève période d’initiation, que les étudiants aient accès aux installations 
utilisées dans les centres de recherche.

Un cas particulier est celui des réacteurs nucléaires: dans l’exposé présenté 
dans son mémoire IAEA-SM-291/39, M. Ferry précise le rôle que peuvent jouer 
les réacteurs de recherche dans l’enseignement de l’électronucléaire. Par ailleurs, 
pour les équipes d’exploitation, l’entraînem ent sur un simulateur reproduisant 
à l’identique la salle de contrôle (comme cela se fait à EDF) est le plus sûr moyen, 
pour chaque individu, d’acquérir les réflexes dont il aura besoin en situation 
réelle. Enfin, pour familiariser les ingénieurs aux principes de fonctionnem ent 
des réacteurs et leur perm ettre de comprendre l’interaction des différents para
mètres, le meilleur instrum ent reste le simulateur, spécialement conçu pour ce 
type d’enseignement. Son coût, aussi bien d’investissement que d ’entretien, est 
infiniment moins élevé que celui d’autres équipements.

3. UN EXEMPLE DE LIAISON RECHERCHE-ENSEIGNEMENT

Une illustration de cette indispensable liaison entre la recherche nucléaire 
et la form ation du personnel scientifique peut être fournie par les mécanismes 
mis en place en France.

Comme partout, la form ation initiale des ingénieurs et des chercheurs repose 
en France sur les institutions d ’enseignement supérieur, dont l’action est 
complétée, le cas échéant, par l’enseignement spécifique que chaque entreprise 
(EDF en particulier) peut m ettre sur pied à l’usage de son personnel.

Dans quelques universités, cet enseignement scientifique général inclut 
également des disciplines nucléaires (physique nucléaire en particulier); à 
l’inverse, les techniciens sont formés aux techniques nucléaires par les organismes 
qui les emploient.

3.1. Le rôle de l’INSTN

A côté de ce système d’éducation a été créé un organisme d ’enseignement 
supérieur, l’Institu t national des sciences et techniques nucléaires (dont la 
création rem onte à 1956) qui a pour mission de donner une spécialisation aux 
techniques nucléaires à des ingénieurs diplômés ou à de futurs chercheurs ayant 
déjà une solide form ation scientifique. Son action s’exerce au profit de l’ensemble 
de l’industrie nucléaire et même, au delà, au profit de l’ensemble de la comm unauté 
scientifique, en form ant dans des secteurs de pointe des spécialistes qui exerceront 
ultérieurem ent leurs fonctions dans des secteurs autres que le nucléaire.
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Placé sous la tutelle du Ministère de l’éducation nationale, l’INSTN est ainsi 
autorisé à délivrer des diplômes reconnus nationalem ent (ingénieurs en génie 
atom ique; diplômes d’études approfondies ouvrant la voie à la préparation d ’une 
thèse de doctorat). Mais en même temps, l’INSTN est une unité du CEA implantée 
sur chacun des principaux centres d ’études nucléaires (Saclay, Cadarache, Grenoble) 
et il s’appuie par conséquent sur l’énorme potentiel de recherche de ces centres, 
aussi bien pour les hommes que pour les équipements.

3.1.1. Les enseignements

Ainsi qu’il a déjà été mentionné, l’industrie nucléaire a essentiellement 
besoin de bons spécialistes de disciplines conventionnelles dont la form ation reste 
l’apanage du système d ’enseignement national. L’INSTN se borne à leur apporter 
les connaissances nécessaires pour adapter leur spécialité aux caractères particuliers 
de l’énergie nucléaire. C’est dire que les étudiants admis à ces cours (350 à 400 
chaque année) sont déjà titulaires d ’un diplôme d ’ingénieur ou d ’une m aîtrise ès 
sciences, d ’un diplôme de médecin ou de pharmacien.

Les disciplines enseignées sont toutes celles qu’utilise l’industrie nucléaire.
A titre  d ’exemples, on y trouve actuellement:

— un diplôme d ’ingénieur en génie atomique;
— des diplômes d ’études approfondies (DEA) en physique des réacteurs, 

dynamique des structures, chimie analytique, métallurgie spéciale et matériaux, 
systèmes de traitem ent de l’inform ation et structures des ordinateurs, radiochimie, 
radioéléments, rayonnem ents, robotique en milieu hostile;

— deux diplômes d’études supérieures spécialisées (DESS): gestion de . 
l’innovation, gestion de l’énergie;

— deux diplômes de médecine et de pharmacie nucléaires.
S’y ajoutent des enseignements destinés aux techniciens (radioprotection, 

contrôle-com m ande des réacteurs de recherche, médecine nucléaire). La liste de 
ces enseignements évolue selon les besoins des organismes utilisateurs. C’est ainsi, 
par exemple, que le DEA de robotique a été créé en 1984 et le DEA de radio
chimie en 1985 pour répondre à des besoins spécifiques exprimés par des orga
nismes engagés dans le secteur nucléaire.

3.1.2. Les enseignants

L’osmose entre l’enseignement et la recherche est bien illustrée par l’absence 
presque totale d ’un corps enseignant permanent au sein de l’INSTN dont l’effectif 
to tal est un peu inférieur à la centaine, alors que le nombre de professeurs e t de 
conférenciers attein t presque le millier. Pour l’essentiel, les cours sont dispensés 
par des chercheurs du CEA (dont la collaboration est rendue plus facile encore 
par la proxim ité du centre d ’études nucléaires) mais aussi d ’EDF, de l’ensemble 
des sociétés impliquées dans l’industrie nucléaire (Fram atom e, Cogéma,
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Technicatome, Sofratome, Novatome, etc.) ou extérieures (CNRS, université) et, 
pour certains enseignements, des organismes de recherche des autres secteurs 
énergétiques (pétrole, charbon), de l’exploration sous-marine ou des activités 
aéronautiques et spatiales.

En d’autres termes, tous les efforts sont faits pour que les étudiants soient 
en présence non pas d’un enseignant ayant une connaissance théorique du sujet 
traité, mais du chercheur ou du spécialiste qui s’occupe quotidiennem ent de 
cette question, de sorte que le transfert d ’expérience soit immédiat entre les 
chercheurs et les étudiants.

3.1.3. Les ou tils de la form ation

Parallèlement, l’étroite liaison entre l’INSTN et les centres de recherche du 
CEA perm et aux étudiants de s’initier aux travaux sur des équipements «en vraie 
grandeur» qui ne sont pas à la portée d ’un organisme d ’enseignement traditionnel.

Par exemple, l’INSTN dispose à Saclay d’un réacteur de recherche de type 
Argonaut de 100 kW de puissance et, depuis quelques mois, est équipé d ’un 
simulateur de centrale à eau légère sous pression, REPSI, spécialement mis au 
point par ses spécialistes pour servir à l’enseignement des principes fondam entaux 
qui régissent le fonctionnem ent de ces réacteurs.

Mais, en même temps, des travaux pratiques sont organisés dans les 
laboratoires des centres d ’études nucléaires, ce qui perm et aux étudiants des 
manipulations sur de véritables instrum ents de recherche (réacteurs de recherche, 
laboratoires de chimie, de métallurgie, de robotique, etc.).

3.2. La form ation par la recherche au CEA

Cet ensemble est complété par un système de «form ation par la recherche» 
mis sur pied par le CEA, et qui permet non seulement de financer les travaux d’un 
étudiant qui prépare une thèse de doctorat dans un centre d ’études nucléaires, 
mais aussi de lui fournir un thèm e précis lié à l’ensemble des travaux du labora
toire, ainsi qu’un encadrement, un environnement humain, une atm osphère de 
recherche et des moyens matériels dont il ne pourrait pas disposer dans un autre 
cadre.

Pour l’équipe qui l’accueille, c’est bien entendu une charge, surtout pour le 
chercheur qui accepte de diriger les travaux et qui devra par conséquent y 
consacrer beaucoup de son temps, de ses connaissances, de son intelligence et de 
son imagination; mais c’est aussi un très gros avantage, car la présence d ’un jeune 
chercheur préparant une thèse est un stimulant irremplaçable et une ouverture 
exceptionnelle pour tous les membres de l’équipe.

Chaque année, le CEA passe ainsi une centaine de contrats de form ation par 
la recherche et, com pte tenu de la durée m oyenne de préparation des thèses, qui 
est de l’ordre de trois ans, ce sont environ trois cents jeunes chercheurs qui se
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trouvent ainsi en permanence dans les laboratoires du CEA contribuant à assurer 
une liaison très étroite entre la recherche et la form ation. Un certain nombre de 
ces étudiants sont recrutés, après leur thèse, par le laboratoire où ils ont travaillé. 
D’autres vont vers d ’autres organismes ou d ’autres industries: le secteur nucléaire 
fait appel à un grand nom bre de spécialités qui peuvent avoir des applications 
dans d’autres domaines (en particulier la chimie, la métallurgie, l’étude des 
matériaux, l’électronique, la robotique).

En participant à la form ation de chercheurs dans ces domaines dont elle a 
également besoin, la recherche nucléaire contribue ainsi à la form ation du 
personnel scientifique du pays dans la plupart des secteurs de pointe.

3.3. L’importance de la collaboration internationale

Ainsi qu’il a déjà été précisé, la collaboration internationale joue un rôle 
fondam ental dans tou te  cette action de form ation, surtout dans les premières 
étapes d ’un programme nucléaire: le CEA en général, et tou t particulièrem ent 
l’INSTN, sont très ouverts à de telles collaborations.

Chaque année, l’INSTN accueille une centaine d ’étudiants, ingénieurs ou 
chercheurs venus d ’autres pays et qui peuvent acquérir les mêmes diplômes et 
recevoir les mêmes enseignements que les étudiants français à la condition qu’ils 
aient les connaissances de base nécessaires et qu’ils parlent assez bien notre langue 
pour comprendre sans difficultés des exposés préparés pour des auditoires français 
(l’expérience a m ontré que la difficulté de la langue pouvait être facilement 
surmontée pour autant qu’un effort suffisant soit consenti par l’étudiant et les 
autorités qui l’envoient).

Parallèlement, et en très étroite coopération avec l’AIEA, l’INSTN organise 
depuis une dizaine d ’années des cours interrégionaux qui perm ettent à chaque 
fois de faire connaître à une trentaine de spécialistes de pays en développement 
l’expérience que nous avons acquise dans différents domaines, les difficultés que 
nous avons rencontrées et la façon dont nous avons essayé de les surmonter.

Mais, également, des cours spéciaux ont été et peuvent être mis sur pied, à 
la demande d’un organisme étranger, éventuellement dans une langue autre que 
le français, pour répondre à un besoin particulier et à l’usage exclusif des spécialistes 
désignés par le pays intéressé.

Des programmes, plus élaborés encore, de form ation d ’équipes de recherche 
étrangères ont également été réalisés «sur mesure» par le CEA dans un passé récent. 
Ce type de programmes s’appuie sur une m éthode de form ation par la recherche 
où les aspects pratiques l’em portent largement sur les aspects théoriques: grâce 
à une intégration aussi étroite que possible des stagiaires étrangers dans les équipes 
de recherche, le transfert de connaissance est ainsi optimisé.
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Abstract-Resumen

TRAINING OF NUCLEAR PHYSICISTS AND ENGINEERS: ARGENTINE EXPERIENCE 
AT THE BARILOCHE ATOMIC CENTRE AND THE BALSEIRO INSTITUTE.

In 1955, the Argentine National Atomic Energy Commission (CNEA) began to train 
research workers in physics under an agreement with the Cuyo National University (UNC).
This agreement provided for the establishment, within the Bariloche Atomic Centre, of an 
Institute of Physics (now the Balseiro Institute), whose teaching staff would consist of active 
workers from the Centre. A basic criterion was that students should receive training from 
scientists who were actively engaged in research and whose work was of a suitable inter
national standard and sufficiently up to date with the latest developments in the field. The 
research topics investigated relate to solid-state physics, materials science, neutron and reactor 
physics and atomic collision and high energy physics. In 1977, a nuclear engineering course 
was set up, based on the same criteria, with the support of the United Nations Development 
Programme (UNDP) and the International Atomic Energy Agency. This course lasts for eight 
semesters. In both cases, students spend the last three semesters preparing a research paper 
(Master’s thesis level) in one of the laboratories of the Atomic Centre. In order to support 
these studies, a 500 kW experimental reactor was built (the RA-6) which went critical in 1982. 
Current research topics cover aspects of reactor calculations and control, nuclear fuel materials, 
computational mechanics, thermohydraulics, neutron activation analysis, radiation protection 
and safety of nuclear facilities.

FORMACION DE FISICOS E INGENIEROS NUCLEARES: EXPERIENCIA ARGENTINA 
EN EL CENTRO ATOMICO BARILOCHE E INSTITUTO BALSEIRO.

La Comisión Nacional de Energía Atómica (CNEA) de la Argentina comenzó en 1955 
actividades de formación de investigadores en física a través de un convenio suscripto con la 
Universidad Nacional de Cuyo (UNC). En virtud de éste se establece que en las instalaciones 
del Centro Atómico Bariloche funcionará un Instituto de Física (hoy Instituto Balseiro), cuyos 
profesores serán investigadores en activo de dicho Centro. Se dispone como criterio básico que 
los alumnos deben recibir las enseñanzas de investigadores activos, y que el trabajo de éstos 
debe poseer un adecuado nivel internacional y de actualidad en relación al estado del arte en 
la materia. Los temas de investigación desarrollados son los referidos a.física del sólido, 
ciencia de materiales, física de neutrones y reactores, de colisiones atómicas y física de altas 
energías. En 1977, sobre la base de idénticos criterios, se crea la carrera de ingeniería nuclear,
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con el apoyo del Programa de las Naciones Unidas para el Desarrollo (PNUD) y del Organismo 
Internacional de Energía Atómica. Para este caso, la duración de los estudios se fija en 
8 semestres. En ambos casos, los estudiantes dedican los 3 últimos semestres a la realización 
de un trabajo de investigación (a nivel de tesis de “master”) en alguno de los laboratorios del 
Centro Atómico. Para apoyar estos estudios se construyó un reactor experimental de 500 kW, 
el RA-6, que alcanzó la criticidad en 1982. Las líneas actuales de investigación se refieren a 
aspectos de cálculo y control de reactores, materiales para combustibles nucleares, mecánica 
computacional, termohidráulica, análisis por activación neutrónica, radioprotección y seguridad 
de instalaciones nucleares.

1. INTRODUCCION

En el año 1955, la Comisión Nacional de Energía Atómica (CNEA) inicia 
una sostenida labor de formación de los recursos humanos necesarios para el 
desarrollo de la utilización pacífica de la energía nuclear.

En ese m om ento, el m undo había comenzado a tom ar conciencia de que se 
estaba en los albores del desarrollo de una nueva tecnología, de la que serían 
protagonistas los países que poseyeran capacidad de formación de científicos, 
especialmente en el área de las ciencias físicas.

En Argentina, los estudios sistemáticos de física habían comenzado en 1912 
en la Universidad Nacional de La Plata. Entre 1912 y 1925 se graduaron en el 
país sólo 5 doctores en física. En 1925, la Universidad de Buenos Aires incorpora 
también la física como disciplina de estudio. Entre 1925 y 1955, se gradúan en 
estas dos universidades 26 doctores y 64 licenciados en física, lo que da como 
prom edio 2 licenciados y 1 doctor en física por año, para un país con una 
población del orden de los 20  millones de habitantes.

La CNEA, que había sido creada por el Poder Ejecutivo Nacional el 31 de 
mayo de 1950, había buscado atraer a sus laboratorios a los más destacados 
físicos, m atemáticos e ingenieros del m om ento. Surge inm ediatam ente la necesidad 
de intensificar la formación de personal especializado y, durante los veranos de 
1954 y 1955, se imparten cursos de física del sólido, física nuclear y física de 
reactores en instalaciones que habían sido cedidas a la CNEA en una fracción 
de algo más de 30 hectáreas, en la ciudad de San Carlos de Bariloche, a orillas 
del Lago Nahuel Huapi.

La experiencia recogida en esos cursos de verano había perm itido verificar 
que Bariloche, enclavado entre lagos y montañas, con un aire diáfano por su altitud 
de 700 m.s.n.m. y la ausencia de industrias contaminantes, reunía las características 
adecuadas para estimular actividades intelectuales, en general, y las de carácter 
científico en particular.

El Dr. José A ntonio Balseiro, unjoven  físico argentino que acababa de 
regresar de una estadía post-doctoral en Inglaterra, es designado para desarrollar 
una estrategia de formación de físicos “con capacidad y adiestramiento en todas 
las ramas de la investigación pura y tecnológica”.
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La propuesta, en un país de las características de la Argentina en 1955, es 
revolucionaria. Se trata de hacer convivir en un mismo campus a un reducido 
grupo de profesores, que sean investigadores en actividad, jun to  a un reducido 
grupo de alumnos, ambos con dedicación exclusiva.

Para ello, la CNEA concede a los alumnos, seleccionados cuidadosamente 
entre un elevado núm ero de postulantes, becas integrales que brindan alojamiento 
(en instalaciones dentro del Centro), comida y atención médica sin cargo, más 
una suma en efectivo para gastos personales.

A su vez, se crean laboratorios de investigación dentro de la estructura del 
Centro Atómico para posibilitar que los científicos que tengan a su cargo la 
citada tarea docente puedan desarrollar en forma paralela actividades de 
investigación. Se busca así que quienes enseñan sean investigadores en actividad 
y que los alumnos puedan, en etapas superiores de su formación, incorporarse a 
dichos núcleos y realizar también tareas de investigación científica, guiados por 
sus profesores. Así, la formación de los investigadores se realiza de manera natural, 
en la práctica y ejercicio de la investigación, integrando un equipo de investigadores 
y conviviendo con ellos en un mismo núcleo habitacional. En lo que sigue se 
analizan en forma detallada diversos aspectos relacionados con esta experiencia.

2. VINCULACION CON LA UNIVERSIDAD DE CUYO

Una de las primeras decisiones que había que tom ar era si los estudios a 
realizar en Bariloche iban a ser de grado o de post-grado. Se decidió que fueran 
de grado, argumentándose sobre la conveniencia de poder influir sobre los jóvenes 
estudiantes en una fase temprana de su educación.

Bariloche, situado a 1600 km de Buenos Aires, en 1955 sólo contaba con 
una población estable de poco más de 10 000 habitantes. La universidad más 
próxima, la Universidad Nacional de Cuyo (UNC), ten ía  su sede en Mendoza, a 
más de 10 00  km de distancia.

La CNEA suscribió un acuerdo con dicha Universidad, por el que se crea el 
Institu to  de Física de S.C. de Bariloche, que comenzó sus actividades el 
I o de agosto de 1955. Este convenio estipula que el Director del Instituto será 
designado por la Universidad a propuesta de las autoridades de la CNEA.
Un Consejo Académico integrado por profesores del Institu to  asiste al Director 
en sus funciones.

La Universidad aprueba los planes de estudio, y efectúa las designaciones 
de profesores y auxiliares docentes, todo ello a propuesta de la CNEA. La 
totalidad de los profesores'desarrolla simultáneamente tareas de investigación 
en el Centro Atómico, con carácter de dedicación exclusiva.

El número de estudiantes que ingresa en el Instituto está limitado por la 
capacidad de los laboratorios y el número de personal docente afectado. Se 
comenzó con 15 alumnos para un plantel docente de alrededor de 6 profesores
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titulares y otros tantos auxiliares de docencia. Esta relación de casi 1:1, entre 
el núm ero de docentes y de estudiantes, se ha m antenido aproximadamente 
constante durante la vida del Instituto.

El núcleo inicial de profesores fue increm entado con profesores visitantes, 
provenientes ya de otros sectores de la CNEA o de otras universidades del país 
y tam bién de otros centros de investigación y docencia del exterior. En este 
sentido fue fundamental la ayuda recibida en los primeros años de instituciones 
tales como la Unión Panamericana, la Organización de Estados Americanos, el 
Consejo Nacional de Investigaciones Científicas y Técnicas de Argentina y el 
Organismo Internacional de Energía Atómica. También hubo acuerdos puntuales 
de colaboración con universidades extranjeras, tales como las de Vancouver 
(Canadá) y Stanford (ЕЕ UU), que enviaron profesores en licencia sabática y 
aceptaron como doctorantes a los primeros grupos de egresados. Fueron estos 
primeros egresados quienes se incorporaron rápidamente a la actividad docente, 
a veces antes de haber obtenido su Tesis Doctoral.

En esos primeros años, el Dr. Balseiro, que fué el primer Director del Instituto 
de Física del Centro Atómico, asumió su tarea con una dedicación total, 
m anteniendo un ritm o de trabajo intensísimo. A su cargo estaba no solo el 
establecimiento de estrategias, sino también la solución de los temas diarios de 
funcionam iento, y el dictado de los cursos de física teórica. Asumió esta tarea 
como un apostolado, con el convencimiento de que estaba creando una sólida 
contribución al desarrollo científico y tecnológico del país. En su homenaje y con 
posterioridad a su fallecimiento, ocurrido en 1962 a la tem prana edad de 42 años, 
el Institu to  de Física es denominado Institu to  Balseiro (IB).

3. VINCULACION CON LA CNEA

3.1. Investigación en física básica

En el m om ento de la creación del CAB-IB, las especialidades científicas y 
tecnológicas que la CNEA consideró líneas necesarias eran la física nuclear y la 
física de metales y aleaciones.

Posteriorm ente, se incorporaron líneas de investigación en otros temas de 
física del sólido, como la física de muy bajas tem peraturas, el estudio de fenómenos 
de resonancia magnética, y la física de haces iónicos y su interacción con la materia. 
Uno de los primeros proyectos de desarrollo instrum ental encarado fué el diseño 
y construcción de un acelerador lineal de electrones, cuya puesta en funcionamiento 
en la década de 1960 perm itió el inicio de una línea de investigación en física de 
neutrones.

Desde un primer m om ento, y atentas a la situación ya mencionada respecto 
al escaso núm ero de físicos existente en el país, las autoridades de la CNEA fueron
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conscientes de que el Centro de Bariloche debía contribuir al fortalecim iento de 
la física en Argentina, superando así el mero rol de la formación de especialistas 
en las áreas de interés específico de la CNEA.

Este ha sido un enfoque adoptado por las particulares condiciones de la 
Argentina de entonces que, en m enor grado, todavía son válidas hoy.

El argumento consiste en que no es conviente, en un país de las características 
de Argentina, con poca tradición en la investigación científica y tecnológica, 
apoyar exclusivamente la investigación y desarrollo en el área nuclear sin buscar 
al mismo tiem po un desarrollo simultáneo del medio científico-técnico en las 
universidades.

Así pues, se buscó que el físico egresado de Bariloche tuviera una formación 
amplia que, además de los temas de física nuclear y de reactores, incluyera 
también una base sólida en otros dominios de la física: física del sólido, física 
teórica de campos y partículas, relatividad general, física de superficies, física 
de muy bajas tem peraturas, física de metales y aleaciones, etc. De este modo 
el egresado podía desarrollar su actividad en otros medios académicos, contando 
con una adecuada preparación.

La política seguida fué desarrollar, con el apoyo sostenido de CNEA, 
laboratorios y grupos de investigación en las áreas mencionadas, que al comienzo 
giraban alrededor de un investigador principal y un reducido grupo de discípulos.

Una gran parte de la actividad científica actual del CAB se desarrolla en su 
D epartam ento de Investigación Básica. En la actualidad cuenta con un plantel de 
61 físicos, 27 becarios (que realizan tesis doctorales) y 8 técnicos de apoyo. El 
Departam ento dispone de seis divisiones, a saber, Bajas Temperaturas, Colisiones 
Atómicas, Metales, Neutrones y Reactores, Resonancias Magnéticas y Teoría; en 
esta última hay 2 grupos: uno que se interesa por la teoría del sólido y el otro 
por la teoría de partículas elementales.

3.2. Investigación en ingeniería nuclear

A mediados de la década de 1960, la Argentina contrata la construcción de 
su primera central nuclear de potencia, Atucha I, que entra en funcionam iento 
en 1974.

En 1973, se decide la construcción de la segunda central nuclear, en la 
localidad de Embalse. Poco después, en 1977, el Gobierno establece políticas y 
objetivos para el desarrollo de la energía nucleoeléctrica en el país.

Una característica asociada a la instalación de estas centrales nucleares es 
que han contem plado la participación creciente de la industria e ingeniería 
nacional, planteándose también como objetivo el desarrollo de tecnología nuclear 
propia.

Para ello, el país debía estar en condiciones de formar ingenieros con sólida 
formación en temas básicos, y con un entrenam iento adecuado en temas de 
investigación y desarrollo.
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Se decide en 1977 que el CAB y el IB contribuyan a la formación de estos 
nuevos recursos humanos, utilizando criterios similares a los ya utilizados con 
éxito en la formación de físicos.

M ediante una ampliación del convenio con la Universidad Nacional de Cuyo, 
se crea en el IB la carrera de ingeniería nuclear, no sólo por la infrastructura 
allí existente, sino también por la experiencia acumulada en la formación de 
físicos desde 1955.

Como premisa básica, se decide que la enseñanza de ingenieros nucleares se 
realice con las mismas características que las de física, esto es, con profesores y 
estudiantes conviviendo en un mismo campus, participando ambos en proyectos 
de investigación y desarrollo de la tecnología nuclear.

Para el inicio de este proyecto se requirió y obtuvo el apoyo financiero del 
Programa de las Naciones Unidas para el Desarrollo (PNUD) y la asistencia técnica 
del OIEA, lo que permitió complementar el esfuerzo en infraestructura y personal 
local efectuado por el Gobierno argentino, posibilitando la adquisición de equipo 
para laboratorios y la colaboración de expertos extranjeros en temas de alta 
especializa ción.

Este apoyo PNUD-OIEA ha sido de fundamental importancia, y continúa 
en la actualidad brindando apoyo para la consolidación de grupos de investigación 
y desarrollo en temas de la tecnología nuclear.

Hoy día el D epartam ento de Ingeniería Nuclear cuenta con un plantel de 
28 profesionales, 13 técnicos y 6 becarios. Su labor se desarrolla en las siguientes 
divisiones: Reactor RA-6 , Termohidráulica, Control, Mecánica Computacional, 
Radioprotección y Seguridad.

El reactor RA-6 , construido entre los años 1978 y 1982, es un reactor 
experimental de tipo piscina que funciona con una potencia térmica de 
500 kW(t). Su núcleo es de uranio enriquecido al 20% y está refrigerado con 
agua liviana. Cuenta con dos celdas blindadas, un cambiador neumático de 
muestras, tubos de irradiación y una com putadora central para control y 
adquisición de datos.

4. VINCULACION CON LA INDUSTRIA

A mediados de la decada de 1960, a través de las inquietudes de varios físicos 
egresados del Instituto, comienzan a desarrollarse acciones en el campo de la 
investigación aplicada en física.

Es de notar que esta actividad nace a través del convencimiento de los 
investigadores, formados en el campo de la investigación básica, sobre la necesidad 
de trascender este campo hacia el de las aplicaciones tecnológicas, como manera 
de devolver a la sociedad el apoyo que ésta le ha dado para especializarse.

En la actualidad, esta actividad se lleva a cabo en el Departam ento de 
Investigación Aplicada, el que cuenta con un plantel de 18 profesionales,
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3 becarios y 12 técnicos de apoyo. Los laboratorios que lo integran son: Cerámicos 
y Vidrios, Desarrollo, Metalúrgia y Dispositivos Especiales.

Además existe en el CAB un Programa de Transferencia de Tecnología, 
que se ocupa de todos los aspectos relacionados con la vinculación tecnológica 
del Centro con la industria, así como de la gestión y suscripción de acuerdos de 
desarrollo tecnológico, asistencia técnica y prestación de servicios al sector 
industrial.

5. VINCULACION CON EL MEDIO CIENTIFICO

Como hemos mencionado, la amplia formación brindada a los físicos 
egresados del IB posibilitó su inserción en otros ámbitos exteriores a la CNEA, 
en particular en las universidades nacionales.

El hecho de que las líneas de investigación desarrolladas en el CAB no fueran 
exclusivas del área nuclear favoreció la relación de nuestros investigadores con 
grupos de investigación y desarrollo de universidades del país y del extranjero.

En la actualidad, nuestro Centro mantiene acuerdos bilaterales de 
cooperación científica con casi todas las universidades argentinas, así como con 
grupos universitarios de Francia, Alemania, España e Italia. Los científicos del 
CAB participan también activamente en actividades de organismos internacionales 
tales como la Organización de Estados Americanos, el Organismo Internacipnal 
de Energía Atómica y el Centro Internacional de Física Teórica de Trieste.

6. EFECTOS ASOCIADOS

El hecho de haberse desarrollado en Bariloche un centro de investigación 
y desarrollo de excelencia ha provocado efectos asociados en el medio social y 
cultural de la región que vale la pena resaltar.

La atmósfera intelectual que brinda el CAB-IB posibilitó que, en 1963, su 
entonces Director participara activamente en la creación de la Fundación Bariloche, 
una institución dedicada a la investigación en artes, ciencias y humanidades, que 
goza hoy de prestigio internacional. En la actualidad, en la Fundación Bariloche 
funcionan un Centro de Estudios Económicos y Sociales y un Centro de Economía 
de la Energía, ambos con sede en Bariloche, con el apoyo de organismos nacionales 
e internacionales.

En la década siguiente, y como resultante de las acciones emprendidas por 
el CAB-IB en el campo de la investigación aplicada, se crea la INVAP S.E., una 
sociedad de estado que puede definirse como una empresa de tecnología.

El personal directivo de la INVAP S.E. está formado mayoritariamente por 
ex investigadores del CAB-IB. La empresa INVAP juega actualmente un rol muy 
importante en los planes de la Comisión Nacional de Energía Atómica, habiendo
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estado a su cargo la realización de algunos proyectos de importancia, tales como 
la construcción del reactor RA-6 del CAB-IB y el proyecto de enriquecimiento 
de uranio en Pilcaniyeu, entre otros.

Más recientemente, se ha formado la sociedad ALTEC S.E., dedicada a la 
generación de tecnología en informática y microcomputadoras. Como en el caso 
de la INVAP, el personal directivo de la ALTEC se integra con investigadores y 
tecnólogos formados en el CAB.

Ambas empresas, INVAP y ALTEC, tienen su sede en Bariloche e incorporan 
a su plantel, cada año, egresados del IB, tanto físicos como ingenieros nucleares.

7. CONCLUSIONES

La experiencia de algo más de 30 años desarrollada en el CAB-IB muestra 
que, en nuestro caso, el método adoptado para la formación de recursos humanos 
ha tenido un impacto favorable en la evolución del Plan Nuclear Argentino.

Desde su formación hasta la actualidad han salido del IB 305 licenciados 
en física (15 de ellos provenientes de países latinoamericanos), de los cuales 
159 han obtenido su doctorado. Desde 1981 han obtenido su título 79 ingenieros 
nucleares (5 de ellos de países latinoamericanos).

La gran mayoría de los profesionales formados permanece en el país, 
desarrollando sus tareas en el ámbito de la CNEA (en el CAB o en otras 
dependencias), así como en universidades y empresas de tecnología del país.

El ámbito de libertad académica de este Centro ha posibilitado un desarrollo 
razonablemente armónico entre la docencia, la investigación básica y la investigación 
aplicada, creando además la atmósfera intelectual propicia para la generación de 
otros emprendimientos de carácter tecnológico, que han significado un importante 
impacto no sólo para el desarrollo específico del Plan Nuclear Argentino, sino 
también para el medio universitario e industrial no directamente relacionado con él.
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Abstract

MAPLE: A  N E W  M U L T I P U R P O S E  R E A C T O R  F O R  N A T I O N A L  N U C L E A R  D E V E L O P M E N T  

IN T H E  1990s.

The importance of nuclear science and technology in the industrialized countries is well 

known. It has also become very evident that nuclear science and technology is a cornerstone 

in the industrialization of developing countries. From the training of scientific manpower 

and the production and use of medical radioisotopes to the nuclear generation of electricity, 

the positive impact of nuclear technology with its many industrial spin-offs is recognized by 

all Member States of the IAEA. At the heart of a nuclear programme is the research reactor, 

a very versatile tool that can contribute greatly to a country’s scientific and technological 

development. However, many existing research reactors are less than satisfactory for some 

applications of current importance because the basic core design, which usually stems from 

the 1950s, is insufficiently compatible with applications that developed or matured later. 

Furthermore, over the years, there have been a number of changes including the shift from 

high enrichment uranium to low enrichment uranium, the increasing stringency of regulatory 

safety requirements and considerable refinements in technology, e.g. in electronics. While the 

nuclear research organizations of some countries have adapted to these changes by designing 

new special-purpose facilities and upgrading various existing facilities, this option has clearly 

been expensive. What most nuclear research institutes, especially in developing countries, 

currently need is a single, affordable, multipurpose facility that is capable of meeting 

contemporary programme requirements at a reasonable cost. In recognition of this need,

Atomic Energy of Canada Limited (AECL) is developing a new multipurpose research reactor 

for the 1990s. Available at modest cost, the M A P L E  (Multipurpose Applied Physics Lattice 

Experimental) family of multipurpose reactors features strong neutron fluxes per unit power 

delivered to a variety of irradiation facilities. M A P L E  is designed to operate at thermal power 

outputs ranging from about one to twenty or more megawatts. The associated reactor 

technology will be demonstrated at the Chalk River Nuclear Laboratories (CRNL) in MAPLE-X, 

a 20 M W  version optimized for radioisotope production. M APLE-X will be placed in service in 

mid-198 8. Moreover, countries now requiring a versatile multipurpose reactor will be able to 

participate fully with the A E C L  development team in realizing M A P L E  facilities that meet
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their specific programme needs. Through secondments, they will have the additional opportunity 

to experience the construction, commissioning, and early operation of the MAPLE-X prototype. 

Furthermore, A E C L  is in a position to facilitate technology transfer programmes covering the 

many areas of nuclear science and engineering associated with contemporary uses of research 

reactors.

1. CONTEMPORARY UTILIZATION REQUIREMENTS FOR RESEARCH 
REACTORS

In the belief that the design of a research reactor should flow from its 
intended utilization, the starting point in the development of the MAPLE 
(Multipurpose Applied Physics Lattice Experimental) concept was a study of 
contemporary international requirements for research reactors [1 ]. Over the past 
three years, we have visited almost twenty countries at various stages of nuclear 
development and participated in several major international conferences pertaining 
to research reactors and nuclear technology transfer. We have visited many research 
installations, met with IAEA staff who are responsible for advising Member States 
on programme choices and held technical debates with numerous scientists and 
engineers who must develop or select facility designs that cater to their future 
needs over the next twenty or thirty years.

In general, we find that the national nuclear institutes of developing countries 
want better access to the benefits of nuclear science and technology. Depending 
on the precise stage of their nation’s nuclear development, they want the 
capability to localize the technology of nuclear power or to make wise purchases 
of nuclear electric systems. They want the capability to participate fully in basic 
and applied research in topics of present global interest. They usually also want 
to make practical local use of neutrons and gamma radiation, for example to 
produce key radioisotopes for medicine, agriculture and industry.

In particular, it is clear that they want a multipurpose reactor that is an 
efficient and flexible tool for various combinations of the following applications:

— production of radioisotopes such as "T cm, 131I, 192Ir;
— analysis of materials (e.g. trace elements, using neutron activation);
— proof testing of nuclear fuels and reactor components;
— basic and applied research in condensed matter physics using specially 

tailored beams of hot, thermal, and subthermal neutrons and non-destructive 
testing via neutron radiography;

— development of national expertise in specialized nuclear disciplines such as 
reactor physics, through hands-on experimental programmes;

— the training of scientists, engineers, and technologists for the national 
nuclear programme.
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To cater effectively to this wide range of utilization, the ideal multipurpose 
reactor for the 1990s and beyond must meet several important design requirements:

(1 ) It must offer superior neutron performance relative to existing designs.
For a given reactor thermal power output, it must develop strong neutron fluxes 
in desired energy regimes and transmit them efficiently from the source region 
to specific facilities where they are applied. Traditional designs tend to employ 
either too large a critical volume or inferior reflector materials, thereby 
compromising the fluxes available for radioisotope production and neutron beam 
applications. Furthermore, most high performance designs have been based on 
high enrichment uranium, which is no longer freely available.

(2) It must have the intrinsic flexibility to accommodate a wide variety 
of equipment for experimental or commercial purposes without the need for 
major redesign. The basic design of virtually all existing multi-use reactors 
preceded the development of most applications of contemporary interest. 
Consequently, instead of applications dictating design, design has constrained 
applications.

(3) The design should accommodate anticipated future needs for higher 
operating power levels and broader experimental or commercial programmes.
Nearly all traditional designs have been optimized for a narrow range of end use 
and power level. Programme growth has typically been limited, rather than 
promoted, by the original specifications.

(4) The facility needs to be designed for ease of operation and maintenance. 
While many traditional design choices, e.g. a pool-type housing, are intrinsically 
‘user friendly’, they have rarely been combined in the same package.

(5) All of these features must be provided at modest cost, in view of the 
budgetary restraints faced by virtually all nuclear research organizations. While
a number of most impressive special purpose facilities presently exist: e.g. JMTR 
(Japan) and OSIRIS (France) for materials testing, HFR and ORPHEE (France) 
for neutron scattering, very few organizations currently in the market for a 
research reactor can really afford to invest such large sums of money to produce 
only some of the desired nuclear benefits.

In addition to these utilitarian requirements, a viable contemporary reactor 
must be capable of meeting the stringent safety expectations of the general 
public, of the nuclear regulatory authorities, and of the nuclear industry itself. 
Moreover, to be acceptable to the international community, new reactors must 
provide reasonable design assurances that the equipment will not be used to 
produce nuclear explosives.

2. TRADITIONAL RESEARCH REACTOR DESIGN

In developing a design response to these contemporary requirements, we 
were, of course, strongly influenced by the relative merits of traditional research
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reactor designs. We found particularly attractive the strong neutron fluxes per 
unit power that can be generated in the H20  cooled and moderated research 
reactor and the generous irradiation space that is available in D20  moderated 
research reactors. Let us examine briefly the essential concept of these two 
generic reactor designs that have been most often employed as the basis for a 
research reactor facility.

In H20  cooled and moderated research reactors, and especially in the 
MTR-type reactor, the power per unit core volume and the power per unit fissile 
mass are maximized by providing a large heat transfer area per unit fuel volume 
and by selecting a combination of high fissile enrichment and efficient neutron 
reflection to achieve low critical mass and volume. This maximizes the fast 
and thermal neutron fluxes available in the core for a given power output. The 
archetype high power designs, MTR and ORR, are capable of generating peak 
thermal and fast neutron fluxes of the order o f 3 to 5 X 1014n-cm-2 • s-1 in 
cores of about 100 L volume operating at 20 to 40 MW thermal power output.
A notable low power example is the Canadian SLOWPOKE reactor [2], which 
achieves a maximum thermal neutron flux of 1 X 1012 n-cm"2 • s_1 at 20 kW 
and which is so inherently safe that it is licensed for unattended overnight 
operation.

The use of D20  as a moderator permits a much more spacious core with a 
consequent reduction in fast neutron flux per unit power. D20  moderated core 
designs based on enrichment, like the DP-5 and DIDO archetypes, are able to 
match or exceed the thermal neutron fluxes per unit power of MTR-type reactors 
in cores of about 250 to 350 L volume, because of their low fissile masses.
D20  moderated designs originally based on natural uranium fuel, like Canada’s 
NRX and NRU [3], feature very large core volumes (about 17 m 3 and 23 m 3, 
respectively) with a substantially lower ratio of fast or thermal neutron flux to 
core power.

It is also instructive to note the appearance of D20  reflected, MTR type 
cores in reactor facilities whose major utilization involves the use of extracted 
neutron beams. Examples are HFBR, MITR-II, ORPHEE, and JRR-3(M). The 
use of a D20  reflector, in preference to the beryllium reflector of MTR, stems 
from the capability of D20  to generate very strong, pure thermal neutron fluxes 
per unit core power that persist over a much larger volume than is the case with 
beryllium.

3. THE MAPLE MULTIPURPOSE REACTOR

The MAPLE multipurpose reactor concept [4] extends and refines the 
H20  cooled and moderated core concept to more effectively meet contemporary 
utilization requirements. It incorporates H20  and D20  moderated core regions 
and a D20  primary reflector in a H20  cooled reactor assembly to achieve the flux
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FIG. 1. Example of M A P L E  research reactor layout (plan view).

advantages of an MTR type reactor together with the flexibility and space of a 
D20  moderated reactor (Fig. 1 ).

Within the MAPLE reactor structure, it is possible to establish central 
H20  cooled and moderated cores of 45 L to 95 L. Irradiations requiring strong 
fluxes of fast, resonance, or epithermal neutrons may be introduced into this 
core region. Within the D20  vessel an additional 1 .1m 3 (MAPLE-10) to 
3.6 m 3 (MAPLE-20) of irradiation space is available for irradiation facilities 
requiring strong fluxes of well thermalized neutrons. Moreover, the core volume 
may be extended to approximately 270 L by selective fuelling of the central 
portion of the D20  vessel. This unusual flexibility inherent in the design enables 
the operator of the facility to tailor the installation of fuel and irradiation rigs 
to a wide variety of applications of present interest, while retaining the capability 
of adjusting the deployment of fuel and rigs to adapt to major changes in the 
nuclear programme of the institute.

The MAPLE reactor design involves an open-tank-tÿpe reactor assembly 
installed within a light water pool. The open pool concept is attractive for 
several reasons: cost, ease of operation, and the safety features of a large 
unpressurized reservoir of cooling water. The use of a reactor assembly permits 
the installation of a MAPLE reactor within either a new or existing pool facility.
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FIG. 2. Schematic of M A P L E  research reactor (vertical section).

The reactor assembly consists of three main parts: the inlet plenum, the 
heavy water tank/core structure (calandria vessel), and the chimney (Fig. 2). 
Vertical flow tubes penetrate the heavy water tank/core structure and delineate 
three regions:

— a central H20  cooled, H20  moderated core region
— a middle H20  cooled, D20  moderated core region
— an outer D20  filled reflector region.

The central region of the MAPLE reactor contains 29 fuellable flow channels. 
The light water cooling and moderation enable it to achieve as high a fast neutron 
flux as possible per unit power. This core region provides an irradiation environ
ment that approximates the conditions of a light water power reactor. It also 
facilitates CANDU fuel testing in combination with accelerated ageing of CANDU
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TABLE I. UNPERTURBED THERMAL NEUTRON FLUX IN THE 
REFLECTOR AT 10 MW TOTAL CORE POWER OUTPUT

Distance

from

core

centre

(mm)

H F R

Grenoble

O R P H E E H F B R  

(units 1018

JRR-3 (M) 

n-m~2 ■ s”1 )

M A P L E  

(14 fuel 

sites)

M A P L E  

(19 fuel 

sites)

M A P L E  

(28 fuel 

sites)

150 2.1

200 1.4 2.4 2.5 1.8 1.2

250 2.0 2.7 0.9 2.5 1.8 1.2

300 2.4 2.5 1.5 1.2 2.3 1.7 1.0

350 2.6 2.4 1.8 1.4 2.1 1.6 0.8

400 2.4 2.1 1.7 1.3 1.8 1.4 0.7

450 2.1 1.8 1.4 1.2 1.5 1.2 0.6

500 1.8 1.5 1.2 1.1 1.2 1.0 0.5

components such as zirconium alloy pressure tubes. Peak fast and thermal 
neutron fluxes of about 3 X 1014 n-cnT2 • s_1 are available in the central core at 
15 to 20 MW of thermal power output.

While the central region may be completely fuelled to obtain high fuel exit 
burnup (greater than 50% of the initial fissile content), a compact core loading 
of 14 to 19 fuelled sites can be employed to maximize the fast neutron flux 
generated within the core and the epithermal and thermal neutron flux available 
in in-core and reflector facilities. Such a core loading enhances the production 
of radioisotopes, e.g. 99M o/"Tcm , that chiefly stem from resonance neutron 
capture in the target, e.g. 98Mo. It also provides a peak unperturbed thermal 
neutron flux of up to 5 X 1013 n-cnT2 • s_1 in a central flux trap and a peak 
unperturbed thermal neutron flux in the reflector of about 2 to 2.5 X 10 13n • cm-2 • s-1 
for each megawatt of thermal power output, thereby enhancing the facility’s 
utilization for programmes involving materials testing and neutron beam 
applications.

While the MAPLE reactor has been designed for multipurpose utilization, 
it compares favourably to specially designed neutron sources with regard to 
the strength of neutron fluxes generated per unit power output in the D20  
reflector. As shown by Table I, which has been taken from Ref. [5] and which 
normalized peak unperturbed fluxes to 10 MW core power, MAPLE flux 
performance is comparable to that of ORPHEE or HFR-Grenoble for 14 fuelled 
sites, that of HFBR for 19 fuelled sites, and that of JRR-3(M) for 28 fuelled sites.
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The middle region consists of a ring of fourteen fuellable flow tubes installed 
in the heavy water tank. This light water cooled and heavy water moderated core 
region may be operated in conjunction with the central region to provide 
irradiation conditions that closely approximate a heavy water power reactor 
environment. Accordingly, experimental facilities can be installed in the heavy 
water tank to perform fuel and materials testing in a simulated CANDU environ
ment. Furthermore, by selectively fuelling the middle region, the neutron and 
gamma fluxes delivered to specific irradiation facilities in the outer (reflector) 
region can be tailored to meet programme requirements. Some beam tubes may 
be operated in either a radial or a tangential mode by adjustments in the fuel 
loading in the middle or central region.

The spacious outer region can accommodate many experimental facilities 
(e.g. horizontal beam tubes, irradiation holes, rabbit tubes, loops, etc.). The 
arrangement of facilities may be customized to meet specific user requirements. 
The heavy water main reflector in MAPLE measures optimal performance of 
tangential beam tubes, which are preferred to radial beam tubes for most neutron 
scattering applications. Heavy water typically delivers 20% to 40% higher thermal 
neutron fluxes to tangential beam tubes than the best alternative, beryllium. 
However, the MAPLE can also employ beryllium as a reflector where its superior 
properties, relative to light or heavy water, may be used to advantage. Beryllium 
modules, when installed in the central reactor region, provide flexibility of fuel 
loading and enable tailoring of the neutron spectrum in irradiation targets, e.g. 
for radioisotope production [6].

The MAPLE employs low enrichment uranium (LEU) fuel with an enrich
ment level between five and twenty weight per cent. This makes MAPLE compatible 
with international safeguards provisions by avoiding the use or production of 
significant quantities of relatively pure fissile nuclides. For example, a MAPLE 
operating at 3 MW thermal power would require at least forty years to generate 
8 kg of fissile plutonium. Furthermore, a MAPLE core simply will not operate 
with natural uranium as the driver fuel. The LEU is contained within rodded 
fuel assemblies similar to  those used in power reactors. The use of fuel rods 
facilitates a diversity of fuel assembly configurations. For example, as shown in 
Fig. 3, eighteen rods comprise a control assembly for use in reactivity-absorber 
positions. Standard (driver) assemblies usually contain a total of thirty-six rods, 
but may contain fewer rods to adjust the ratio of fuel to moderator or to fit 
around a special irradiation facility. Two types of fuel rods are available. The 
first type, which is recommended for MAPLE reactors operating up to approxi
mately 10 MW thermal power output, consists of U 0 2 pellets enriched to 
between 5 and 8% 235U, contained within zirconium alloy cladding. The second 
type, for higher power MAPLEs, e.g. the MAPLE-X prototype which is designed 
for 20 MW thermal power, uses a 20% enriched uranium silicide aluminium 
dispersion alloy that is coextrusion-clad with finned aluminium (see Table II).

Core cooling of the MAPLE is achieved through forced upward flow, which 
is preferred for various reasons. Firstly, it greatly reduces the volume of primary
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FIG. 3. M A P L E  fuel assemblies.

coolant that must be delayed to manage the upward migration of 16N and other 
short-lived activation products. It also offers a stronger fluid flow and therefore 
a superior heat transfer potential. Thirdly, it avoids flow reversal during the 
transition from forced to natural convection.

The light water primary coolant flows upward through the core to the 
chimney, then through plate-type heat exchangers located in an adjacent equip
ment room and back to the inlet plenum. The chimney is a shell that encompasses 
the fuellable flow channels in the inner core middle reactor regions. The outlet 
piping from the chimney delivers the coolant to the heat exchangers.

The MAPLE reactor assembly is designed to act, along with the pool liner, 
as a double container for the primary coolant. The chance of a loss of coolant
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TABLE II. MAPLE FUEL ELEMENT AND BUNDLE ASSEMBLY 
SPECIFICATIONS

Fuel element

Fuel meat

Enrichment 

Density 

Diameter 

Length 

Mass of L E U  

Mass of M5U

Cladding

Thickness 

Fins 

Height 

Width 

Diameter over cladding 

Diameter over fins

61 wt%  U 3 Si-39 wt% Al

20 wt% 23SU  in U  

5.43 M g / m 3 

6.35 m m  

600 m m  

60.14 g 

12.03 g

Al (со-extruded)

0.76 m m  

8
1.02 m m  

0.76 m m  

7.88 m m  

9.91 m m

18-element fuel assembly

Shape

Flow tube diameter 

Inner 

Outer 

Mass of L E U  

Mass of 235U

Cylindrical

61.1 m m  

62.8 m m  

1.083 X 103 g 

216.5 g

36-element fuel assembly 

Shape

Flow tube diameter (flat to flat) 

Inner 

Outer

Mass of L E U  

Mass of 235U

Hexagonal

74.4 m m  

76.6 m m

2.165 X 103 g 

433.0 g

accident is very small because two independent barriers must fail before the 
reactor core can be drained. For example, a rupture of the only pool penetration 
at core level, namely a beam tube, will not result in core drainage.

The reactivity balance of the MAPLE is controlled by two separate, diverse, 
independent systems: the reactor regulation system and the reactor protection 
system. Each system interacts with the core via its own set of up to four hafnium 
control absorbers. The control absorbers enter the core from above, through the
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chimney; this enhances safety because it minimizes the need for pool penetrations 
at, or below, core level. The control absorbers of the reactor protection system 
are operated hydraulically and drop into the core when the water pressure in 
the hydraulic cylinder is released by opening electrically operated solenoid valves. 
The control absorbers of the reactor regulation system are actuated by cable 
drives that pass over pulleys at the top of the chimney to stepper motors in 
protective housings on the side of the reactor pool. Thus, the actuating mechanisms 
of the two systems enhance safety via diversity, while they also ensure good access 
to the core for fuel changing, etc.

The reactor protection system employs traditional two-out-of-three analogue 
logic and simple modular design to assure high reliability and availability. Three 
fission chambers provide signals to an independent two-out-of-three vote system 
on trip (scram) initiation.

The MAPLE uses a digital reactor regulation system which has several safety, 
operating, and economic advantages. Reliable and economic commercial systems 
are available today that use uncomplicated control software and have interface 
devices for almost every application. Sophisticated control schemes can be readily 
implemented or modified to accommodate changes to the experimental program, 
which minimizes the potential for human error. Any number of parameters from 
the reactor and experimental equipment can be monitored and used to initiate 
safety action within the envelope permitted by the protection system, e.g. a cut
back of power or a controlled shutdown in response to conditions that are 
abnormal but not serious enough to warrant a fast shutdown.

Atomic Energy of Canada Limited (AECL) is now proceeding with the 
detail design and construction of a 20 MW prototype of the MAPLE reactor 
(designated MAPLE-X) which is being built at the Chalk River Nuclear Laboratories. 
Procurement of major reactor components is under way and site excavation has 
started. First concrete will be poured in the fall of 1986 and the reactor will 
achieve first criticality in mid-1988. While MAPLE-X has been optimized for 
radioisotope production, as the prototype of the MAPLE concept, it will also 
demonstrate all the unique technological and safety features of the MAPLE 
concept. Figures 4 and 5 show a plan view and a three-dimensional view of the 
MAPLE-X reactor assembly. These figures have been generated by AECL’s CADD 
(computer aided design and drafting) facilities, which have been extensively 
utilized in the design of MAPLE.

4. TECHNOLOGY TRANSFER

AECL laboratories have been transferring technology to foreign countries 
almost from the inception of the company, beginning with research reactor 
technology [7].



2 5 6 MDSTONE and SAROUDIS

AECL is a world leader in designing and operating small, medium and large 
sized research reactors. The research reactors, NRX (25 MW) and NRU (125 MW) 
at Chalk River Nuclear Laboratories (CRNL), provide the laboratories with 
versatile irradiation facilities, including in-reactor loops, neutron radiography, 
isotope production and neutron beams. The laboratories currently have about 
125 reactor years’ experience operating and working with large research reactors.

Early experience with NRX led Canada in 1956 to collaborate with India 
on the design and construction of the CIRUS reactor at the Trombay laboratory. 
The provision of this research reactor to India under the Colombo Assistance 
Plan in 1956 was at the time the largest programme for the transfer of nuclear 
technology in the world.

Canadian industry provided assistance during the construction of CIRUS. 
CRNL took the leading"role in training Indian reactor operating and support 
staff and between 1957 and 1963, 46 Indian personnel were attached to the 
laboratories. The Indians, consisting of professional and technical staff, were 
trained in operations at the NRX and NRU reactors as well as in support opera
tions such as reactor physics, fuel fabrication, mechanical maintenance and hot



lAEA-SM-291/19 257

cell operation. AECL staff also assisted during the commissioning phase of the 
CIRUS reactor in India.

In 1968 the Government ofTaiwan (China) purchased a heavy water research 
reactor from Canada. The design and construction of the reactor were handled 
by Canadian industry with management from AECL. AECL was again responsible 
for training Taiwanese staff and providing a commissioning team of 28 AECL
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personnel for Taiwan. Between 1970 and 1972 a total of 33 Taiwanese staff 
were trained at CRNL.

As in the past, countries now requiring a versatile multipurpose research 
reactor will be able to participate fully with the AECL development team in 
realizing a MAPLE facility that meets their specific programme needs. Through 
staff secondment, they will have the additional opportunity to experience the 
construction, commissioning, and early operation of the MAPLE-X prototype. 
Furthermore, AECL is in a position to facilitate technology transfer programmes 
covering the many areas of nuclear science and engineering associated with 
contemporary uses of research reactors.

5. CONCLUSION

Taken together, the design features of MAPLE enable us to define a research 
reactor that offers superior performance at a competitive price and which is 
adaptable to any of the requirements mentioned above. The superior performance 
derives from the unique coupling of a compact light water cooled core and a 
spacious composite reflector that exploits the advantages of both heavy water 
and beryllium. Proven rod-type fuel assemblies based on zirconium alloy clad 
U 02 or aluminium clad U-Si-Al dispersion provide an unusual degree of freedom 
to configure the core to meet a wide range of irradiation requirements. The 
arrangement of beam tubes may be customized to suit customer preferences for 
radial, tangential, or convertible tube orientation and for hot or cold neutron 
sources. The inherent safety features of the MAPLE are combined with the 
most modem passive and active engineered safety systems to set a new standard 
for pool-type research reactors. Additionally, the reactor components have been 
arranged within the MAPLE pool system to facilitate fuel and target handling, 
and equipment maintenance.

Consequently, the MAPLE multipurpose reactor concept is fully capable 
of playing a key role in national nuclear development.
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Abstract

T H E  CONTRIBUTION O F  B A T A N’S MULTIPURPOSE R E A C T O R  A N D  ITS SUPPORTING 

LABORATORIES T O  T H E  N U C L E A R  P R O G R A M M E S  IN INDONESIA.

BATAN, the National Atomic Energy Agency of Indonesia, was founded to perform, arrange 

and control the development and implementation of programmes for the peaceful uses of nuclear energy. 

The programmes harmonize with and suport the transformation of Indonesia’s largely agricultural 

society to an industrialized one. B A T A N  has outlined comprehensive research and development 

programmes of nuclear research in various fields such as medicine, industrial applications of isotopes 

and radiation, the fuel cycle, nuclear technology, and power generation as well as programmes of basic 

research and technology. The marketing of various radioisotopes and radiopharmaceuticals is also 

planned. The MPR-SL consists of a multipurpose reactor (the MPR), i.e. a high flux test reactor of 

30 MW(th) with a multitude of experimental facilities which can also be used for producing radioiso

topes, and supporting laboratories (SL). The SL include a radioisotope and radiopharmaceuticals instal

lation, a fuel element production installation, a radioactive waste installation, a radiometallurgy 

installation, a nuclear mechano-electronic installation and an engineering and safety installation. Several 

additional facilities are also planned for future improved utilization programmes. Contracts were placed 

with eight foreign suppliers in such a way that maximum transfer of technology as well as optimum 

participation of local industries might be expected. This led to complicated interfaces but provided very 

useful experience for B A T A N  and local industries.

1. INTRODUCTION

The development programmes of the Indonesian Government in the economic 
sector have been carefully planned to improve agriculture, which is the most 
important economic activity of the population. Although agriculture can always be 
improved, the national economy is being gradually transformed to a more industrial 
one. The development programmes are planned so that by the sixth Repelita (five 
year plan), i.e. 1994—19, the economy of the nation will be strong enough to take 
off, and will then rely on a strong industrial sector supported by a dynamic 
agricultural one.

The consequence of the transformation is that a rapid increase of energy con
sumption is taking place. Indonesian economic growth has been encouraging for over
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15 years and has given rise to a big increase in energy demand. The electricity enter
prise owned by the Government (PLN) had an installed capacity of 541 MW in 1969, 
while the installed capacity in 1985 was 3905 MW. By the year 2000 the electric 
power demand forecast is for net generation of 51 870 GW h with a peak load of 
8764 MW. To meet the ever-increasing electric energy demand of the Java system 
in the future, many additional generating units will have to be installed. Since the 
bulk of electric energy demand is for base load, future generating plants will be 
mostly base load supply units, i.e. coal-fired steam units and nuclear power plants, 
while gas turbine units are incorporated in the development plan as peaking units [1]. 
It has already been decided by the Government that in the fourth Five Year National 
Development Plan (Repelita IV), the installed capacity will be 9170 in the year 
1988/1989; 7000 MW of this installed capacity will be located in Java island. This 
means that even in Repelita V, a small commercial nuclear power plant may already 
be worth considering. BATAN’s (the National Atomic Energy Agency of Indonesia) 
nuclear power plant feasibility studies and updates made together with foreign 
consultants and other Governmental institutes have shown that from an economic 
point of view nuclear power plants will have to be operated together with other power 
plants by about the year 2000 [2].

2. NUCLEAR ACTIVITIES AND PROGRAMMES IN INDONESIA

The application and uses of nuclear techniques and technologies for peaceful 
purposes are among the goals of the Indonesia Government to support the transforma
tion process of the Indonesia economy. Indonesia’s entry into the nuclear field dates 
back to 1958 when the Institute for Atomic Energy was established. BATAN was 
subsequently created by law in 1964. In 1965, the first 250 kW Triga Mark II 
research reactor was inaugurated in Bandung, West Java, following a bilateral agree
ment with the USA for the peaceful uses of atomic energy. A second research reactor 
of 100 kW, of domestic manufacture, was built in Yogyakarta and has been operated 
since 1979. Various other nuclear research facilities have been built in the suburbs 
of Jakarta. These include gamma irradiators, an electron beam irradiator and analyti
cal, hydrology, biology and agricultural research laboratories. A centre for perform
ing surveys to find nuclear materials and analysing geological samples has been in 
operation since 1964 and another centre for dosimetry and standardization was 
established in 1980 [3].

Since BATAN is a governemental institute, its programmes, aiming at perform
ing, arranging and controlling the development and implementation of peaceful uses 
of nuclear energy in Indonesia, have harmonized with and supported the transforma
tion of the Indonesian economy. The early activities of BATAN were concerned with 
radiation, monitoring, applications of radioisotopes, and radiation techniques for 
medical purposes, agriculture and hydrology. The production of short-lived radio
isotopes and radiation, and surveys seeking nuclear materials then followed. Various
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nuclear, nucleonic, nuclear mechano-electronic instruments and equipment have 
already been made locally and research into nuclear material processing has been 
carried out in BATAN facilities as part of development programmes. The use of 
nuclear energy for electricity has long been considered and gradually become the 
most important BATAN programme with increasing Government interest. Research 
activities in the fields of uranium exploration, mining, processing, purification and 
metallurgy have been progressing, aiming at the ability to make nuclear fuel ele
ments. Also, research activities in the field of reactor safety and feasibility studies 
for a nuclear power plant as well as for management of radioactive waste have been 
carried out. BATAN’s current long term programmes, revised in Repelita IV, cover 
various fields, i.e.

— basic and applied science
— isotopes and radiation
— reactor technology and energy
— fuel cycle technology
— control, safety and the environment
— institute developement.

All activities in these fields are aimed in the long run at mastering nuclear science, 
technology and materials, thus achieving self-reliance in the nuclear field for the 
benefit of the community at large, taking into account the environmental impacts and 
the need for co-operation.

The strategy to achieve these aims is:

(1) to carry out research and development programmes in nuclear science and 
technology which are supported by institutional development to achieve self- 
confidence in nuclear technology

(2) to pursue national as well as international co-operation, enabling transfer of 
technology in the nuclear field, and

(3) to improve the control and safety systems in line with legal requirements in the 
nuclear field and the area of environmental safety.

The objectives of BATAN’s programmes are:

(1) to conduct nuclear research and development emphasizing the medical and 
industrial applications of radiation for the benefit of the community at large

(2) to benefit from the commercial applications of radiation techniques and to posi
tion Indonesia for the commercial production of radioisotopes and 
radiopharmaceuticals

(3) to provide the bases and facilities for personnel training and development
(4) to develop the engineering and technological capabilities to support the timely 

construction and safe operation of nuclear power plants
(5) to develop progressively manufacturing capabilities for nuclear plant compo

nents, starting with nuclear fuel production
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(6) to perform research and development on future advanced nuclear systems, and
(7) to expose and prepare local industry sectors such as engineering, construction, 

manufacturing, etc. for the requirements of nuclear-related activities.

In the short run, these objectives are focused around the construction and operation 
of various nuclear facilities. In the long term, they are focused around the develop
ment of technologies and standards for dissemination to the local industrial sectors 
in Indonesia.

At the beginning of this decade, the facilities where R&D programmes to 
achieve the above objectives could be carried out were identified. Negotiations were 
initiated and contracts were placed with foreign suppliers from western Europe and 
North America for the design and supply of eight nuclear installations at Serpong (the 
multipurpose reactor and seven supporting laboratories) and plans are presently being 
drawn up for several additional facilities. These facilities are presently in various 
phases of design and construction.

The existing offshore contracts which enable BATAN and local industries to 
benefit from the transfer of technology have led to a requirement for excellent project 
management. Therefore, an integrated Project Management Organization (PMO) has 
been set up consisting of BATAN and PBI/Bechtel personnel to facilitate the realiza
tion of all these above mentioned activities. This PMO is responsible for activities 
such as engineering, scheduling, procurement, cost control and quality assurance. 
The organizational relationships of the PMO within the MPR-SL project is shown in 
Fig. 1.

3. BRIEF DESCRIPTION OF THE MPR-SL

The new BATAN nuclear research facilities (the MPR-SL) are located in 
Puspiptek in Serpong, West Java, about 20 km south of Jakarta. The erection of the 
nuclear installation is being carried out in three stages. Phase I installations are now 
under construction, they consist of:

(a) the 30 MW multipurpose reactor installation, expected completion date 
December 1987

(b) the radioisotope installation, expected completion date December 1988
(c) the fuel element production installation, expected completion date August 1987
(d) the experimental fuel element installation, expected completion date October

1988, and
(e) the radioactive waste installation, expected completion date December 1988. 

The Phase II installations consist of:

(a) the radiometallurgy installation, expected completion date July 1990
(b) the nuclear mechano-electronic installation, expected completion date October

1988
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FIG. 1. MRP-SL Project: organizational relationships.

(c) the engineering and safety installation, expected completion date July 1990. 
However the contract is not yet effective.

The Phase III installations are now up for tender. They include.

(a) a neutron physics laboratory
(b) a materials development laboratory
(c) an interim spent fuel storage facility, and
(d) a critical assembly installation.

The layout of these installations, facilities and laboratories is shown in Fig. 2.
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3.1. Reactor installation

The reactor installation, the multipurpose reactor, is a light water moderated 
swimming-pool-type reactor having a thermal output of 30 MW and a peak value of 
thermal flux in the central irradiation position of 5.38 x 1014 n-cm'2-s '. Various 
experimental facilities are incorporated in the reactor design. These include 
numerous vertical irradiation positions, radiography, a power ramp test facility and 
horizontal beam tubes for neutron beam physics experiments and radioisotope 
production.

3.2. Radioisotope installation

The radioisotope installation produces radioisotopes and radiopharmaceuticals 
in two separate areas of the plant. The function of the radioisotope portion of the plant 
is to produce 3 types of fission product and 21 types of activation product 
radioisotopes. The function of the radiopharmaceutical portion of the plant is to 
produce several types of non-radioactive pharmaceuticals (cold kits) and one type of 
radioactive pharmaceutical (generators). The production rate is up to 2000 packages 
per year for the radioisotopes, 30 000 cold kits per year and 12 000 "T cm generators 
per year.

3.3. Fuel element production installation

The fuel element production installation is a standard industrial production 
facility, to be utilized for manufacturing materials testing reactor (MTR) type fuel 
elements (suitable for the MPR) using either U3Og or UA1X fuel having an anual 
capacity of not less than 70 fuel elements of either fuel if the facility is operated 
continuously for eight hours per day. This installation will process the feed material 
(235U < 19.95%) in the form UF6 or U 02 (N03)2 solution and convert that material 
into either UA1X or U30 8 fuel which in turn is fabricated into MTR type fuel ele
ment assemblies to be used by the MPR and probably by other similar types of reactor 
elsewhere.

3.4. Experim ental fuel element installation

The experimental fuel element installation consists of a pilot conversion plant 
(PCP) and a fuel fabrication laboratory (FFL). The PCP is used to process yellow 
cake with a range of contaminant as well as to process uranium powder rejects from 
the FFL. The design output capacity of the PCP is 100 kg of U 02 nuclear grade sin- 
terable powder during a 24-hour workday, while the production rate of FFL is three 
HWR-type fuel elements during a 24-hour day. The design production rate of LWR- 
type fuel elements cannot be calculated at the present time since the equipment 
modifications needed have not yet been defined. The fuel elements are meant for
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research and development of power reactor fuel elements. The FFL is designed to 
use uranium feed stock with an enrichment ranging from natural uranium to 5 wt%
235U.

3.5. Radioactive waste installation

The radioactive waste installation is utilized to process, solidify and provide 
temporary storage for the waste generated at the nuclear facilities at Serpong. Liquid 
radioactive wastes are processed into concentrates and non-radioactive gaseous 
effluents using an evaporation system. Evaporator concentrates, semi-liquid wastes 
and high activity non-compactable solid wastes are solidified in concrete shells using 
a cementation system. Low level solid radioactive wastes are compacted. Concrete 
shells and compacted wastes are transferred to the interim storage available in this 
installation. This installation also provides a complete laundry service for cleaning 
and decontamination of the protective clothing and apparatus used.

3.6. Radiom etallurgy installation

The radiometallurgy installation (RMI) is a functional laboratory designed to 
allow the performance of complete post-irradiation examinations on different types 
of reactor fuels and components.

Destructive and non-destructive examinations are Carried out in a series of ade
quately shielded hot cells. The RMI also contains various non-shielded laboratories, 
maintenance, storage and support facilities as well as dry storage for irradiated fuel 
elements.

3 .7. Engineering and safety installation

The engineering and safety installation contains various facilities for the training 
and development of personnel and techniques to the levels required for the design, 
fabrication, testing and operation of nuclear systems and components for pressurized 
water reactors and pressurized heavy water reactors. This installation also contains 
a workshop and conventional test equipment for performing destructive and non
destructive examination.

3.8. Nuclear mechano-electronic installation

The nuclear mechano-electronic installation houses experimental and fabrica
tion equipment suitable for a wide range of activities. This equipment is installed in 
three separate laboratory buildings: an electronic and special equipment building, a 
mechanical and electrical workshop building, and a cyclotron building. In addition, 
there is a media energy supply building housing the utility services required for the 
operation of this installation.



IAEA-SM-291/20 2 6 9

A fully instrumented meteorological tower has been erected at the site for the 
collection of meteorological and climatic data. Not related to the nuclear facilities 
construction but located at Serpong is also an operations centre building housing the 
offices of the BATAN management, administrative and support personnel.

4. THE UTILIZATION PROGRAMMES OF THE MPR-SL

The aims of the utilization programmes of the MPR-SL fall into four major 
categories:

(a) nuclear research and development
(b) commercial utilization aspects
(c) personnel training and development
(d) local industry development.

Figure 3 shows the relationships of the utilization programmes of the MPR-SL, while 
Fig. 4 shows the facilities available in the MPR.

4.1. Nuclear R & D  programmes

These programmes emphasize the medical applications of radioisotopes and 
radiation, nuclear technology for power generation and fuel development, waste 
management, and basic research in various fields.

4.1.1. Medical applications

In the medical applications field, the facilities will be used:

(a) to develop new radiopharmaceuticals for medical diagnostic purposes
(b) to study radiation biology and radiation dose effects in therapy
(c) to collaborate with medical specialists in the development of diagnostic and 

therapeutic techniques.

In-core and out-of-core irradiation facilities and rabbit systems are provided in the 
reactor installation to perform various irradiation experiments. Beam tubes for chan
nelling neutron beams are also provided to carry out neutron scattering activities out
side the reactor pool environment.

In the radioisotope installation various laboratories are provided to support this 
research work. These include uranium assay, non-uranium analysis, analytical instru
ments, wet preparation, incubator, bio-assay and animal laboratories.
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4.1.2. Nuclear technology

Research programmes in the nuclear technology field are in progress

(a) to evaluate the benefits and potential uses of nuclear energy for power genera
tion in Indonesia

(b) to prepare for the implementation of Government decisions for the utilization 
of nuclear energy in power generation

(c) to investigate materials and fuel behaviour and to contribute and participate in 
international research and development programmes

(d) to assure safe, reliable and economic operation of nuclear power plants
(e) to build scientific and technological bases to enhance local industrial participa

tion in nuclear energy programmes.

The high flux 30 MW research reactor facilities are designed for the simulation 
of power reactor conditions and for testing of various fuel designs and reactor compo
nents. A power ramp test facility will be used to carry out startup ramps on power 
reactor fuel. The experiments take place in rechargeable capsules and are part of a 
programme for non-destructive fuel examination. Research will also be carried out 
to study the behaviour of fuel pins and fuel bundles under power reactor irradiation 
levels and thermohydraulic conditions.

Facilities for nuclear fuel manufacturing, irradiation and examination constitute 
a major portion of this complex. The fuel development programmes are tailored to 
benefit from the neutron radiography facility incorporated in the reactor installation.

In the radiometallurgy installation a multitude of post-irradiation destructive and 
non-destructive examinations as well as chemical and radiochemical analyses will be 
carried out. Testing of components, whether imported or locally produced, to assure 
safety and to satisfy regulatory requirements will be carried out in this laboratory.

4.1.3. Waste management

Without exception all the facilities at the BATAN nuclear complex at Serpong 
generate different types of radioactive waste in varying quantities and with varying 
activity levels. As a consequence, a waste management programme has been devised. 
This programme aims:

(a) to provide the facilities and services for safe handling and disposal of 
radioactive wastes generated

(b) to carry out the research and development in waste handling and disposal tech
niques to optimize these capabilities

(c) to develop a waste disposal policy for future radioactive wastes generated in 
Indonesia.

The radioactive waste installation has been designed with the above in mind. It 
is further equipped with laboratories for the development of various volume reduction 
and waste solidification technologies.
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Various other programmes have been contemplated to provide scientific 
services to the rest of the research programmes and the nuclear complex as a whole, 
and to ensure that these services, some of which are unique, are made available to 
the Indonesian community at large. The services cover computer services, 
instrumentation, environmental monitoring, materials science, and specialized design 
and fabrication techniques.

The facilities to carry out these services are organized in the various groups of 
laboratories within the nuclear research complex. Computer capabilities are 
incorporated in the nuclear mechano-electronic installation (NMEI). The NMEI 
offers facilities for conducting research activities on various aspects of material per
formance. Manufacturing and development of specialized instrumentation will be 
carried out in this installation. This facility, like all the others at this site, will be used 
for the training of scientists, engineers and technicians.

The workshops in the engineering safety installation will be used to design and 
fabricate the apparatus needed to carry out various neutron irradiation services and 
experiments. This installation will also contain facilities to perform specialized cold 
non-destructive testing services.

Throughout the performance of these activities, safeguarding of the environ
ment will be strictly observed. Environmental monitoring and evaluation 
programmes have been established to assure compliance with locally and internation
ally accepted standards for personnel and environment protection.

4.2. Com m ercial utilization aspects

In addition to conducting research and development activities at the nuclear 
research complex in Serpong, the research reactor and supporting laboratories will 
be used for related commercial activities. These include applications in the medical 
field, industrial applications of radioisotopes and radiation and miscellaneous nuclear 
and scientific services.

4.2.1. Medical applications

In the medical field, BATAN aims to help meet the need for and expand the 
production capabilities of radioisotopes and to improve the manufacturing methods 
and quality control of radiopharmaceuticals in Indonesia.

As the sole Indonesian producer of radioisotopes, BATAN has a responsibility 
to maintain and expand its expertise in this area. The radioisotope installation under 
construction at the Serpong site is designed to achieve these objectives. In the reactor 
installation, in-core and out-of-core irradiation facilities have been incorporated to 
support these activities. Also, one of the six beam tubes is dedicated for the produc
tion of 125I.

4.1.4. Basic research and miscellaneous services
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4.2.2. Industrial applications

The various facilities in the BATAN nuclear research complex will be
instrumented for improving and expanding the industrial applications of radiation.

BATAN aims at:

(a) developing radiation techniques for use in industry
(b) applying neutron and particle beam techniques in industry and other areas of

national interest
(c) implementing the industrial application of radiation in food sterilization and 

preservation
(d) developing and maintaining nuclear radiation equipment for scientific and 

industrial applications.
Following past practice, research and development in the scientific and indus

trial applications of radioisotopes and radiation will be made available to industry and 
outside organizations to benefit ultimately the community at large. Typical areas of 
application are the use of tracers and the use of isotope sources, reactor beams and 
particle beams for materials analysis and characterization as well as studies of 
geological samples, uranium assay, surface characterization, industrial radiography 
and imaging. Radioactive sources will be used for studies of surface water (e.g. flow 
rates of streams, dynamics and leakages from lakes, reservoirs and canals) and in 
groundwater hydrology. Radioactive sources will also find uses in agricultural 
applications such as fertilizers, pest elimination and control and plant mutation. 
Investigations of microbiological aspects of radiation processing and research into 
new applications of radiation sterilization, disinfection and preservation methods will 
also be carried out.

Work on the development of solid state and nuclear instrumentation radiation 
detectors and the development of working standards for radioactivity and absorbed 
dose will also be carried out in these facilities.

4.2.3. Miscellaneous nuclear and scientific services

A variety of nuclear services will be made available by BATAN in these 
installations. These services will be extended to national and international organiza
tions and government agencies on a competitive cost basis.

Irradiation facilities in the reactor core will be made available for experimental 
and research related activities. The in-pile and out-of-pi!e test loops will also be avail
able for conducting joint research or for carrying out tests desired by customers.

The radiometallurgy installation is designed with a capacity to perform post
irradiation examinations on six fuel elements per year. At present BATAN anticipates 
the use of this facility for two elements per year while the remainder of the capacity 
will be made available for post-irradiation examinations of various types of fuel ele
ments (MTR/LWR/HWR) and reactor components.
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The various computing facilities at the BATAN nuclear research complex will 
also be made available for the scientific community, universities and other users.

4.3. Personnel training and development

Some of the nuclear research and development programmes are already under 
way at the nuclear installations operated by BATAN in Bandung, Yogyakarta and 
Jakarta.

The multipurpose reactor and supporting laboratories constitute a significant
expansion of these facilities, resulting in a major increase in the size of the BATAN
organization. As a consequence, and recognizing the importance of these projects and 
the various development and research programmes to the overall national develop
ment efforts, BATAN has recently undergone a major reorganization. This 
reorganization recognizes the increasing role of BATAN in establishing standards, 
providing training and developing local industries in preparation for future nuclear- 
related activities in Indonesia.

Throughout the various phases of design, construction and operating of the 
research reactor and supporting laboratories, BATAN aims to develop the technical 
skills and manpower for nuclear-related activities. Personnel training and develop
ment are considered a major undertaking necessary to support the present and fiiture 
activities. Various training schemes have been devised and incorporated in contracts 
with foreign suppliers and other bilateral agreements. These include:

(a) Training carried out under the provisions of the various supply contracts. About
300 individuals will be trained under the Phase I and Phase II contracts;

(b) Government-to-Government exchange programmes where about 100 
individuals will be trained;

(c) Training for about 250 individuals financed by the World Bank; and
(d) On-the-job training for about 100 individuals throughout the design and con

struction phases of the nuclear reasearch complex at Serpong.

BATAN is also working very closely with the higher education cadres in 
Indonesia to achieve the manpower recruitment necessary to support the nuclear 
development programmes. Key and experienced personnel from the existing BATAN 
facilities have been called on to support the training activities as well as the operation 
of the new facilities [4].

4.4. Local industry development

In order to prepare for the implementation of future plans for the use of nuclear 
energy in power generation, the development of local industries such as engineering 
services, component manufacturing and construction are considered an integral part 
of the national development programme.
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The design and construction of the multipurpose research reactor and support
ing laboratories provide the means for exposing the local industries to the stringent 
quality standards required for nuclear facilities. Table I shows the differentiation of 
scope of supply of Phase I and Phase II. В denotes BATAN and local industries.

The basic engineering and process systems design for all facilities has been per
formed by the foreign facility supplier. The detailed design of all structures and 
process support systems has been carried out by local firms; difficulties have been 
encountered but this is always the case at the beginning of any learning process. It 
is believed that once the learning phase is passed, the capability to perform the more 
sophisticated designs will have been acquired.

With the exception of a few specialized activities, all construction work at the 
nuclear research complex at Serpong is being carried out by Indonesian contractors. 
In some instances, the local contractors were encouraged to form joint ventures with 
more experienced firms to perform the construction activities with the required 
quality and to meet the tight schedule requirements. The progress in this area has 
been more visible than in any other. BATAN believes that, given more opportunities 
under the proper guidance, local industries will be able to participate fully in future 
nuclear energy programmes.

BATAN continues to encourage the transfer of technology between industries 
from the industrialized countries and the Indonesian local industries in any form 
possible.

5. CONCLUSION

The MPR-SL project and utilization programmes are the most important 
BATAN actitivies. They harmonize with and support the transformation of the 
Indonesian economy. The construction of the MPR-SL has provided the means for 
exposing the local industries to the stringent requirements of the nuclear industry, 
which is a very important step towards more sophisticated nuclear power plant 
construction in the future. Through the conduct of various training schemes such as 
on-the-job training at home and abroad throughout the design and construction phases 
as well as other training related to the MPR-SL, BATAN’s personnel and local indus
tries have an excellent opportunity to gain and absorb knowledge and experience for 
future nuclear programmes. Moreover, through the conduct of operations, experi
ments, and research and development activities it is hoped that production-scale 
capacities can be reached and the technologies developed for the future utilization of 
nuclear energy in power generation.

BATAN has already encouraged and continues to welcome the participation of 
organizations and government agencies from other countries in the utilization of the 
MPR-SL to the maximum extent possible for mutual co-operation.
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Abstract

N U C L E A R  R E S E A R C H  R E A C T O R  ACTIVITIES IN GREECE.

The main research and development activities performed in the Greek Research Reactor 

(GRR-1) by the reactor research and operation group of the Nuclear Technology Department 

in recent years are described. These activities are mainly the following: (a) development of 

experimental and computational methods for identifying GRR-1 parameters by stochastic ana

lysis and study of the reactor’s dynamic behaviour and reliability ; (b) development of methods 

and techniques in neutron dosimetry and fuel burnup calculations; (c) reliability and fault 

detection techniques for large scale systems, methods of analysis for reliability and availability 

of systems involving a high level of risk and optimal supervision and failure detection; (d) feasi

bility studies on conversion of the present high enriched core to a low enriched one, and studies 

on safety-related parameters affected by such a core conversion; and (e) revision of the safety 

analysis report to include all changes and modifications made in GRR-1 systems and to cope 

with the new trends and considerations of reactor safety.

1. INTRODUCTION

The Greek Research Reactor (GRR-1 ) of the National Research Centre for 
the Physical Sciences (NRCPS) Democritos has been used since 1961 for basic 
research, development and applications in the fields of reactor physics, neutron 
diffraction and spectroscopy, cross-section determination, solid state physics, 
radiation damage, hot atom and nuclear chemistry and biological studies. The 
reactor is also used for activation analysis programmes, radioisotope production, 
and as a gamma source, as well as for educational and training purposes.

The reactor satisfies the relevant needs of the NRCPS Democritos labora
tories.

The main activities during the last five years of the reactor research group 
and the operation team are considered in the following sections.

279



280 ANOUSSIS et al.

Many modifications and improvements made to the reactor systems and the 
instrumentation of the control room and their operational conditions and perfor
mance have been analysed and tested. For the normal and safe operation of the 
research reactor as well as for calculational and experimental purposes the physi
cal and engineering constants and parameters of the reactor core are continously 
under observation.

2.1. Theoretical work

In the theoretical area a considerable amount of work has been done [1-7] 
on the identification, simulation, modelling and safety of nuclear reactors. More 
specifically the following activities can be mentioned here:

Reactivity meter: The time-varying reactivity input of a nuclear reactor system 
is computed by employing neutron level measurements. The reactor is assumed 
to be given in its integral equation representation and the reactivity is reconstructed 
by means of its block-pulse function series approximation. The method provides 
simple formulas for computing the coefficients of the series and hence the reactivity. 
The effectiveness of the method was tested for the case of a step reactivity input. 
The computational example shows that the accuracy of the technique is good [4].

Using analogue techniques and current microprocessor systems, an on-line 
reactivity meter (monitor) can be easily constructed.

Similar results can be obtain when the Walsh series representation of the 
reactivity is used.

Both Walsh and block-pulse functions are finding increasing application in 
systems and control analysis and design.

Coupled-core reactor simulation and identification : For a class of coupled-core 
nuclear reactor systems the parameter identification problem is solved using the 
Walsh expansion technique. The coupled-core reactor model is based on the 
assumption that the time delay distribution function between cores has the 
simple lag form:

2. REACTOR PARAMETER IDENTIFICATION

The technique provides the means for the identification of all parameters of 
interest, although it was tested only for the identification of coupling time constant 
T [5] by an illustrative numerical application.

2.2. Parameter measurements

In the area of parameter measurements considerable preparatory work has 
been done on reactor noise analysis.
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The main reason for this is that noise analysis can give important and inte
resting information with non-intrusive techniques, generally using ‘passive listening’ 
techniques, without constraints, when performing noise measurements [8, 9].

The objectives of reactor noise analysis are to:

— determine physical parameters and general dynamic characteristics of the 
reactor and

-  monitor the reactor components and operational states, and to detect 
abnomalities and instabilities.

We are interested in reactor systems dynamic analysis, in which neutron 
flux, core coolant flow and temperatures are process signals of special interest, 
in obtaining quantitative information on process parameters, strength of noise 
sources and transfer functions of subsystems.

We are preparing to measure the a = ß/A in critical and subcritical states 
by using neutron noise analysis and power density function measurements.

Another application is thermal hydraulics monitoring to detect local boiling 
in a fuel element caused for instance by flow blockage.

For the above measurements special instrumentation and a period of prelimi
nary measurements and calibrations of the hardware instrumentation as well as 
software programming are needed.

Analogue instrumentation and a digital computer with analogue-digital 
converters (ACDs) are interfaced for correlation function measurements and 
power spectral density estimation by fast Fourier transforms.

Lastly, mention may be made of an activity which does not refer to reactor 
parameter identification but is closely related to it since it involves statistics of 
random processes such as the disintegrations of radioactive isotopes. More speci
fically, it concerns the study of a short-lived metastable daughter isotope in 
equilibrium with its long-lived parent. A method has been developed [10] to 
determine the half-life of the short-lived isotope by measuring the variance-to- 
mean ratio (VTMR) of the number of decays for different time intervals and 
seeing how the VTMR deviates from unity, which is the case in random processes 
obeying Poisson statistics. This deviation is due to:

(a) the correlation between parent and dughter disintegrations, and
(b) short daughter half-life in relation to the counting time intervals employed.

3. NEUTRON DOSIMETRY

Exact knowledge of the neutron flux in and around the core of the GRR-1 is 
of primary importance both for the operation and the utilization of the reactor.

Routine mapping of the thermal and epithermal neutron flux is performed 
using gold foils and suitable foil holders (stringers), allowing exact positioning
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FIG. 1. Experimental set-up for burnup measurement.

of the foils inside the fuel elements and the irradiation positions in the reflector. 
The neutron flux is determined by measuring the gamma activity of 198Au in a 
suitably calibrated Ge-system.

The flux maps obtained as described above are used in a home-made computer 
program running on the HP-85 computer to calculate fuel element burnup, on 
which the core management scheme and the safeguards-related reports are based. 
Threshold detectors are also employed for the determination of the neutron flux 
at various energy intervals.

A new technique for the continous monitoring of the in-core thermal 
neutron flux is currently under development. Two rhodium self-powered neutron 
detectors (length 2.5 cm and 60 cm) are employed for this purpose, and the 
readings are registered on line on the HP computer.

Finally, an independent method for the determination of the fuel element 
burnup is under development. The method is based on the isotopic correlation 
technique. An isotopic correlation is a relation between the measured amounts 
of certain fission products (i.e. 134Cs, 137Cs, ls4Eu) present in irradiated fuel and 
the parameter of interest (i.e. burnup).

The fuel element under examination is hanging in the reactor pool, in front 
of a collimator leading to the dry irradiation chamber, where a Pb-shielded Ge 
detector and counting electronics are used for the measurement of the fission 
product ratio (Fig. 1). The isotopic correlation is obtained by using a fuel element 
of known burnup.

4. RELIABILITY ANALYSIS

Concerning systems reliability and fault detection, there is co-operation 
between the Nuclear Technology Department and the Group of Control and 
Automation of the National Technical University of Athens. This co-operation 
is the best way to benefit both institutions in their goals and is a requirement



IAEA-SM-291/28 283

for obtaining valuable results, taking into consideration the limited resources, 
manpower and expertise.

Before proceeding to applications on the reactor control and operation 
systems valuable work was done on theoretical considerations in the area 
of reliability, maintenance and fault detection of nuclear power reactors [ 11-14].

In the reliability area, a repairable stand-by system of assemblies with a 
hierarchical structure was studied and optimized, via the generalized minimum 
principle, by selecting appropriate maintenance control laws. A model of a 
repairable stand-by system with repair facilities subject to breakdowns was also 
studied.

In the area of fault detection an up-to -date survey of the available techni
ques was made and a method was developed for detecting sensor failures in large 
scale systems. A similar observed-based failure detection scheme for distributed- 
parameter systems was also developed and applied to distribution systems.

As regards a fault-tolerant controller a scheme was proposed and tested by 
simulation and by building an experimental set-up using Z80 microprocessors.

5. HEU TO LEU CORE CONVERSION

Since its upgrading in 1971 to 5 MW power, the GRR-1 has been operating 
with 93% enriched fuel. Following the signing of the Non-Proliferation Treaty 
and the establishment of the Reduced Enriched Research and Test Reactor 
(RERTR) programme by the US Department of Energy, the reactor operation 
team has taken an active interest in the conversion o f the reactor from high 
enrichment uranium (HEU) to low enrichment uranium (LEU).

A preliminary study [15] carried out in 1981 showed that conversion of 
the GRR-1 from HEU to LEU would be feasible using fuel of density 2.1 g/cm3, 
without any major overhaul of the reactor configuration, and without any 
deterioration in the neutron flux, the core cycle and the safety coefficients.
The current availability of higher density silicide fuel will facilitate the conversion.

In order to faciliate the study of LEU cores in comparison to the existing 
HEU core, the University of Michigan computer code package (i.e. LEOPARD,
2 DBUM) has been obtained and modified to run on the Democritos PRIME 9950 
computer. Further, GAEC has signed an agreement with the USDOE for the 
supply on a loan basis of 5 kg of 19.5% enriched uranium for the manufacture 
of LEU fuel elements for experimental and test purposes. Parallel to this, an 
agreement with the USDOE for technical co-operation under the auspices of 
the RERTR program is pending for signature.

The scheduled activities of the GRR-1 conversion programme include:

— silicide fuel parameter determination
— manufacture of four or five LEU fuel elements
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— parameter determination of HEU-LEU mixed core
— safety analysis for the mixed core
— experimental work with the mixed core
— use of the LEU fuel element in normal reactor operation at 5 MW
— LEU core calculations, etc.

For the HEU to LEU conversion the financial aspects of the programme 
must be seriously considered since the manufacture of LEU fuel costs more than 
that of HEU fuel.

6. REVISION OF THE SAFETY ANALYSIS REPORT

The Hazards Evaluation Report for the GRR-1 was prepared in 1970, descri
bing the reactor and connected systems for operation at 1 MW [16].

This report was updated in 1971 for reactor operation at 5 MW, considering 
all changes to the core and the control system, as well as the necessary modifica
tions of the cooling system for power upgrading (Annex of Ref. [16]).

The Hazards Evaluation Report contained a safety analysis concerning a 
good number of credible accidents. A fuel element dropping into a critical core 
had been considered as the maximum credible accident (MCA) and its consequen
ces to the reactor site and the environment were evaluated.

Ten years later, a revision of the 1971 Hazards Evaluation Report was consi
dered necessary in order to include all changes and modifications to the Greek 
research reactor as well as new trends and considerations in reactor safety.

The new Safety Analysis Report (SAR), prepared in 1985 [17], follows the 
format given in the IAEA Code of Practice [18].

In the new SAR, coolant flow blockage in one or more fuel elements is 
considered as the maximum credible accident (MCA), since the release of fission 
products from fuel failure due to this accident is greater than for any other 
credible accident described in this SAR. Using very conservative assumptions, 
a consequence analysis has been performed by the CRAC2 code and the relevant 
results are shown in Figs 2 and 3. These results suggest that the consequences of 
the fuel blockage accident considered as the MCA for GRR-1 are more or less 
trivial, in spite of the very conservative assumptions made. The concept of design 
basis accident (DBA) is also introduced in this report. The DBA is a postulated 
accident for which the potential risk to the public is greater than that from any 
credible accident.

The DBA for the GRR-1 is taken to be the loss of coolant accident (LOCA) 
resulting from a guillotine break of the outlet pipe of the primary cooling system 
penetrating the bottom of the reactor pool. Again using pessimistic assumptions 
and without taking into consideration engineering safety features to mitigate the 
consequences, the analysis performed by the Greek version of the CRAC-2
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FIG. 2. Acute bone marrow dose versus distance from GRR-1 fuel blockage accident.

code, gives results with no acute effects, which, however, though not significant 
(with t.he exception of non-fatal thyroid effects), cannot be considered as trivial [17].

The engineered safety features provided for the GRR-1, e.g. butterfly valves, 
the emergency core cooling system, the ventilation system, etc., are intended to 
mitigate or even eliminate the effects of the DBA on the environment.

This new SAR also includes new chapters on quality assurance and conduct 
of operation. Other important topics of GRR-1 safety considered in relevant 
appendixes are evaluation of the earthquake design bases for the GRR-1 site, 
personnel qualification and licences, duties of personnel, technical specifications 
and emergency plans and preparedness.

The SAR has been submitted for review to the Reactor Safety Committee 
appointed by the Governing Board of the Greek Atomic Energy Commission 
(GAEC), which is the official state regulatory body.
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FIG. 3. Acute thyroid dose versus distance from GRR-1 fuel blockage accident.

7. EDUCATIONAL AND TRAINING ACTIVITIES IN GRR-1

GRR-1, being the only research reactor in Greece (with the exception of a 
subcritical assembly owned by the Technical University of Athens and another 
owned by the University of Salónica), has been widely used for educational and 
training purposes either independently or in collaboration with the universities, 
mainly the University of Athens and the National Technical University of Athens.

The more important activities in the area of education can be summarized 
as follows:

— Laboratory experiments for university students mainly on topics such as 
foil activation, neutron flux measurement, control rod calibration, etc. 
About 70-100 students per academic year gain experience.

— Diploma theses. Some 60 university students elaborated their diploma 
theses (final year projects) in GRR-1 on topics pertaining to a vast variety 
of scientific and technical areas, such as thermal neutron diffusion length
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measurements, burnup calculations, fast fission factor determination, neutron 
energy spectrum determination, neutron dosimetry, activation analysis, fission 
product implantation in various materials, counting techniques, coincidences 
and absolute measurements, flux distributions, fission product poisoning, 
Fermi age determination and many others.

-  Postgraduate education. A few students per year attend graduate courses
at the GRR-1 (Reactor Physics, Nuclear Technology, Physics and Dosimetry 
of Nuclear Radiations) as a partial requirement for their doctorate degree in 
relevant topics. These students study mainly on a GAEC sholarship.

-  Informing and training state officials on topics related to radiation, neutron 
activation, use of radioisotopes, etc.

-  Lastly, it may be mentioned that hundreds of students, officers, scientists, 
etc., visit GRR-1 each year and are familiarized with the activities which 
take place in it, as well as with other topics related to nuclear energy and 
its peaceful applications.
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Abstract-Résumé

T H E  ROL E  OF R E S EARCH REACTORS.

The CEA's research and development (R&D) programme has depended primarily on its multipur

pose research reactors set up over thirty years ago in the four research centres at Fontenay-aux-Roses, 

Saclay. Grenoble and Cadarache (ten reactors in all). The role of research reactors is described in the 

light of the experience gained, namely: (1) technological development as manifested in PWR, fast 

breeder, HTR, fusion and other nuclear power generation systems; (2) basic metallurgical research; (3) 

basic ejected beam diffraction research; (4) production of radioisotopes; (5) training of personnel 

involved in nuclear research and applications; and (6) non-destructive and activation analysis. Five types 

of reactors can be identified according to their power output and their applications, based on the French 

examples. A  country which wishes to develop a national programme should select, according to its 

objectives and scientific and industrial resources, from the various solutions without overlooking the 

opportunities for co-operation with a country which is more advanced in the nuclear field. This co

operation may involve the joint definition and implementation of a basic training programme, training 

assistance through the establishment of a training unit and finally the establishment of an R & D  introduc

tory programme, including visits by scientists and technicians to facilities in the country which is more 

advanced in the nuclear field and full use of its resources.

LE R OLE DES REACTEURS D E  RECHERCHE.

Le programme de R & D  du C E A  s’est appuyé en particulier sur ses réacteurs de recherche 

polyvalents mis en œuvre depuis plus de trente ans dans les quatre centres d’études nucléaires de 

Fontenay-aux-Roses, Saclay, Grenoble et Cadarache (10 réacteurs au total). A  la lumière de 

l’expérience ainsi acquise, on décrit le rôle des réacteurs de recherche, à savoir: 1) le développement 

technologique appliqué aux filières électronucléaires REP, NR, RHT, fusion, etc.; 2) la recherche 

métallurgique fondamentale; 3) la recherche fondamentale par diffraction sur faisceaux sortis; 4) la 

fabrication de radioéléments; 5) la formation du personnel de recherche nucléaire et d’utilisation de 

l’énergie nucléaire; et 6) les analyses non destructives et analyses par activation. On distingue en outre
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cinq types de réacteurs, suivant leur niveau de puissance et leurs applications en s’appuyant sur des 

exemples français. Un pays désirant développer un programme national devra choisir, suivant ses objec

tifs et ses moyens scientifiques et industriels, parmi les différentes solutions, sans oublier les possibilités 

d’une coopération avec un pays plus développé dans le domaine nucléaire. Cette coopération peut com

porter la définition et la mise en œuvre communes d'un programme de formation de base, l'assistance 

à la formation par la mise en place d'une unité de formation, et, enfin, la mise en œuvre d'un programme 

d'initiation à la R & D  comportant le séjour de scientifiques et techniciens sur les installations du pays 

le plus avancé dans le domaine nucléaire, et l’utilisation en vraie grandeur de ses moyens.

1. INTRODUCTION

Le développement scientifique et technique du Commissariat à l’énergie ato
mique (CEA) s’est appuyé sur ses réacteurs de recherche nombreux et variés qui ont 
été successivement construits dans les quatre centres d’études nucléaires de 
Fontenay-aux-Roses, Saclay, Grenoble et Cadarache.

C’est en effet autour de tels équipements que chercheurs et ingénieurs ont pu 
développer leurs travaux dans de nombreux domaines: recherche fondamentale 
(physique des matériaux, physique et chimie nucléaire, physique neutronique, etc.), 
recherche appliquée aux matériaux constitutifs des filières des centrales 
électronucléaires, production de nouveaux matériaux obtenus par transmutation 
nucléaire (radioéléments artificiels, silicium dopé), analyse par activation.

Parmi les réacteurs construits par le CEA, on peut distinguer les différents types 
suivants:
a) Les assemblages critiques, principalement utilisés pour des études de physique 
neutronique spécifiques de telle ou telle filière. Une dizaine de ces installations ont 
été construites.
b) Les réacteurs uniquement dévolus aux études de sûreté qui fonctionnent au 
Centre d’études nucléaires de Cadarache où ils sont utilisés pour des études de situa
tions accidentelles sur les réacteurs de puissance des différentes filières.
c) Les prototypes de réacteurs de puissance tels G l, G2 et G3 pour la filière 
graphite —gaz, Rapsodie et Phénix pour la filière à neutrons rapides, ou EL4 pour 
la filière a eau lourde.
d) Les réacteurs entièrement dévolus à la recherche fondamentale: le réacteur à 
haut flux de l’Institut Laue-Langevin, où le CEA est partie prenante avec le CNRS 
et des organismes allemands et anglais, et le réacteur Orphée (14 MW) de Saclay qui 
fonctionne depuis 1980.
e) Les réacteurs dits,«de recherche» qui sont des réacteurs polyvalents installés 
dans les centres d’études nucléaires: Siloé (35 MW) et Mélusine (8 MW) à Grenoble, 
Osiris (70 MW) à Saclay. Associées à ces réacteurs existent leurs maquettes neutro- 
niques: Siloette et Isis. C’est à ces réacteurs polyvalents qu’est consacrée cette 
communication.
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2. ROLE DES REACTEURS DE RECHERCHE POLYVALENTS

2.1. Rôle en recherche appliquée

La recherche appliquée concerne principalement le développement des 
réacteurs de puissance.

Le réacteur de recherche permet, par l’expérimentation sur le combustible, sa 
gaine, mais aussi sur les structures du réacteur (béton, graphite, instrumentation, 
etc.), de poursuivre un programme de recherche et développement ou un programme 
de sûreté et de contrôle des procédés et matériaux.

L’étude des dommages induits dans ces matériaux peut se faire dans plusieurs 
directions:

— sur le plan de l’étude du comportement, dans les conditions normales de fonc
tionnement prévues;

— sur le plan des conditions accidentelles envisageables (surpuissance, dépressuri
sation, etc.);

— sur le plan du contrôle des matériaux utilisés ou envisagés.
Dans un réacteur de recherche, ces essais ne peuvent se faire sur un grand 

nombre d’éléments identiques, d ’où un manque de statistiques, mais les avantages y 
sont importants par rapport aux essais dans le réseau de la centrale de puissance. En 
effet, l’instrumentation d’un échantillon peut être poussée (mesures de pression, de 
température, de flux, etc.) et de nombreuses études peuvent y être faites sur les gaz 
de fission (mesure du gonflement, analyse par gammamétrie, etc.) ainsi que sur la 
tenue du combustible (neutrographie, etc.). Par ailleurs, les risques y sont moindres, 
les différents essais de simulation peuvent y être poursuivis, et les flux importants 
obtenus dans ces réacteurs permettent de réduire la durée des expériences. Enfin, on 
peut y pratiquer la réirradiation, technique qui consiste à réirradier un combustible 
ayant déjà séjourné dans un réacteur de puissance.

Plus que de mettre au point des matériaux, il s’agit aujourd’hui de mieux com
prendre et d’analyser les différents phénomènes induits par les rayonnements. Ces 
connaissances sont nécessaires pour améliorer les performances des réacteurs de 
puissance et pour les rendre plus sûrs.

Aussi, les principales études qui exigent des essais se répartissent comme suit:
— les études méthodiques des matériaux de structure, y compris les combustibles, 

ou de matériels (tubes, soudures, capteurs, câbles électriques, etc.) dans les condi
tions de fonctionnement normal;

— les études de comportement dans des conditions anormales qui peuvent aller 
jusqu’aux limites de la rupture;

— les études de sûreté nécessaires à l’interprétation des phénomènes; elles permet
tent de préparer les essais globaux de sûreté réalisés ensuite dans les réacteurs 
spécialisés;

— les études sur le dégagement des produits de fission, qui nécessitent l’utilisation 
de boucles spéciales généralement incompatibles avec les exigences du fonction
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nement des réacteurs prototypes; enfin, toutes les études paramétriques de 
compréhension.

Avec les résultats de ces études, des codes de calculs fiables peuvent être mis 
au point pour simuler le comportement des réacteurs de puissance en toutes 
circonstances.

L’obtention de ces résultats impose l’utilisation de boucles et capsules d’irradia
tion spécialisées et dotées d’une instrumentation très fine. Ces expériences, en raison 
de leur complexité, ne peuvent être généralement réalisées que dans des réacteurs de 
recherche polyvalents et non pas dans des réacteurs prototypes ou spécialisés.

Enfin, il faut souligner que, face à l’évolution des programmes d’essais techno
logiques, les réacteurs de recherche polyvalents ont prouvé qu’ils pouvaient être 
adaptés rapidement pour un coût raisonnable.

Il existe un grand nombre d’études et d’essais qui ne peuvent être réalisés que 
dans ces réacteurs. Ceux-ci restent donc des outils indispensables. Ils sont com
plémentaires des réacteurs prototypes de filières, des centrales de puissance et des 
réacteurs d’essais de sûreté.

2.2. Rôle en recherche fondamentale

La recherche fondamentale autour des réacteurs s’est développée en utilisant, 
d ’une part, les faisceaux sortis de neutrons et, d’autre part, des dispositifs expéri
mentaux particuliers introduits dans la piscine, près du cœur des réacteurs (source 
froide par exemple).

Actuellement, l’essentiel de la recherche fondamentale est effectué en utilisant 
les faisceaux sortis de neutrons et concerne des études de diffraction et de diffusion 
de neutrons par la matière.

L’expérience acquise au cours des dernières années a bien fait apparaître les 
atouts particuliers des faisceaux de neutrons thermiques pour l’étude de la matière 
condensée, en complément aux autres moyens tels que rayons X, photons, électrons, 
rayonnement synchrotron. En effet:

— leur utilisation conduit à des interprétations claires et simples, par exemple dans 
le domaine du magnétisme;

— la diffraction et la diffusion neutronique rendent possible l’étude simultanée des 
structures et des mouvements des atomes;

— le fort pouvoir dé pénétration du neutron s’accommode d’une grande diversité 
dans la nature des échantillons et permet de mettre en œuvre des conditions 
expérimentales très variées (pression, température, état magnétique, etc.).

2.3. Production par irradiation neutronique

Les flux neutroniques intenses qui régnent au voibinage des cœurs des réacteurs 
de recherche sont utilisés depuis la construction de ces réacteurs pour produire des 
corps nouveaux par transmutation nucléaire. Cette production concerne aujourd’hui
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essentiellement trois applications: les radioéléments, le silicium dopé et l’analyse par 
activation.

Outre la médecine, l’utilisation des radioéléments s’est étendue à presque toutes 
les branches de l’activité scientifique, de la biologie fondamentale jusqu’au contrôle 
non destructif. Les utilisations à des fins médicales portent sur la télégammathérapie 
et le diagnostic in vivo et in vitro. Les applications industrielles sont essentiellement 
la gammagraphie et le contrôle de fabrication par des jauges de mesure.

Les productions principales qui sont faites dans les réacteurs Osiris, Siloé et 
Mélusine sont constituées pour la médecine par l’iridium sous forme de fils, par le 
cobalt sous forme de grains (utilisé essentiellement en cobaltothérapie) et par le 
44Tcm qui est produit à partir de la fission de l’uranium 235, ce qui permet d’obtenir 
des activités spécifiques beaucoup plus élevées que par la méthode classique d’activa
tion du molybdène.

Les productions pour l’industrie concernent principalement le cobalt sous forme 
de plaquettes pour le contrôle non destructif des matériaux, la conservation des ali
ments, la chimie sous rayonnement, la décontamination bactérienne, etc.

De nombreux autres radioéléments sont produits, notamment des terres rares, 
qui sont utilisés comme traceurs.

La fabrication de silicium dopé, pour l’industrie des composants électroniques, 
est obtenue par irradiation neutronique de monocristaux de silicium.

Par capture de neutrons, un isotope du silicium se transmute en atome de phos
phore. Il importe que le flux de neutrons rapides, qui endommage le silicium, soit 
faible devant le flux de neutrons thermiques qui provoquent la transmutation. Ceci 
est obtenu dans le réflecteur des piles piscines.

La qualité de ce procédé de dopage au phosphore du silicium est excellente: on 
peut ainsi obtenir, avec une grande précision, une très bonne homogénéité du dopage. 
Par là même, il est possible de traiter des monocristaux de grande dimension jusqu’à
10 cm et même 13 cm de diamètre sur une hauteur de plusieurs dizaines de 
centimètres. La production en France, qui est faite dans les réacteurs de recherche 
du CEA, est en plein essor. Elle atteint, à l’heure actuelle, plusieurs tonnes par an.

L’analyse par activation est pratiquée depuis l’origine dans les réacteurs de 
recherche. Elle permet de déterminer avec une grande précision la composition d’un 
matériau donné et de déceler des traces d’impuretés. Cette méthode utilise souvent 
des tubes pneumatiques qui amènent au voisinage du cœur des réacteurs, rapidement 
et pour une durée prédéterminée dans chaque cas, les échantillons à analyser. 
Plusieurs milliers d’analyses sont effectuées par an.

2.4. Acquisition et diffusion du savoir-faire nucléaire

Le panorama des rôles des réacteurs de recherche serait incomplet si l’on n’évo
quait pas le rôle irremplaçable qu’ils jouent dans l’acquisition et la diffusion de ce 
que l’on peut appeler le savoir-faire nucléaire. En effet, où donc mieux que là peut-on 
s’initier et comprendre ce qu’est la fission, la criticité, l’énergie nucléaire?
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Les premières personnes touchées par cette connaissance qu’elles acquièrent du 
nucléaire sont bien évidemment les équipes travaillant sur les réacteurs eux-mêmes.
Il s’agit là d’environ 400 personnes qui concourent directement à la bonne marche 
des réacteurs de recherche Osiris, Isis, Siloé, Mélusine et Siloette et à la conduite 
des expériences qui y sont faites. A ce premier noyau s’ajoutent toutes les personnes 
dont l’activité principale est située auprès des réacteurs de recherche. Ce potentiel 
humain très important est, comme toute société, en renouvellement continu, ce qui 
signifie qu’un très grand nombre de personnes sont passées, passent et passeront par 
cette formation.

A côté de cette formation implicite, des activités d’enseignement sont 
organisées.

C’est ainsi que des activités d’enseignement et de formation destinées aux 
étudiants et aux exploitants de centrales électronucléaires se déroulent auprès du 
réacteur Siloette de Grenoble. Notons que près de 600 personnes font chaque année 
un stage auprès du réacteur Siloette et des simulateurs de compréhension physique 
associés. Des activités similaires ont lieu à Saclay auprès du réacteur Ulysée de 
l’Institut national des sciences et techniques nucléaires (INSTN).

En plus de cette forme organisée de cours et travaux pratiques, l’activité de for
mation se manifeste également directement par la préparation de thèses de 3e cycle, 
de docteur-ingénieur et de doctorat d’Etat. Ces thèses sont préparées au sein des 
équipes des réacteurs avec l’appui des professeurs qui dirigent les travaux.

Enfin, la diffusion des connaissances passe aussi par les nombreuses actions de 
coopération technique qui sont faites vers les organismes étrangers. Cette coopération 
revêt des aspects multiples dont nous allons passer en revue les plus significatifs.

L’accueil de stagiaires étrangers se pratique depuis de nombreuses années. Le 
but de ces stagiaires peut être de se former aux problèmes de construction et d’exploi
tation des réacteurs et des dispositifs expérimentaux ou bien de préparer des thèses 
universitaires. C’est ainsi que certaines améliorations techniques originales ou cer
taines méthodes de mesure ou de calcul ont été développées par des collaborateurs 
étrangers pour le meilleur profit mutuel.

Le rôle de conseiller technique, principalement dans la construction, l’exploita
tion et l’amélioration des performances des réacteurs de recherche a été souvent mis 
à contribution pour de nombreux pays étrangers, notamment d’Amérique du Sud, 
d’Asie, d’Europe et du Moyen-Orient. Des coopérations étroites et régulières sont 
en cours avec différents pays.

Une autre forme de coopération réside dans la fourniture de prestations 
d’irradiation dans nos réacteurs à des organismes étrangers. C’est ainsi que la 
République fédérale d’Allemagne, la Grande-Bretagne, les Etats-Unis, le Centre 
commun de recherche d’Euratom, le Japon et l’Italie utilisent régulièrement nos 
installations pour y faire les irradiations que nécessitent leurs programmes, tant en 
recherche fondamentale qu’en recherche appliquée, ou pour la production de 
radioéléments et de silicium dopé.

D’autres prestations, comportant par exemple la fourniture d’appareillages 
d’irradiation ou de contrôle, sont réalisées pour des clients étrangers.
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L’ensemble et la diversité de ces activités de coopération technique, qui revêtent 
l’aspect d’assistance, de formation ou de fourniture de prestations manifestent la 
reconnaissance de facto de l’excellence de ces actions de diffusion du savoir-faire 
nucléaire.

3. UTILISATION

L’activité récente des réacteurs Siloé, Mélusine, Siloette, Osiris et Isis est de 
75% pour les besoins français et de 25% pour l’étranger, principalement les pays 
européens.

L’activité de Siloé et Mélusine concerne deux grands domaines qui sont 
l’irradiation des matériaux (essais technologiques et production de radioéléments) et 
la recherche fondamentale sur faisceaux sortis.

L’utilisation du réacteur Siloette, en association avec les simulateurs de 
conduite des réacteurs à uranium naturel—graphite—gaz (UNGG) et des REP, pour 
former et entraîner le personnel de conduite des réacteurs de puissance, constitue 
désormais une activité importante qui concerne plusieurs centaines de stagiaires 
par an.

L’utilisation d’Osiris concerne essentiellement les irradiations technologiques 
de matériaux de structure et de combustibles destinés aux différentes filières de 
réacteurs de puissance, la production de radioéléments artificiels et l’analyse par 
activation.

Le réacteur Isis, quant à lui, est utilisé comme maquette neutronique d’Osiris 
pour des mesures sur le cœur, soit aussi pour réaliser des dosimétries sur maquette 
d’expérience et des études de dommages, soit encore comme source de neutrons pour 
la neutrographie de longs crayons combustibles irradiés, ainsi que pour la formation 
des stagiaires.

On doit également faire ressortir la capacité des réacteurs de recherche à 
s’adapter à l’évolution des programmes expérimentaux et montrer dans quelle direc
tion les efforts des équipes travaillant autour des réacteurs ont été déployés.

La majeure partie des améliorations s’est faite pour suivre l’évolution des 
irradiations technologiques. On peut retenir, pour l’ensemble des réacteurs, les points 
suivants:

— des configurations de cœur ont été étudiées et réalisées afin de présenter des 
emplacements d’irradiation à fort flux de neutrons rapides et d’autres emplacements 
à fort flux de neutrons thermiques;

— le chargement des expériences dans le cœur ou à sa périphérie a été optimisé 
par mise en œuvre de calculs neutroniques;

— les différents équipements de contrôle non destructif, indispensables à la com
préhension des paramètres d’irradiation, ainsi que les codes d’exploitation des 
mesures ont été soit optimisés, soit développés (neutrographie, gammamétrie, etc.).
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Les réacteurs de recherche polyvalents du CEA, qui sont maintenant au nombre 
de trois (Osiris à Saclay, Siloé et Mélusine à Grenoble) et auxquels sont associées 
les maquettes Isis et Siloette, ont été conçus pour répondre avec un maximum de 
souplesse aux besoins d’expérimentation dans une ambiance de rayonnements 
nucléaires. La manière dont ils ont pu répondre concrètement aux évolutions des 
programmes du CEA, ou aux besoins d’autres organismes tels que Electricité de 
France et des constructeurs de centrales ou d'équipements, ou encore à des besoins 
nouveaux en matière de production de radioéléments, montre que l’objectif a été 
atteint.

La durée de vie de ces réacteurs n’est pas limitée par l’usure des matériaux, 
puisque chacun de leurs composants peut être facilement démonté et remplacé. En 
outre, leur activité très soutenue, tant en recherche fondamentale qu’en recherche 
appliquée et en production de radioéléments, après vingt ou vingt-cinq années de 
fonctionnement, démontre qu’il s’agit bien là d’outils essentiels à tous égards.

Enfin, les actions vers l’étranger d’assistance technique, sous forme de conseils, 
d’exportation de dispositifs expérimentaux ou d’irradiations, ont été largement 
développées et contribuent à compléter le plan de charge des équipes et des 
installations.

Lieux de rencontre des hommes et des techniques de diverses spécialités, les 
réacteurs de recherche contribueront donc longtemps encore à l’acquisition, au 
développement et à l’enseignement du savoir et des technologies nucléaires.

4. CONCLUSION
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Abstract

R ADIOCH E M I S T R Y ,  P R O D U C T I O N  O F  R A D I O N U C L I D E S  A N D  THEIR APPLICATION 

IN T H E  N A T I O N A L  E C O N O M Y  O F  C Z E C H O S L O V A K I A .

On  the basis of advanced radiochemical research, at the beginning of the ’sixties, 

the production of radionuclides and labelled compounds was started in Czechoslovakia. In 

terms of the volume of production, the quality of isotope products and the research base, 

Czechoslovakia ranks among the advanced countries. The extent of the application of radio

nuclides and ionizing radiation corresponds to this status. A n  overview of research and 

development efforts in the production of isotopes, labelled organic radiopharmaceuticals, 

radioimmunoassay kits, and radioactivity calibration standards is presented. Their applications 

are described, together with their utilization in medicine, industry and agriculture. Effective 

use of ionizing radiation and accelerators in medicine and in industry in Czechoslovakia has 

recently been increasing. Problems and experience relevant to the developing countries are 

discussed.

Production of radionuclides in Czechoslovakia has a long tradition. Before 
the First World War, several grams of radium were manufactured annually on 
Czechoslovak territory. After the First World War, the State Radiological Institute 
was established in Prague and was mainly responsible for the metrology of radium 
preparations and their application in medicine. After the Second World War, the 
first artificial radionuclides for research and industrial applications were supplied 
to Czechoslovakia from the USSR on the basis of a co-operation agreement. 
Following the completion of a research reactor and a cyclotron with effective 
assistance from the USSR, production of radioisotope preparations started in 
Czechoslovakia.

As is the case in other advanced countries, radioactive compounds in 
Czechoslovakia find the broadest use in medicine. In 1985, thére were 58 nuclear 
medicine units in Czechoslovakia which carried out more than 500 000 examina
tions. The most important nuclear medical examinations in Czechoslovakia 
include those of the kidneys and the urinary tract, the liver and the hepatobiliary 
tract, the bones and the bone marrow, the lungs, the brain, the thyroid, and 
diagnosis of deoplastic diseases.
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Research into and development of pharmaceuticals is primarily by the Nuclear 
Research Institute (UJV) at Rez. The range of products comprises ortho- 
iodohippuran labelled with 131I and Bengal Rose. Molybdenum-99 is produced 
using the WWR-S research reactor, which has a relatively low neutron flux. From the 
molybdenum-99, the Nuclear Research Institute at Rez daily produces "T cm 
pertechnate, using its own method of extraction with methyl ethylketone. This 
production is especially suitable for irradiation technology using small research 
reactors. Molybdenum-99 is also supplied for a small extraction generator used 
by remotely located clinics in Czechoslovakia. The current range of products 
also includes metaiodohippuran labelled with iodine-iodine-131, gallium citrate- 
gallium-67 and indium chloride-indium-113m. Production of radiopharmaceuticals 
is controlled by the State Institute for Drug Control.

In 1984, 60% of the overall requirement of Czechoslovak nuclear medicine 
for radiopharmaceuticals was met from domestic production.

The research programme for 1986—1988 envisages research efforts aimed at 
securing production of the following main preparations: thallium chloride labelled 
with 201T1 for heart examinations, and innovative type of technetium extraction 
generator for clinics, iodine-123, indium-111, the krypton-8lm  generator and the 
generators of gold-195m. In addition to these basic preparations, production is 
being started of kits for the preparation of radiopharmaceuticals labelled with 
generator nuclides.

In 1976, the development of radioimmunoassay kits started. They are now 
produced by the Institute for Research, Production and Application of 
Radioisotopes in Prague and by the Institute of Radioecology and Application 
of Nuclear Technology in Kosice. The current production range comprises kits 
for diagnosis of the thyroid and pituitary hormones, and for diagnosis in 
gyneacology and oncology. Great attention is also devoted to the use of 
radioimmunoassay (RIA) kits in veterinary medicine. In 1985, the product range 
consisted of 14 kits, namely: T3-triiodothyronine, T4-thyroxine, digoxin, HCG, 
plasma progesterone, milk progesterone, AFP, testosterone, B¡ aflatoxin, cAMP, 
cGMP, a catecholamine determination kit, Beta2 microglobulin and oestradiol.

In 1985, national screening for congenital hypothyroidism was introduced 
in Czechoslovakia. Each newborn is examined on the fifth day of its life for 
pituitary function. The screening is organized by three central laboratories in 
Prague, Brno and Banská Bystrica provided with uniform laboratory instrumentation 
and using uniform methods. Each has a capacity of 100 000 examinations per year.

The dry»drop test is carried out using a modified T4-neo RIA kit. In the next 
two years, the examination will be completed with a TSH test. In Czechoslovakia, 
the incidence of neonatal hypothyroidism is one in four to five thousand, which 
corresponds to 50-60 new cases per annum of thyroid insufficiency of various 
degrees in Czechoslovakia. The introduction of screening on a national scale is 
considered to be a successful step forward in preventive medicine.

In 1986-1988, the following kits will undergo research and development:
TSH, TBG, LH, FSH, beta HCG, HGH, prolactin, cortisol, ochratoxin, IgE,
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encephalin, C-peptide, renine-agiotensine, leucosis, etc. In co-operation with 
institutes of the Czechoslovak Academy of Sciences monoclonal antibodies are 
being prepared which are gradually being applied in IRMA systems in radio
immunoassay.

In co-operation with the State Veterinary Authority, RIA methods are being 
introduced to determine pregnancy of cattle. The co-operation aims at introducing 
large scale application of the methods throughout Czechoslovakia and their 
extension to monitoring toxins in feed mixes and diagnosing livestock diseases 
(leucosis, Aujesky’s disease, etc.).

The Institute for Research, Production and Application of Radioisotopes 
(ÚVVVR) has a long tradition of the production of carbon-14 labelled organic 
compounds. The biosynthesis method is used for the preparation of around 
200 compounds labelled non-specifically with carbon-14 (e.g. nucleic acids and 
their components, amino acids, peptides, saccharides, etc.). The range of organic 
compounds labelled with tritium consists of a set of roughly 30 major preparations. 
Currently, the product range is being expanded to include compounds containing 
the stable carbon-13 isotope. Eighty per cent of the production of labelled 
compounds is exported.

The Institute for Research, Production and Application of Radioisotopes 
produces a number of radioactive standards used as a base to measure activities 
and ionizing radiation. The radium-226 standard is a traditional product which 
is extensively used, especially in geological applications.

Radiation technology needs are covered by a large gamma irradiation plant 
for sterilization of medical supplies which has for several years been operating 
at the Radiation Technology Centre of the State Textile Research Institute at 
Veverskà Bitÿska. The capacity of the installation is several tonnes of irradiated 
material per year. It processes mainly disposable medical supplies. At the 
beginning of the ’eighties, the first industrial radiation technology line in 
Czechoslovakia was put into operation, serving the production of cables and 
conductors with radiation-cured silicon rubber insulation. A Soviet-made ELV-1 
electron accelerator with a beam energy of 1 MeV and a power of 25 kW is used 
as the source of radiation for the line. The introduction of radiation curing 
resulted in a threefold increase in production, in energy savings, labour savings 
and savings in material which had had to be imported for hard currency. The 
return of investment is within less than three years. Future development in the 
field of radiation technology is thus centred on similar problems and another 
industrial radiation technology line is envisaged for the cable making industry.

One of the most important areas of the whole discipline of the use of 
radioisotopes and ionizing radiation is that of radioactive tracers. Tracer 
techniques are applied in the study of behaviour, movement and transformation 
of substances and objects in various dislocations, and mechanical, physical, 
chemical, and biological processes using radioactive tracers.

There are several establishments in Czechoslovakia involved in research into 
tracer techniques and providing appropriate services. The largest unit is the
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Radionuclide Method Department of, the Institute for Research, Production and 
Application of Radioisotopes. Currently, the tracer technique services are oriented 
to  the following applications:

Electrotechnical and semiconductors industries:

— technological process purity testing
— modification of semiconductor system properties
— study of electrode processes
— study of galvanic layers.

Chemical, glass-making, pulp and paper, metallurgical industries:

— in-service diagnostics
— leak testing
— dead space testing
— monitoring homogenization during mixing
— flow, moisture and transient characteristics monitoring.

Water treatment plants, water flows, water reservoirs:

— measurement of hydraulic efficiency Of reservoirs
— measurement of flow capacity of Outlets
— determination of hydrodynamic characteristics of flows.

Good results have been achieved in the application of radionuclides and 
ionizing radiation in non-destructive materials testing. Methodologies have been 
developed allowing the testing of welded joints in thin walled pipes. Ytterbium-99 
is used as a radiation source, especially for material thickness of 5 to 8 mm. A 
linear accelerator of a rated energy of 10 MeV is used for radiographic testing 
of extremely high-thickness materials using high energy radiation, thus meeting 
growing demands for non-destructive testing of nuclear power plant components.

In co-operation with the USSR, a television system of neutron radiation 
visualization has been developed for use in non-destructive testing of products 
made of plastics, light metals, etc.

The present paper covers the most important activities of the Czechoslovak 
Atomic Energy Commission (CSKAE) in the field of the production of radio
nuclides and the applications of ionizing radiation in Czechoslovakia’s national 
economy. The research programme in this field co-ordinated by the 
Czechoslovak Atomic Energy Commission shows a benefit of four to ten Czech 
crowns for each crown invested in research and development. The programme is 
supported by economic bodies, especially in view of its great significance for 
the entire national economy, mainly in medicine.
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S O M E  T O P IC S  IN  A P P L IE D  N U C L E A R  R E S E A R C H  
F O R  D E V E L O P IN G  C O U N T R IE S
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Abstract

S O M E  TOPICS IN APPLIED N U C L E A R  R E S E A R C H  F O R  DEVELOPING COUNTRIES.

There are a number of open problems both in basic nuclear research and in the application of 

nuclear techniques which can be solved with modest equipment. The topics recommended for research 

and applications discussed in the paper are as follows: (a) experiments based on small neutron sources, 

(b) determination of U  and Th in ores and minerals using nuclear methods which could complement 

conventional procedures, (c) use of the track-etch technique in research, training and technology, (d) 

possible applications of small neutron generators in science and technology, (e) applications of low 

energy charged particle accelerators, (f) use of irradiation facilities, (g) use of research reactors, (h) 

Mössbauer spectrometry, (i) applications of radioactive sources. The advantages and disadvantages of 

the proposed subjects for research as well as the required infrastructure and manpower are also 

discussed.

1. INTRODUCTION

The ‘Science Indicators’ show that there is a definite correlation between the 
number and level of the scientific publications and the GNP value for a given country 
(see Figs 1 and 2). Nowadays the development of a country cannot be realized only 
by importing the necessary technology from advanced countries. To adapt and 
modify technologies to the given circumstances, applied and industrial research 
should be organized in the home country. Among applied research techniques, 
nuclear methods are important because they can be directly utilized in other sciences 
and the national economy. There are a number of open problems both in basic nuclear 
research and in the application of nuclear techniques which can be solved with modest 
equipment such as small accelerators, research reactors, radioactive and fission 
neutron sources, radioactive isotopes, and fission fragment sources which are 
available or can be installed even in small laboratories in developing countries. It 
should be noted, however, that the adaption and application of nuclear methods may 
initiate further steps in basic research, e.g. to complete the available atomic and 
nuclear data and to increase their accuracy. Experience collected in developing coun
tries proves that applied nuclear physics is more effective in training scientists than 
is basic research.
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FIG. 1. Correlation between G N P  values and total number of scientific publications in 32 countries.

There are large differences between the developing countries in the experimen
tal facilities and manpower resources available for nuclear research, therefore no 
definite answer can be given to the question “ what are good topics in nuclear 
research for developing countries?”

Before selection of the appropriate topics and techniques to justify the establish
ment of nuclear oriented laboratories, the local conditions should be studied care
fully. In developing countries the most important problem is the shortage of 
well-trained scientists and technicians. Therefore, even the available research facili
ties are not utilized properly in many laboratories. Generally, co-operation with the 
users is insufficient, which prevents the spreading of nuclear methods to other 
sciences and technology. Success in the development of nuclear-based techniques 
which can be recommended for routine use in the national economy necessitates 
team-work by physicists and other competent experts (chemists, biologists, 
engineers, etc.) in co-operation with the users. Such groups could take care of the 
national programme of applied nuclear physics.
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It should be noted that there are a number of laboratories in developing coun
tries which could achieve results of international interest in some specific fields of 
nuclear research and technology using modest equipment and up-to-date measuring 
methods. The work in such laboratories is concentrated in general on a few subjects.

Laboratories based on a few modest items of research equipment should serve 
all scientists and users working in various fields of the economy. Instead of centraliz
ing the facilities, it is advisable to involve in the work as many research groups as 
possible to assure spreading their nuclear techniques all over the country. Experience 
shows that separation of basic and applied research is short-sighted and impractical. 
Therefore, the topics proposed for developing countries will be taken from both 
fields.

2. EXPERIMENTS BASED ON SMALL NEUTRON SOURCES

Radioactive neutron sources such as about 5 Ci of Pu-Ве or Am-Ве, or a few 
hundred micrograms of 252C f can make investigations possible on neutron gas 
physics, measurements of average cross-sections, energy levels in stable nuclei by 
inelastic neutron scattering, capture gamma spectra and — consequently — the bind
ing energy of the neutron, determining the neutron spectra in CTR and FBR struc
tural materials using activation foil techniques or a small NE-213 scintillator, and 
determining of fission neutron spectra [1]. A 252C f source of about 1 mg can be used 
for the production of isotopes in sufficient quantity, mostly through (n, 7 ) reactions,
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for the study of decay schemes. At the same time such sources are applicable for the 
development of industrial methods such as activation analysis, on-stream analysis, 
neutron moisture gauges, prompt radiation analysis by neutron reflection [2 ], trans
mission [3], reactions and neutron radiography [4]. For example, the thermal neutron 
reflection method is recommended for the determination of hydrogen in hydro- 
geneous materials (hydrocarbons, asphalt, soil, wood, ores, bitumen shale). In recent 
years an improved technique has been developed [5] for the on-stream analysis of 
crude oils.

3. ATOMIC AND NUCLEAR METHODS USED FOR THE DETER
MINATION OF URANIUM AND THORIUM IN ORES AND MINERALS

There are several fast, non-destructive nuclear methods which, in principle, 
may be used for the determination of U and Th in rock samples and the exploration 
of sub-surface uranium and thorium. The advantages and disadvantages of each 
method depend on the specific experimental conditions (age and type of rocks, 
composition of the matrix, penetrability of the soil environment, etc.).

The following nuclear methods could complement conventional procedures:
— alpha spectrometry with surface barrier Si detector to determine 230Th and 

234u

— gamma spectrometry with high purity germanium (HPGe) or Ge(Li) to measure 
the 63 keV and 1 MeV lines [6] from 234Th and 234Pam, respectively

— resonance neutron activation analysis [7] by detection of the 74.7 keV line from
23̂ U

— detection of the fragments from thermal and fast neutron fission [8] of 235U 
and 235- 238U + 232Th, respectively

— detection of К and L fluorescence lines using ” 4Cd and 125I, and 241 Am 
sources, respectively

— detection of Rn and Tn by track-etch technique [9, 10] for the determination of 
sub-surface uranium

— detection of delayed neutrons from thermal and fast neutron fission of 235U and 
235,238y + 232-j’jli respectively, if a reactor or neutron generator is available 
[1 1 ]

— determination of the intensity ratio of the К-line to the Compton-scattered 
gammas using a 57Co source [12].

4. TRACK-ETCH METHOD

The track-etch technique is recommended for chemical analysis, nuclear 
physics, determination of sub-surface uranium, geological dating, dosimetry, burnup 
of fuels, and fission rate at different points of a reactor and its fuel elements [13, 14].
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For automatic evaluation of detector foils a jumping spark counter (JSC) can be 
used [15].

5. SOME APPLICATIONS OF SMALL ACCELERATORS

The investigations described above could give a good foundation for training the 
scientific and technical staff necessary for the operation and utilization of a research 
reactor or a small accelerator. The main advantage of a small accelerator (a few 
hundred kV) is that it can be used as a source for neutrons, charged particles or 
X-rays.

5.1. M ain applications of neutron generators

(a) Determination of protein in agricultural products collected from various 
parts of the country, using the 14N (n,2n)13N reaction to measure the nitrogen 
content [16].

(b) Study of the amount of protein in crop products as a function of N, P, К 
fertilizers and microelements for various soils.

(c) Study of the correlation between major and trace elements in the main agricul
tural products (wheat, oil-producing seeds, sugar cane) and in the environmen
tal soils for a given country.

(d) Determination of protein in non-conventional sources, such as molasses, coffee, 
tea leaves, seeds of tomato, water melon, pumpkin, sorghum, etc. [17]. 
Another field is the determination of protein content in algae.

(e) Production of radiomutations by fast neutron irradiation of plant seeds and 
pollen. Determination of the optimal irradiation (around 10 Gy) for stimulation 
of growth and determination of its mutagenic effect could contribute signifi
cantly to the improvement of plants.

(f) Stimulation of the antibiotic production of microorganisms in soil by neutron 
irradiation using a dose value of about 0.16 kGy.

Topics (a) to (f) should be studied in co-operation with agronomists and biologists.

(g) Determination of oxygen in steel, copper, aluminium and in alloys as well as 
in organic materials by the l60 (n ,p ) l6N reaction [18].

(h) Determination of Fe, Cr, Cu in ores and minerals; Al, Zr, Ti and Sr in bauxite; 
Fe, Au, Ag, Zr and Mn in sea-bottom sediments by thermal and fast neutron 
activation analyses. Study of correlation of the atomic ratios of various elements 
to determine their chemical compounds.

(i) Determination of trace elements in underground water.
(j) Study of environmental pollution (drinking water, accumulation of toxic ele

ments (Hg, As, Pb) in fishes from rivers and sea; air pollution).
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(к) Study of the chemical composition and the physical properties of clay minerals 
collected from various parts of the country to produce building materials.

(1) Study of the diffusion and self-diffusion coefficients of metals and alloys, using 
tracers produced by neutron reaction [19].

(m) Study of radiation damage. This requires data on the average range of radio
active recoil atoms, the displacement cross-sections and changes in the main 
characteristics of the semiconductor components [2 0 , 2 1 ].

(n) Study of well logging, moisture measurements and reactor experiments (reac
tivity, geometrical buckling) using the microsecond pulsed neutron method [ 1 2 , 
2 0 , 22].

(o) Chemical analysis using secondary reactions (e.g. determination of H, В and 
С content via the "B (p,n)nC, l3C (p,n)l3N reactions induced by recoil pro
tons) [23, 24].

5.2. Nuclear data measurements

It is advisable to use the neutron generator in nuclear physics for the determina
tion of, for example, fast neutron removal cross-sections, neutron emission cross- 
sections, high threshold reaction [(n,2p), (n,2n), (n ,3He), (n,t)] and fission cross- 
sections, gamma ray production cross-sections and secondary reaction cross- 
sections. The scattering-free arrangement of the neutron generator laboratory permits 
planning and conducting of experiments which can be included in the Co-ordinated 
Research Programme for 14 MeV Neutron Nuclear Data Measurements organized 
by the IAEA [25].

Considering the fact that most of the neutron generators and related equipment 
available in the developing countries have serious limitations in the determination of 
neutron data with the accuracy required in the IAEA World Request List for Nuclear 
Data (WRENDA) some additional investigations are recommended:

— Study of low energy charged particle reactions on light nuclei relevant for 
nuclear astrophysics and the CTR programme [26, 27]. Determination of cross- 
sections around the Gamow energy for H +, D + and He + ion induced reactions 
on 2H, 3H, Li, Be, В, С and O.

— Study of cross-sections and yields of reactions induced by secondary charged 
particles such as protons, deuterons, alphas, tritons produced by 14 MeV neu
trons (e.g. Li(n,t) — LiD(t,n), 7Li(p,n), l3C(p,n), l60 (p ,a ), etc.).

— Study of tritium production efficiency for various blanket materials (e.g. Li, 
Li20 ,  Li2Al20 4, LiF, BeF2, Li2BeF4).

— Determination of neutron multiplication for various elements as a function of 
geometry.

These investigations do not need special target arrangement and pulsed beams. The 
radiochemical separation technique should be introduced to increase the sensitivity 
of neutron activation analysis and the accuracy of the nuclear data to be measured.
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There are three independent analytical methods based on a 1-5 MeV 
Van de Graaff generator which can complement each other and almost the same elec
tronic system is needed for the measurements in each case. The methods are as 
follows:

— backscattering spectrometry (BS) using H + , He + , B + , C + and N + ions
— charged-particle-induced X-ray emission
— nuclear reactions.

The absolute concentration and depth profile of elements in solids can be determined 
by the BS method, and so this is applicable for the calibration of other techniques.

Using charged particles, high intensity characteristic X-rays that are almost free 
from bremsstrahlung can be produced.

The main advantage of the charged particle reactions is that the interfering reac
tions can be eliminated by the threshold energy and in addition it is possible to deter
mine the depth profile on the basis of the yield of resonance groups, the shape of 
energy spectra or from the change of the yield when the bombarding energy is 
changed.

Charged particle accelerators are used for the following:
(a) Studies on structure and lattice defects in solids by BS. Study of the surface of 

semiconductors, especially the production of Si3N4 layer and semiconductor- 
oxide-semiconductor (SOS) based integrated circuits. Determination of the 
diffusion coefficients for donor and acceptor atoms in semiconductors. Study on 
the lattice distortion caused by the diffusion of foreign atoms.

(b) Applications of proton-induced X-ray emission (PIXE) for the qualitative and 
quantitative analyses of elements in the ranges 13 < Z < 30 and 
49 < Z < 83 by К and L fluorescence lines, respectively. Using 2-3 MeV 
protons a sensitivity of 1 - 1 0 0  ng/g can be achieved.

(c) Determination of В, C, N and О impurities in high purity metals and semicon
ductors, using charged-particle-induced reactions.
Determination of Be, В, C, N, O, F, Na, Mg, Al and Fe in alloys by the activa
tion method, using deuteron-induced reactions.
Applications of 3He ions for the determination of elements between Be and Ca 
with high sensitivity (0.05 ng/g).

(d) Investigations on the interactions with solids of ions having energies of a few 
times 104 eV to a few MeV. There are three main topics for investigations: ion 
implantation, ion irradiation and ion channelling effects.

5.3. Some applications of charged particle accelerators
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6 . USE OF IRRADIATION FACILITIES 

Irradiation facilities are used for:

— study of the memory effect o f insulating substances and how to change their lat
tice configuration by irradiation. Heat contracting behaviour can be produced 
by dose intensities of 2-3 MGy/h.

— hardening of colouring matter, paint, adhesive, etc.
— on-stream disinfection of polluted water and liquid manure using a dose of about

4 kGy produced by a 1 MeV/75 mA electron accelerator.
— radiation treatment of fodder to counter various spores.
— food products preservation and quality improvement by irradiation.
— sterilization of medical instruments.

7. USE OF RESEARCH REACTORS 

These are used for:

— Measurements of radiation protection and shielding in mixed neutron and 
gamma fields using various dosimeters.

— Determination of the ф (ft E) function for various parts of the reactor using acti
vation foil technique and track-etch detectors.

— Determination of the reactivity worth function for neutron absorbers.
— Multi-element activation analysis of biological, geological and metallurgical 

samples using thermal and resonance neutrons.
— Development of neutron radiography for various matrices. Use of thermal 

neutrons in geological dating.
— Structure studies using the neutron diffraction method.

Production of isotopes, e.g. 137Cs, “ Co, 51Cr, 54Mn, 55Fe, etc.

8 . MÖSSBAUER SPECTROMETRY

The narrow half-width of the Mössbauer spectral line (e.g. for iron 4.9 x
10- 9eV) renders it possible to determine small changes in energy. The energy of
the Mössbauer level in the nucleus is affected by chemical changes, i.e. by the inter
action between the nucleus and the shell electrons and atoms of the crystal. If the 
chemical composition of the source and the absorber is different, resonance absorp
tion can be achieved by moving the source with a speed v, which depends on the 
energy differences.

Among the large number of applications a few may be selected as examples:

— Determination of crystal structure, magnetic phenomena, lifetime of excitated 
states in solids.
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— Isomeric shift caused by the electron density inside the nucleus.
— Study of electron configurations in chemical complexes by quadrupole splitting.
— Determination of the stereo structure of chemical complexes.
— Use of Mössbauer spectrometry in palaeosciences.

It is recommended to complement Mössbauer spectrometry with the positron annihi
lation method to determine the structure of molecules and solutions, the concentration 
of free radicals and to study surface reactions.

9. SOME APPLICATIONS OF RADIOACTIVE SOURCES

In addition to the above-mentioned methods there are a few simple, easy-to-use 
measuring techniques such as level gauging, thickness measurement by beta reflec
tion and gamma transmission, measurement of density by gamma reflection, and 
radiotracer-aided determination of flow rates and surface attrition. The installation 
of an X-ray fluorescence spectrometer based on radioactive or tube-exciting sources 
is strongly recommended to complement the nuclear analytical methods.
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Abstract

RESEARCH, DEVELOPMENT AND PRODUCTION OF IN VIVO AND IN VITRO 
RADIODIAGNOSTICS IN GREECE.

The installation of a nuclear research reactor at the Nuclear Research Centre Democritos 
in Greece in the early ’sixties was the starting point for the development of the medical 
applications of radioisotopes and allied research, namely radiopharmacology, as the importance 
of that major field of research had already been sensed in Greece. From the beginning, the 
Democritos Centre and the IAEA, through its Technical Assistance and training programmes 
contributed efficiently to that initial development, by promoting joint research programmes 
with hospitals, organizing training of multidisciplinary scientists, and providing equipment.
In a very few years the use of medical applications of radioisotopes has expanded satisfactorily 
throughout the country. Thus, Democritos came to be viewed as a nuclear research centre 
of increased potential, with capabilities for various other programmes. Activities have 
expanded to the production of in vivo kits and in vitro radiodiagnostics.

1. INTRODUCTION

With the installation o f a nuclear research reactor at the Nuclear Research 
Centre Democritos in Greece1, in the early ’sixties, there commenced a series o f 
activities and research programmes closely related to  the medical applications 
of radioisotopes, and also radioisotope production and radiopharmacology. At 
that time, radiopharmacology was no t yet a clearly distinct scientific field and, 
in Greece too, it emerged gradually via the clinical application o f radiotracers, 
confirming the definition given by G.B. Saha: “ Radiopharmacology, in general 
terms, is the branch o f  science tha t deals with the uses and actions o f radio
tracers in living organisms. In nuclear medicine, the study o f tissue distribution, 
the  mechanism o f localization and metabolic aspects o f radiotracers in living

1 Now renamed ‘National Research Centre for the Physical Sciences Democritos’.
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systems form  the essential part o f  radiopharmacology” [ 1 ]. Radioisotope 
research in life sciences was one o f the main activities o f the NRC Democritos 
from the beginning. So it was very easy to  establish, from this early period, 
close co-operation between research scientists from  NRC Democritos and 
practitioners o f nuclear medicine in studying the pharmacological aspects o f 
radiotracers that are routinely used in nuclear medicine as well as those o f new 
radiopharmaceuticals. This dynamic association between research and practice 
had beneficial effects in rapidly increasing the interest o f various medical 
specialists in radiotracer applications and in strengthening further development 
o f  such applications.

In 1972, the radiopharmaceutical laboratory was founded; this deals 
with research and development of in vivo radiodiagnostics, and production of 
radiodiagnostic kits.

Through the past decade the efforts have been oriented towards the develop
ment o f  " T c m kits. Various kits have been produced and supplied to  hospitals 
on a routine basis, e.g. sulphur colloid, human serum albumin macroaggregates, 
methylene diphosphonate, dim ethyl and diethyl HIDA, glucoheptonate, DTPA, 
phytate and DMSA. The laboratory today covers 80% o f the needs o f our 
hospitals for " T c m kits. For the production o f the kits a sterile room  has 
been constructed with two lyophilizators and the appropriate devices for sterile 
preparations. Apart from  " T c m kits, 131I-hippuran is produced routinely and 
recently monoclonal antibodies labelled with 1311 for tum our detection have been 
prepared and applied on an experimental basis. Research in to  radiopharmaceuticals 
has been focused on the development o f  " T c m-hepatobiliary, bone and brain 
perfusion imaging agents. Several structures o f  ligands have been synthesized 
and investigated as possible hepatobiliary radiopharmaceuticals. Also, new 
organophosphorus com pounds have been synthesized, labelled with " T c m and 
m In and evaluated in experimental animals for bone affinity. Recently a 
research project has been established, concerning synthesis and evaluation o f 
" T c m-complexes for their ability to  penetrate the blood-brain barrier.

Yet another activity, research, development and production o f  in vitro 
radiodiagnostics (radioimmunoassay, RIA) started in 1980, supported in part 
by the IAEA. The main aim has been the mass production o f RIA kits for the 
determ ination o f T4 (thyroxine) and T3 (triiodothyronine), TSH (thyro trop ine), 
FSH (follutropine) and LH (luteotropine).

In addition to  the development of more RIA kits for the determ ination 
o f o ther horm ones already available commercially abroad, there has been 
considerable research oriented towards developing radioligand assays for the 
determ ination o f biotin-avidin and otlrer small molecules such as those of 
thymosine, diethylstilbestrol, som atostatin, etc. ; radio-iodination techniques 
for various difficult molecules; a new m ethod for the application o f a universal 
tracer based on biotin-avidin; experiments on the application o f various 
separation techniques — second antibody, solid phase, combinations o f both,
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etc; antigen synthesis o f small molecules not possessing antigenic properties 
and the development o f biological raw materials (antibodies, hormones, hormone- 
free sera etc.).

Much o f the above work is done in connection with educational or training 
activities with postgraduate students and medical technicians.

2. DEVELOPMENT OF RADIOPHARMOCOLOGY IN GREECE FROM
THE MID-1960S UP TO 1986

As stated above, the creation o f NRC Democritos in Greece and the 
installation o f a nuclear research reactor stim ulated the creation o f research 
programmes depending on scientists specialized in nuclear science and technology. 
One o f  these programmes dealt from its beginning with radiopharmacology and 
was associated with the development o f nuclear medicine, one o f the major 
fields o f application o f  radioisotopes.

From  the outset, support to  this major field o f  radiotracer applications was 
provided by the Greek Atomic Energy Commission and the International Atomic 
Energy Agency through its programmes o f  Technical Assistance and specialized 
training: a num ber o f medical doctors, physicists, biologists, pharmacists and 
other specialitists, as well as scholarship fellows, were trained up to  the mid-1970s.

In the 1960s NRC Democritos established close collaboration with hospitals 
and medical scientists from nuclear medicine departm ents, as these scientists 
were effectively taking part in jo in t research projects. During this initial period 
of development, emphasis was given to  radiotracers used for radiodiagnosis [2 -5 ] . 
The variety and the ex ten t o f  investigations increased slowly but steadily, as all 
parts o f the body and its systems became progressively accessible to  study. The 
interest o f medical specialists m ounted as it emerged tha t the inform ation 
provided by radiotracers was often unobtainable by other means.

NRC Democritos published its first booklet describing radioisotope diagnostic 
procedures in the late 1960s [5] and this contributed greatly to  the training of 
medical students.

A fter an early period o f research oriented towards clinical needs, emphasis 
was progressively given to  the behaviour o f radiotracers in tissue in normal and 
pathological states, as well as to the study o f the mechanisms by which the radio
tracers are transported and localized in tissues o f the biological system used in 
nuclear medicine. O ther prom inent topics in the Democritos programmes o f the 
first half o f the 1970s were the pharmacokinetics o f radiotracers within the 
body, the influence o f the route o f adm inistration on the biodistribution of 
radiopharmaceuticals, the biokinetic analysis o f radiotracers for kidney secretion, 
and also filtration studies on bone uptake, lung perfusion imaging and brain 
imaging. O ther topics were the study o f  the active transport for hepatobiliary
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imaging, the study o f cell sequestration for spleen imaging and tha t o f phago
cytosis for liver and lymph node imaging. A large part o f radiopharmaceutical 
research was also devoted to  the ‘tum our seeking’ radiopharmaceuticals. Thus, 
by the mid-1970s significant results had already been achieved and the 
development o f  radiopharmacology was providing useful inform ation for 
strengthening and improving diagnosis by radiotracers.

In response to  local needs, which had grown thanks to  the creation of an 
increasing num ber o f nuclear medicine laboratories, the Democritos programme 
for supplying medical radioisotopes throughout the country had also developed 
substantially. Production was further diversified by the addition o f supplementary 
programmes for the production o f in vivo and in vitro radiodiagnostic kits.

In the meantime, radiopharmacology research had included more experi
m entation on animals, in spite o f the known limitations [2 ], to  provide 
quantitative data and to  create pathological models for the study o f the biological 
behaviour o f new radiopharmaceuticals and labelled endogenous molecules of 
biological interest. Furtherm ore, technical autonom y had been achieved: 
today, the pharmacological laboratory in the Democritos Centre has two fully 
developed imaging units, one of which involves a gamma camera for dynamic 
studies. This apparatus is the product o f local technological development: it was 
designed and constructed in Democritos’ own laboratories. The o ther unit 
provides autoradiography o f frozen sections for detecting the biodistribution 
o f loosely bound radiotracers. The development o f the above units was made 
possible by the IAEA Technical Assistance programme, which provided or 
improved part o f  the equipment. The facilities now existing in the radiopharm a
cology laboratory have further enhanced the development o f research projects 
and have prom oted the collaboration with specialists from the Medical School 
o f Athens, hospitals and research institutes. Most o f the projects under develop
m ent now deal w ith comparative pharmacokinetics, w ith the study of mechanisms 
o f biodistribution o f radiopharmaceuticals, with receptor research and radio
tracer studies in models o f disease.

3. PRODUCTION AND DEVELOPMENT OF RADIOPHARMACEUTICALS
IN GREECE

A radiopharmaceuticals laboratory was established in NRC Democritos 
in 1972, w ith its main aim being to  develop new radiodiagnostic products for 
application on humans. Until then the radioactive com pounds produced for 
medical purposes were 198Au colloid for liver scintigraphy, pertechnetate for 
brain studies and 1311 for thyroid scanning and therapy. At the beginning, 
" T c m-sulphur colloid, human serum albumin solution and macroaggregates, and 
later on " T c m-HEPSPA were introduced as in situ preparations for the hospitals. 
In the meantime, research programmes in radiopharm acy were established and
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prom oted. The present activities o f  the radiopharmaceuticals laboratory may 
be outlined as follows:

Production o f  radiopharmaceuticals: in the past decade efforts have been 
oriented to  the development o f " T c m kits. In this field the following kits have 
been produced and dispensed to  the hospitals o f  our country on a routine basis: 
" T c m-sulphur colloid for liver scintigraphy, human serum albumin MAA for 
lungs, methylene diphosphonate for bone visualization, dim ethyl and diethyl 
IDA for the hepatobiliary system, glycoheptonate and DMSA for renal studies 
and tin-phytate for liver scanning. The laboratory covers today 80% o f the 
needs o f our hospitals for " T c m kits. For the production o f the kits a sterile 
room  has been constructed with two lyophilizators and the appropriate devices 
for sterile preparation. Extensive support received from 1977—81 from the 
International Atomic Energy Agency was critical for the prom otion o f the 
programme. Apart from " T c m kits, 131I-hippuran is produced routinely and 
recently monoclonal antibodies labelled with 1311 for tum our detection have 
been prepared and applied on an experimental basis.

Research in radiopharmaceuticals: The main fields in which research has been 
carried out are:

(a) Development o f " T c m hepatobiliary agents: Several structures of ligands 
were synthesized and investigated as possible hepatobiliary radiopharma
ceuticals. In particular, extended research was devoted to  pyridoxal 
aminoacid complexes, N-substituted-carbamoyl iminodiacetates and 
recently to  salicylidene-amino acid complexes.

(b) Comparative evaluation o f bone imaging agent: New organophosphorus 
compounds were synthesized, labelled w ith " T c m and 111 In and evaluated 
in experimental animals for bone affinity.

(c) Study o f " T c m-labelled myocardial infarction imaging agents: A new 
phosphorus derivative (phosphoro-am inoethyl phosphonic acid) was studied 
as a possible myocardial imaging agent in experimentally induced myocardial 
injury in animals. Furtherm ore, the same com pound was evaluated for the 
in vivo labelling o f red blood cells.

(d) Study o f new brain imaging agents: Recently a research project has been 
developed, concerning synthesis and evaluation o f " T c m complexes for 
their ability to  penetrate the blood-brain barrier. A series o f  dithiol- 
polyamines has been synthesized and labelled with " T c m. The new 
technetium  complexes have been isolated by high pressure liquid chrom ato
graphy; their structure has been studied by nuclear magnetic resonance 
(NMR), using a technetium  carrier, and the biological behaviour of 
99Tcm complexes has been evaluated in experimental animals. This project 
is still in progress. Under the guidance o f  the IAEA, for the last four years 
the radiopharmaceuticals laboratory has participated in a co-ordinated



3 1 6 CfflOTELLIS et al.

international research programme for the development o f  new radio
pharmaceuticals.

Education: An education programme has also been established. Greek scientists 
from pharmacy or medical schools were trained or obtained their PhD in radio
pharmacy. Foreign scientists, IAEA Fellows, were also trained in radiopharma
ceuticals synthesis and kit production.

4. RESEARCH AND DEVELOPMENT OF IN VITRO DIAGNOSTICS

The m ost recently established activity o f the Division o f  Radioactive 
Products and Radioisotopes o f  Democritos is the radioimmunochemistry 
laboratory. It was founded in 1979 and its aim has been research and develop
m ent in in vitro radiodiagnostics (radioimmunoassay) and the production of 
radiodiagnostic kits.

Seeing tha t in Greece as well as abroad the most widely used radioim m uno
assay (RIA) is for the control o f the thyroid function, the laboratory started 
work in that field. In early 1982 the two first RIA kits were offered to  Greek 
hospitals and clinical chemistry laboratories. They were m eant for the determina
tion o f thyroxine (TH) and triiodothyronine (T3). By the end o f the same year 
a third RIA kit was introduced, for the determ ination o f the thyroid-stimulating 
horm one (or thyrotropine, TSH).

In the meantime the scientific as well as the technical personnel o f the 
laboratory devoted much o f their time to  the development and production of 
biological raw materials, which originally were supplied by foreign firms. Soon 
there were ample quantities o f high titre antibodies raised in rabbits against 
triiodothyronine and thyroxine, second antibody (sheep anti-rabbit im muno
globulins), as well as treated hum an and sheep sera for the preparation of standards.

By 1985 two more RIA kits had been made available to  Greek hospitals: 
they were m eant for the determ ination o f the luteinizing horm one (LH) and the 
follicle stimulating horm one (FSH). All this development and production work 
was generously aided by the IAEA, which supplied the radioimmunochemistry 
laboratory with sophisticated equipm ent and advice from expert scientists who 
visited the laboratory and discussed various details with the scientists responsible 
for development, production and quality control. In addition to standard 
production o f  RIA kits, much work has been done on the development o f  further 
radioimmunoassays, as for example RIA for the determ ination o f human 
chorionic gonadotropin (hCG), progesterone and digoxin. For these last three 
substances antibodies have been produced and the m ethod is in the process o f 
being standardized. Furtherm ore, in co-operation with the University o f Athens 
and the Graduate School o f Agronomy, experimental radioimmunoassays were 
developed for the determ ination o f thymosine and som atostatin in sheep. It 
should be m entioned here that there is a great difference between the development
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of a radioimmunoassay, say for the experimental determ ination o f a substance, 
and the standardized, regular production o f an RIA kit. One could say that to 
develop and produce a standardized kit is like trying to  hit the bull’s eye on a 
target, while a radioimmunoassay for the experimental determ ination of a 
given substance is like shooting an arrow and then drawing a circle round it. The 
development o f a radioimmunoassay may take a couple o f m onths, bu t the 
standardization o f the m ethod could well take a year. It was mentioned 
previously that the radioimmunochemistry laboratory is currently supplying 
hospitals with RIA kits for the determ ination o f T3, T4, TSH, FSH and LH.
These kits cover more than 65% o f the needs o f our country in the above radio
immunoassays.

Less spectacular but equally im portant were various small improvements 
made in the production schedule o f RIA. They included research on various 
methods o f radio-iodination o f proteins (application o f chloramin T, lactoperoxidase, 
iodogen), o f separation techniques after radiolabelling (electrophoresis on a 
polyacrilamide gel, chrom atography on sephadex columns, thin layer chrom ato
graphy), on the application o f  dyes in the radiotracer (congo red, Ponceau-S, 
tartrazine) and the antibody solution (Coomassie blue or erioglaucine), etc.
Parallel to  and in connection with research, development and production o f 
in vitro radiodiagnostic kits, the laboratory pursues another major activity, 
namely training and education in radioimmunoassay. There are five postgraduate 
students working for their PhD under the supervision o f the laboratory 
scientists. Their research projects include the following:

— Development o f a radioligand assay for the determ ination o f biotin in 
biological fluids, involving techniques for the radioiodination o f biotin, 
raising o f  anti-avidin antibodies, etc.

— Development o f a universal radiotracer for in vitro radioligand assays.
— Development o f  a radioligand assay for the determ ination o f diethylstilbestrol.
— Development o f solid phase RIA applying antibody coated beads and second 

antibody coated tubes.

In addition to  the above, the radioim m unochem istry laboratory has been in 
close contact with the clinical chemistry laboratories using RIA techniques and 
has helped in solving problems that may arise during the application o f the 
reagents produced in Democritos, while at the same time it has helped train both 
laboratory technicians and scientists in the application o f radioimmunoassay 
and the interpretation o f results. A continuous feedback has been established 
between the production and quality control groups o f  Democritos on the 
one hand and the hospitals and clinical chemistry laboratories applying RIA 
routinely or on research projects. Seeing that the scientists working in the 
Democritos team  originate from  different scientific faculties (there are chemists, 
pharmacists, and immunobiologists) this feedback between them  and the clinical 
chemists and doctors applying the Democritos products has proved to  the 
common benefit.
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Abstract

THE ROLE OF RADIOCHEMISTRY IN THE DEVELOPMENT AND CONTROL OF 
RADIOISOTOPES, TEACHING AND RESEARCH IN GREECE.

Radiochemistry has played a major role in Greece, which was quite early to utilize the advantages 
of the peaceful uses of atomic energy. First, it was possible to train people in a vast area such as that 
of radioisotopes and to produce new scientific manpower. Radioisotope production meant hospitals and 
institutions could be provided with the new tools of nuclear science in diagnostics and therapeutics and 
for solving problems in industry and applied science. The operation of a small nuclear research reactor 
in the National Research Centre for the Physical Sciences (NRCPS) Democritos sufficed to cover the 
demands of a small country such as Greece for the production of short-lived radio-isotopes and radi
opharmaceuticals. Radiochemical and radionuclidic quality control of these as well as biological testing 
were correspondingly developed. Radiochemistry, after its maturing period in an atomic research 
centre, was introduced in the field of higher education to train new generations of chemists, biologists 
and pharmacists. The University of Patras, a newly established institution, included this subject in its 
curriculum from 1970. In 1975 a Chair in Radiochemistry and Radiation Chemistry was founded and 
a full professor was subsequently elected. The personnel of the laboratory of Radiochemistry under this 
Chair was selected from unskilled chemists who in close collaboration with NRCPS Democritos pre
pared their theses and served thereafter to train the students in laboratory work. This laboratory is now 
in a position to carry out research programmes in collaboration with Greek and foreign institutions.

The peaceful uses of atomic energy in Greece were initiated in the late ’fifties 
soon after the first Geneva Conference on the subject. Initially interest centred on 
medical applications of radioisotopes and radiation sources which needed all nuclear 
tools and materials to be imported from abroad. A small research nuclear reactor and 
the establishment of a Nuclear Research Centre in 1960 opened up new ways to solve 
the problems faced by a developing country. But the important part in such a 
programme was the transfer of knowledge in new fields. The first scientific man
power was trained abroad and soon the Democritos Centre was able to develop 
programmes in various fields. Radiochemistry was one of the first of these. Research
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into radiometric and radioanalytical techniques, neutron activation analysis, hot atom 
chemistry and other topics as well as the production of short-lived radioisotopes 
started immediately after the research reactor commenced operation. In the first 
period new knowledge and experience was accumulated and soon indigenous exper
tise was developed to assist in applied science and the industrial sector.

The radioisotope production laboratories of NRCPS Democritos are unique in 
Greece. They were set up in 1962 when the experimental pool-type nuclear reactor 
became critrical. One of the most important activities of this reactor is the production 
of primary short-lived radioisotopes. The reactor uses light demineralized water as 
a cooling system and its location is within the installations of the Nuclear Research 
Centre, next to the isotopes production laboratory. The power of the reactor is
5 MW; the fuel elements are 92% enriched 235U; the moderator is light water and 
the thermal neutron flux is up to 5 x 1 0  n-cm _ 1 s _1.

The first radioisotope production took place in a rather small laboratory with 
very simple equipment to produce the short-lived radioisotopes 24Na, 42K and 82Br 
for the needs of research laboratories.

In the next year, 1963, those radioisotopes were distributed for biological and 
hydrological purposes to various institutions: 24Na for cardiac output, circulatory 
studies, sodium metabolism; 82Br for fluid volume (extra-cellular), groundwater 
tracing (leakages of Yliki Lake water), 42K for measurement of coronary blood flow 
and total exchangeable potassium, etc.

Later, in 1964, came the irradiation of grains and l92Ir pins as interstitial 
applicators. In 1965, the production of 32P started (with carrier from red phospho
rus) for agricultural uses at the Phytopathology Institute of Athens. The irradiation 
of 197Au grains was the next step, in 1965, for trials of bladder tumour therapy after 
the grains had been implanted around the tumour.

In 1965 the production of 13'I began for the treatment of a very common dis
ease in Greece, malfunction of the thyroid gland. The well-known technique of 
thyroid scanning is very important in this country, as there are many patients who 
suffer from thalassaemia.

The major development of radioisotopes laboratories in Greece began in 1967 
with the assistance of the IAEA and the allocation of adequate financial support and 
priority by the Greek Atomic Energy Commission (AEC). Two shielded hot cells 
were put into operation, one for the production of l3lI and the other for the decan
ning of the irradiated targets and the processing of the short-lived radioisotopes.

Furthermore, a national programme commenced for the expansion of produc
tion facilities and for the control laboratories. Indeed, after a few months, with the 
granting of financial support by the Greek AEC the construction of a big unit for the 
dispensing and sterilization of radioisotopes began.

The next step, in 1968, was the construction of a hot cell for the production of 
colloidal l98Au, for which there was great demand from Greek hospitals and clinics, 
because of the liver disorders so frequently found in Greece, for the study of hepatic 
blood flow and therapy of pleural and peritoneal effusions. Of late its production has 
been discontinued because of its rather high radiation dose to humans.
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At the end of 1968 production of " T c m started on a small scale, to meet the 
growing demand in Greece for this isotope, especially for brain scanning. The 
production method for the " T c mwas based on the solvent extraction technique, 
which yields the isotope in a form convenient for direct use by the physician.

In 1969 an up-to-date hot cell was successfully installed for the production of 
large amounts of " T c m for direct use in hospitals and clinics located not far from 
NRCPS Democritos. In 1970, following the growing demand for nuclear medicine 
in Greece, with a growth rate of 10 -20%  per year in terms of the total amount of 
radioactivity, it was decided to give some emphasis to a radiopharmaceutical labora
tory. This activity included the production of organic labelled compounds of " T c m 
and 131I, the most used in preventive medicine. A few years ago small amounts of 
51Cr EDTA started to be produced for research work.

In the near future, except for the construction of a production unit for the load
ing and dispensing of " T c m generators, it is thought that there will be a postpone
ment to the Greek AEC plans for the expansion of production of radioisotopes in the 
reactor, for two reasons:

(1) There is reluctance to spend money to build more o f the rather big and well- 
shielded hot cells similar to those already in use, which are good but expensive, 
and

(2) Consideration is being given to installing a cyclotron for the production of the 
short-lived radioisotopes most applied today e.g. 201T1, 123I, 81K rm, etc.

The radionuclidic, radiochemical and biological quality control laboratories 
were founded in 1967 with the aim of controlling all the radioisotopes and radiophar
maceuticals used in vivo and produced at NRCPS Democritos as well as those 
imported and dispensed throughout the country by the Democritos Centre. The num
ber of tests performed reflects the increased demand in terms of quantity as well as 
in variety. Today the regular programme of quality control includes three primary 
radioisotopes, one labelled compound and nine " T c m kits, amounting to about 1500 
analyses per year. The laboratories are equipped with all the necessary instruments 
and also with lead-shielded cells, operating at below atmospheric pressure. In these 
shielded cells all the operations involved in analysing the radiopharmaceuticals can 
be carried out using remote controlled systems. A fully equipped counting room is 
also available. Part of this equipment has been financed by the IAEA.

As in many other countries, there is a lack of official regulations and so criteria 
had to be established and purity concepts had to be developed.

In the course of the years many special difficulties were faced by the radio
nuclidic and radiochemical quality control laboratories and experience in the field 
was gained.

The design of a simple and efficient automated apparatus for the extraction of 
" T c m from irradiated M o03 was one of the first activities of this 
laboratory [ 1 ].

Problems arising at the operational level and related to the quality of the l3'I 
and " T c m were solved. With the first batches of 13II medical doctors complained
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that in addition to the accumulation of the B1I in the thyroid gland, some radioac
tivity was circulating in the blood stream. The problem was investigated and the 
presence of an iodinated substance extractable into organic solvents was detected. 
This substance was molecules from the polyvinyl tubes forming part of the produc
tion unit. The polyvinyl tubes were then replaced by Teflon ones and small pieces 
o f glass tubes were inserted inside the Teflon tubes. Since then the phenomenon of 
the extractable substance has not been observed [2]. As for the " T c m produced by 
extraction with methylethyl ketone, it was noted that when a certain technician was 
doing the preparation, various lower valence states of technetium were produced 
besides the technetium with valence state seven. Investigation of the problem showed 
that indeed the human factor was responsible. Overheating during the step of removal 
of the methylethyl ketone reduced a part of the " T c m to lower valence states [2 ].

A technique for the estimation of the radionuclidic impurity of '"A u in a batch 
o f 198Au has been developed in the laboratory. The technique is based on a non
destructive gamma spectroscopy method using the energies of these isotopes on a 
detector with known efficiency in the energy range of interest. With the computerized 
gamma spectroscopy facilities existing today, the estimation of this impurity of 
199Au is easy. When sophisticated gamma spectrometers are not available this tech
nique can be easily applied [ 1].

The radionuclidic and radiochemical control laboratories have also developed 
fast, accurate and reliable procedures for the routine radiochemical control of " T c m 
kits and m I hippuran which are based on paper and instant thin layer chromatogra
phy techniques. These techniques are preferred for everyday quality control and they 
are also superior to others which are more tedious and questionable for low stability 
complexes (gel chromatography scanning, column preparation). Also, with the deve
loped procedures the different species are well separated and simple protocols for cut
ting the strip can be established. One of these procedures can be used for the control 
of the majority of water-soluble radiopharmaceuticals e.g. 99T cm-HEDSPA 
( 1 -hydroxyethylidene-1 ,1  -disodium
phosphate, used as a bone-scanning agent), 99T cm-MDP (methylene diphosphonate, 
today’s agent of choice for bone imaging), etc. [3].

The other procedure can be applied for the control of colloid and particulate 
radiopharmaceuticals, e.g. " T c m-S colloid for liver scanning, " T c m-HSA-MAA 
(human serum albumin macroaggregates, for lung imaging). A pretreatment o f the 
radiopharmaceutical with sodium hydroxide is involved in this procedure [4]. For 
the radiochemical control of the renal scanning agent 131I-o-iodohippurate, 
a simple method for the detection and estimation of the possible impurity of 
131I-o-iodobenzoic acid has been developed [5].

A procedure has recently been developed for the radiochemical control of 
" T c m-DMSA (2,3 dimercaptosuccinic acid), which is used as a renal scintigraphic 
agent. It is believed that this method is superior to the others reported in the 
literature [6].

Biological control is an indispensible step to ascertain the safety of radio
pharmaceuticals to be used in nuclear medicine. A number of factors must be evalu
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ated from the biological point of view before a radiopharmaceutical preparation may 
be considered safe and suitable for administration to patients. The biological control 
laboratory is equipped with all the necessary instruments and room for the safety of 
the working personnel and adequate control and testing of the products; the fact that 
the biological control laboratory is situated in the biology department building 
enables it to use a number o f items belonging to the equipment of the Department, 
thus avoiding duplication.

The factors which are evaluated before permission is given to dispense the 
produced radiopharmaceuticals freely are: grade of sterility, apyrogenicity, 
unspecific toxicity, measurement of colloidal particles and biodistribution in 
experimental animals. Because a large number and different species o f experimental 
animals are used for biological control, a facility for the production and maintenance 
of experimental animals is maintained. As the samples which are used are of high 
radiation content, separate housing is provided as soon as the animals are used for 
these tests.

On a routine basis sterility testing is performed for all the radioactive batches 
produced as well as the kits. Because of its short half-life, in the case of instant 
" T c m, instead of a sterility test, preliminary controls o f the cold reagents are per
formed. The final sterility test of pertechnetate guarantees that the units may continue 
to be used safely.

A sterility test of the kits is not only routinely done for every produced batch 
but it is repeated regularly while the kits are dispensed.

Pyrogenic tests are made continuously every morning, especially for pertechne
tate. In many cases the rabbit pyrogenic test is replaced or run parallel with the Limu- 
lus test (LAL). From 1974 on many studies were made in the laboratory concerning 
this in vitro test, which gives results in a very short time, 60 minutes. Also, the LAL 
test needs only a very limited amount of the test substance and there is no risk of con
tamination of the surroundings. The first laboratory in Greece which put the Limulus 
test into practice was the biological control laboratory of NRCPS Democritos and 
many pharmaceutical companies in Greece gained experience on LAL in this 
laboratory.

Unspecific toxicity tests in mice have been made for many years on a routine 
basis, but since 1985 they have been made randomly on everyday production because 
in recent years the idea has become widely accepted that toxicity tests on a routine 
basis represent a useless sacrifice of animals. Unspecific toxicity tests are made dur
ing the development o f a new product and randomly during regular production.

Filtration through membrane filters, millipore or nuclepore, is usually used to 
measure colloidal size, combined, when the size permits it, with optical light micro
scope observations. In the case of colloidal 198Au, electron microscopy is used with 
very satisfactory results.

Biodistribution studies are usually followed by animal scanning. Animal scan
ning and biodistribution are done regularly on rats to assure the final quality of the 
product.



3 2 4 BELKAS et al.

In the biological field, research is being done on the radiocolloids used for liver 
scanning. The purpose of this research is to find differences, if there are any, in the 
way radiocolloids are bonded at the subcellular level in the liver of experimental 
animals.

For many years the quality control laboratories have offered courses in the field 
to post-graduate students as well as to medical doctors specializing in nuclear 
medicine.

The biological control laboratory is offering its experience to hospitals, testing 
such preparations as human growth hormone, cancer antibodies, etc., produced in the 
hospital’s laboratories.

In 1970, a radioactive isotopes dispensing centre was founded which is 
administered by the Division of Radiodiagnostic Products and Radioisotopes. This 
centre has the entire responsibility for dispensing throughout the country (nuclear 
medicine laboratories, research laboratories, industry) all in vivo and in vitro radiodi
agnostic products and radioisotopes produced at NRCPS Democritos as well as those 
imported. A reliable transportation system has been developed to provide services to 
the users. This helps the competent authorities to check whether the users have the 
proper licence to handle radioactive materials. All documents and records are kept 
so that any statistical information needed can be obtained immediately. The dispens
ing network serves more than 100 hospitals, clinics and private laboratories in 
Greece.

The University of Patras is the first of a number of new universities established 
during the post-war period in Greece. It started quite recently, in 1966, as a techno
logically oriented university including at first a school of sciences and a polytechnic 
school. A medical school was added later. The first two schools included Chairs of 
Radiochemistry and Nuclear Technology. The Medical Physics Chair serves also for 
the nuclear part o f physics.

Nuclear science has been taught in the school of sciences since 1970 as the sub
ject Radiation Chemistry and Radiochemistry, but only in 1975 was a radio
chemistry laboratory established when a professor was elected to the Chair. Then 
unskilled personnel was appointed and a proper laboratory was organized, equipped 
with radioisotope laboratories, nuclear instrumentation and radiation sources. The 
teaching and research in nuclear science at the undergraduate and the postgraduate 
levels are as follows:

Undergraduate studies:

(a) courses in radiochemistry and radiation chemistry in the fourth year of the 
chemistry curriculum

(b) courses in radioisotopes and radiations applied to biology in the second year of 
the biology curriculum

(c) courses in radiopharmaceuticals in the third year of the pharmacy curriculum.

All three courses are completed with laboratory work.
Postgraduate studies: To date seven doctorate theses have been prepared either 

in the radiochemistry laboratory or in collaboration with the NRCPS Democritos.
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These include three theses in hot atom chemistry in solids, one in hot atom chemistry 
in liquids, one in radiopharmaceuticals and two in neutron activation analysis in the 
marine environment.

In collaboration with other scientists a research project has been carried out on 
the protection of ancient monuments from sulphur dioxide using tracer techniques 
including autoradiography of exposed marble. Collaboration has also started with the 
JRC of Ispra of the European Communities using neutron activation analysis to 
research the trace elements released from the lignite-fired power stations in Greece.

The radiochemistry laboratory has also been collaborating with other, non
nuclear laboratories of the University, providing nuclear instrumentation and radia
tion sources.

The problems faced in realizing all the above programmes in a new university 
without any tradition in nuclear science were minimized thanks to the long 
experience, about 13 years, o f the organizing Professor in NRCPS Democritos. This 
underlines the impact that nuclear centres established early on in developing countries 
have had on higher education. Also, the close contact and assistance provided by a 
nuclear establishment to a university is extremely important. Providing short-lived 
radioisotopes and giving access to a nuclear reactor and to strong sources of radiation 
has made it possible to accomplish various educational and research projects.

Teaching radiochemistry in a university to undergraduates is very important in 
developing countries because it provides the necessary knowledge to the young scien
tists who will inevitably face problems arising from the application o f nuclear tech
niques in their fields of chemistry and biology. Also, knowledge of radioisotope and 
radiation methodology in analytical and research laboratories or in industry and tech
nology enables the scientists to overcome the difficulties arising in the application of 
nuclear techniques to everyday problems in science and technology.

Furthermore, knowledge of nuclear techniques and experience in the nuclear 
field are needed to control and protect the environment, a problem gradually arising 
in the developing countries.

Finally, the organization of nuclear research laboratories in the universities of 
the developing countries also provides them with opportunities to collaborate with 
major laboratories in highly developed countries to establish common research 
projects dealing with broader and universal problems.
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Abstract

RESEARCH OBJECTIVES OF THE NUCLEAR ENGINEERING SECTION OF THE NATIONAL 
TECHNICAL UNIVERSITY OF ATHENS.

The research activities of the Nuclear Engineering Section of the National Technical University 
of Athens are mainly concentrated on the application of nuclear techniques to subjects that are of interest 
to the industrial sector or in other applied sciences. A great part of the equipment and of the computing 
facilities available are serving these purposes. The nuclear techniques already applied or to be applied 
in the near future are gamma spectroscopy and alpha spectroscopy. Two gamma spectroscopy set-ups 
with high efficiency Ge(Li) and pure Ge defectors are being used to investigate the concentration of 
natural radioisotopes in the lignite burned and the ashes produced by various power units of the Greek 
electric system. The results obtained and reported briefly in the paper are useful for estimating the radio
active pollution of the environment from emissions of the lignite power stations. The estimated concen
trations should also be known when fly or bottom ash is used in various applications, for example in 
building materials. Furthermore, a detailed investigation, still in progress, is examining the variation 
o f  the concentration of natural radioisotopes in the lignite fields supplying the generating units. Gamma 
spectroscopy has also been used in some preliminary examinations of the natural radioactivity content 
of various building materials. A further application of gamma spectroscopy still in progress is the 
implantation of fission fragments in various materials. An experimental facility for alpha spectroscopy 
is now in the phase of setting-up. This technique will be usfed to examine the radon concentration in 
the environment (houses, springs, etc.), as well as radon emanation. The paper also considers the impact 
of the research activities described on the educational programme.

1. INTRODUCTION

The National Technical University o f Athens (NTUA) was the first Greek 
university to introduce, in 1962, nuclear engineering courses, in the curricula of the 
Departments of Mechanical and Electrical Engineering. Today such courses are 
offered by all universities in Greece with engineering departments. During the 25 
year period 1962-1986 education in nuclear engineering offered at NTUA has under
gone an extensive evolution, so that today the following semester courses are given:

— Nuclear Engineering I and II, which cover basically reactor theory of thermal 
homogeneous systems
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— Advanced Nuclear Engineering, which is devoted to the theory of heterogeneous 
systems, reactor kinetics and changes in reactivity, and also to the thermo- 
hydraulic analysis of power reactors

— Interaction o f  Radiation with Matter, Dosimetry and Shielding
— Radiation Detection and Measurements, supported by laboratory work
— Engineering Measurements, which covers the various aspects of designing, per

forming and evaluating a measurement; it also includes topics related to 
measurements made automatically by computers. Therefore, this course serves 
a much wider purpose and goes beyond Nuclear Engineering.

The laboratory of the Nuclear Engineering Section started operating in 1971. 
Since then, its equipment has continuously been improved, with the aim not only of 
increasing support to the courses, but also to extend the possibilities for research in 
subjects which are of interest to the industry or in other applied sciences. These possi
bilities form the central theme of the present paper.

The academic staff of the Nuclear Engineering Section of the Mechanical 
Engineering Department, which carries out the above activities, today consists of two 
Professors and one Assistant Professor. A further important activity of the Section 
is the supervision of Diploma Dissertations, on a great variety of subjects, either 
theoretical or experimental. The students devote the last semester of their studies to 
such a Dissertation. These Dissertations offer the students the possibility to contri
bute to the research activities reported below.

2. GAMMA SPECTROSCOPY

The laboratory of the Nuclear Engineering Section of NTUA is equipped with 
two high-resolution Ge detectors, which are primarily suitable for low level gamma 
spectroscopy measurements; the specifications of these detectors are given in 
Table I. Furthermore, the laboratory possesses an ample number of 3 x  3 inch Nal 
detectors, which undertake routine measurements. Every gamma detector is 
connected via high performance spectroscopy amplifiers, which provide baseline 
restoration, pile-up rejection, pulse shaping, etc., to multichannel analysers (MCA) 
of appropriate memory size (Canberra’s 8180 and 85 series).

Every gamma detector is appropriately shielded with low activity material (lead 
and/or steel) combined with the necessary liners (cadmium and copper) in order to 
degrade X-rays. The performance of the shield of the two Ge detectors, in terms of 
the total count rate in the 80 keV-2.0 MeV range, is shown in Table I.

Every MCA is interfaced to one of the two microcomputers of the laboratory 
(PDP-11/04 and LSI-11/03); the computer programs necessary for these communica
tions have been written in-house [1]. The spectra collected with the Ge detectors are 
analysed using an in-house modified version of Canberra’s CLASS/SPECTRAN-III 
multiplet analysis software, while the spectra collected with Nal detectors are 
analysed using software developed in-house [ 1 , 2 ].
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TABLE I. SPECIFICATIONS OF THE Ge DETECTORS
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Characteristics Detector 1 Detector 2

Type Ge(Li) pure Ge

Volume (cm3) 122 157

Efficiency (%) 23.8 33.8

Resolution, full width half maximum 
at 1.33 MeV (keV)

1.97 1.78

Peak/Compton (1.33 MeV) 47:1 66.5:1

Background inside shielding ( s ' 1) 3.2 2.3

The above-mentioned gamma detecting systems are calibrated using a certified 
mixed radionuclide solution, conforming to the recommendations of the International 
Commission on Radiation Units and Measurements (ICRU Report 12).

The principal research activities undertaken with the above equipment are 
presented in the following paragraphs.

2.1. Measurements of natural radionuclides in the lignite burned and the ashes
produced by power plants in Greece

Greek power stations burning lignite from two large deposits, in the regions 
Ptolemais and Kardia in Nothern Greece and Megalopolis in Southern Greece, play 
an important role in meeting the electric energy needs of the country. Lignite, like 
coal and most materials found in nature, contains trace quantities of the naturally 
occurring radionuclides 238и , 232Th, their associated daughter products, and 40K. 
When lignite is burned in a power station, these radionuclides are released to the 
environment either directly through the stack or indirectly from fly and bottom ash 
storage and from the use of fly ash in building materials. In order to evaluate the 
radiological impact on the environment of a lignite fired power plant, it is essential 
to determine ‘representative’ values of the concentrations of the various radionuclides 
contained in the fuel burned as well as in the ashes produced. It is worth mentioning 
that, since the activity in the lignite obtained from a single mine, in fact a single seam, 
has been found to vary considerably, this determination requires extensive sampling 
of these materials.

A research programme to investigate the concentrations of 226Ra(218U), 
228Ra(232Th) and 40K in the above-mentioned materials, using gamma spectroscopy 
methods, started in 1981. The Greek Public Power Corporation (PPC), the utility 
responsible for the production and distribution of electric energy all over the country,
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TABLE III. SAMPLING AT MINES OF NORTHERN GREECE 
Concentrations in Bq/kg o f dry lignite (average ±  la “ and range)

O rig in  o f  the lign ite  ::<>R a ” HR a 4<IK

Kardia field 148 ± 26 22 ± 7 81 ± 11

Cut No. 1 (5 seams) 119 - 190 14 - 31 72 - 100

Kardia field 216 ± 92 14 ± 16 56 ± 28

Cut No. 2(11 seams) 132 - 416 3 - 60 24 - 106

Amynteon mine 32 ± 14 15 ± 3 98 ± 24

(5 seams) 20 56 11 - 19 72 — 135

Achlada mine 395 • 13 76 ± 4 404 ± 19

(3 seams) 385 - 410 71 - 79 392 - 426

Vevi mine 203 ± 26 24 ± 8 197 ± 76

(2 seams) 184 - 221 19 - 30 143 - 250

a S tandard  dev ia tion  o f  the sam ples analysed .

contributed to the extensive work of collecting and preparing the great number of 
samples investigated.

Results of this investigation, which is still in progress, are presented in Refs [3] 
and [4]. Some of these results are briefly reported in Tables II-IV.

The main conclusions drawn from this investigation are as follows:

( 1 ) Table III shows the fluctuation of the concentrations of the radionuclides present 
in the various lignite seams at the fronts examined. Thus, systematic sampling 
is necessary to establish representative values for the lignite feeding a power 
unit.

(2) The fluctuation of the radioactivity concentration o f the lignite burned at a 
power unit implies relevant fluctuations of the ashes produced. Thus, to assess 
a radioactivity balance at a power unit, long term and careful sampling of the 
lignite feeding the unit and of the ashes produced is essential. This balance has 
been done for the units investigated, using the data presented in Table II, and 
has shown that at the 95% confidence level essentially all 226Ra from the 
lignite feeding each unit is accounted for in the ashes.

(3) The results obtained from fly ash samples of the electrostatic precipitator (ESP), 
at regular intervals over a 24 hour period (Table IV), confirm the view, already 
expressed, about the high fluctuation in the lignite burned and the ashes
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TABLE IV. SAMPLING AT THE ESP AND THE STACK OF THE 
POWER UNIT “ KARDIA-I” , OVER A 24 HOUR PERIOD 
Concentrations in Bq/kg o f fly  ash (average ±  7 a" and range)

Quarter of day 2:,’Ra ::sRa 40K

1 514 ± 27 62 ± 4 251 ±  6
(8 filters) 492 - 525 57 - 66 243 -  258

2 499 ± 10 54 ± 2 242 ± 12
(8 filters) 483 - 514 52 - 57 222 -  262

3 536 ± 28 46 ± 2 190 ±  22
(8 filters) 493 - 567 43 - 51 154 -  217

4 699 ± 20 46 ± 2 183 ±  18
(8 filters) 681 - 737 43 - 48 164 -  208

Average (32 filters) 562 ± 84 52 ± 7 217 ±  34

Stack 553 ±  2 49 ± 1 193 ±  8

a Standard deviation of the samples analysed.

produced, even during a relatively short time interval. Furthermore, sampling 
at the stack of the unit shows that the concentration of the ash escaping the ESP 
does not present statistically significant differences when compared with the 
average value calculated from samples collected at the ESP.

(4) The conclusion drawn in (3) above allows us to use the concentrations of the 
fly ash collected at the ESP (Table II) to estimate the radioactivity released with 
the fly ash of each unit, associated with the production of 1 GW a of electrical 
energy. These discharges have been calculated for the units investigated and are 
presented in Table V.

2.2. Determ ination of the natural radioactivity content of building materials

The radioactivity content of building materials is primarily due to 40K and also 
to isotopes of the uranium and thorium radioactive series. The increased use of fly 
ash to produce various building materials, such as cement, justifies the interest in 
investigating the effect of this addition to the concentration of the above-mentioned 
isotopes.
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TABLE V. ATMOSPHERIC DISCHARGES (MBq/GW a)
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Power unit :2fiRa ” *Ra 4nK

Megalopolis-I 51 600 3500 28 700

Megalopolis-III 51 700 3400 25 900

PtoIemais-IV 12 300 2100 11 800

Kardia-I 19 800 1600 7 200

TABLE VI. CONCENTRATION OF "K  IN 
BUILDING MATERIALS

Material Concentration (range) in Bq/kg

Lime 59-71

Brick 769-815

Gypsum 24-30

Sand 21-26

Sea sand 475-572

Gravel 0-6

Cement 35-235

A gamma detecting system, using a 3 x  3 inch Nal detector, has been set up 
in order to investigate whether reliable estimations of 40K concentrations can be 
made [2]. As the purpose of this research was only to establish the method, i.e. the 
hardware and software needed, the sampling was limited to a very small size.

Some arithmetical results of this investigation are given in Table VI. However, 
the main result o f the work already done is that the determination of 40K in these 
materials is feasible and reliable with a Nal detector, when the concentration of other 
naturally occurring isotopes (226Ra, 228Ra) is low. If the concentration of these 
isotopes is high, then the analysis should be done with a high resolution detector. This 
investigation, after systematic sampling, is a future research objective of our 
Laboratory.
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T A B LE  VH . CO M PUTER OUTPUT OF GAM M A SPECTROSCOPIC 
A N A LYSIS O F A IR  
(Athens, 6 May 1986, 19:00)

I  ISOTOPE ENERGY I A C T ! V I  T Y I
( K e v )  I p C i / m * * 3  I

I  I - 1 3 1 A 2 8 4 . 3 0  I 4 3 0 . 1 + -  1 3 . 6 X 1 1 . 6 2  I
I  I - 1 3 1 B 3 6 4 . 4 8  I 4 7 0 . 8 + -  1 . 4 % 1 2 . 7 2  I
I  I - 1 3 1 C 6 3 6 . 9 7  I 6 2 2 . 7 + -  1 2 . 0 X 1 6 . 8 3  I

I  1 - 1 3 1 4 7 1 . 4 + -  1 . 4 X 1 2 . 7 4  I

I  T E - 1 3 2 2 2 8 . 1 6  I 4 2 2 . 3 + -  1 . 3 % 1 1 . 4 1  I

I  I - 1 3 2 A 5 2 2 . 6 5  I 1 9 0 . 5 + -  1 0 . 6 % 5 . 1 5  I
I  I - 1 3 2 B 6 3 0 . 2 2  I 1 7 0 . 1 + -  1 4 . 7 X 4 . 6 0  I
I  I - 1 3 2 C 6 6 7 . 6 9  I 2 3 3 . 7 + -  3 . 3 X 6 . 3 2  I
I  I - 1 3 2 D 7 7 2 . 6 1  I 2 9 4 . 1 + -  2 . 9 X 7 . 9 5  I
I  I - 1 3 2 E 9 5 4 . 5 5  I 3 4 5 . 7 + -  1 0 . 0 X 9 . 3 4  I

I  1 - 1 3 2 2 5 3 . 5 + -  2 . 1 X 6 . 8 5  I

I  CS 13 4 A 6 0 4 . 6 6  I 1 0 1 . 3 + -  7 . 2 X 2 . 7 4  I
I  C S1 3 4 B 7 9 5 . 7 6  I 1 0 8 . 1 + -  6 . 8 X 2 . 9 2  I

I  C S - 1 3 4 1 0 4 . 7 + -  5 . 0 X 2 . 8 3  I

I  C S - 1 3 7 6 6 1 . 6 5  I 2 3 0 . 4 + -  3 . 7 X 6 . 2 3  I

I  L A 1 4 0 A 3 2 8 . 7 0  I
I  L A 1 4 0 B 4 8 7 . 0 0  I 5 3 . 6 + -  1 7 . 7 X 1 . 4 5  I
I  L A 1 4 0 C 7 5 1 . 7 0  I
I  L A 1 4 0 D 8 1 5 . 8 0  I
I  L A 1 4 0 E 9 2 5 . 2 0  I
I  L.A140F 1 5 9 6 . 2 0  I 5 4 . 5 + -  1 1 . 2 X 1 . 4 7  I

I  L A - 1 4 0 5 4 . 2 + -  9 . 5 X 1 . 4 7  I

I  RU1 03 A 4 9 7 . 0 0  I 6 7 0 . 7 + -  1 . 4 X 1 8 . 1 3  I
I  RU1 03 B 6 1 0 . 3 0  I *****

I  R U - 1 0 3 6 7 0 . 7 + -  1 . 4 X 1 8 . 1 3  I

I  N B - 9 5 7 6 5 . 8 8  I

I  Z R - 9 5 A 7 2 4 . 1 0  I
I  Z R - 9 5 B 7 5 6 . 7 0  I

I  Z R - 9 5  I  I  I

I  CIO-99 1 4 0 . 5 1  I 4 6 . 0 + -  8 . 3 X 1 . 2 4  I

I  C E - 141 1 4 5 . 4 5  I

I  B A - 1 4 0 5 3 7 . 3 8  I 6 3 . 5 + -  4 1 . 3 X 1 . 7 2  I
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TA B LE  v m . CO M PUTER OUTPUT OF GAM M A SPECTRO SCO PIC A N A LYSIS 
OF LEA V ES CO N TAM IN A TED  B Y  FA LLO U T 
(Athens, 6 May 1986)

I  ISOTOPE ENERGY I А С T I V I T Y I
(Kev) I В я /к  á p C i / á r  I

I  I - 1 3 1 A 2 8 4 . 3 0 I 1 1 6 9 8 .6 + -  6 . 3 % 3 1 6 . 1 8  I
i i - i 3 i e 3 6 4 . 4 8 I 1 0 5 7 8 .6 + -  0 . 9 % 2 8 5 . 9 1  I
I  I - 1 3 1 C 6 3 6 . 9 7 I 9 6 1 3 . 4 + -  5 . 7 % 2 5 9 . 8 2  I

I  1-131 I 1 0 5 7 0 .0 + -  0 . 8 % 2 8 5 . 6 8  I

I  TE-132 2 2 8 . 1 6 I 5 3 6 . 0 + -  9 . 3 X 1 4 .4 9  I

I  I - 1 3 2 A 5 2 2 . 6 5 I
I  I - 1 3 2 B 6 3 0 . 2 2 I 6 2 6 . 6 + -  3 9 . 4 X 1 6 .9 3  I
I  I - 1 3 2 C 6 6 7 . 6 9 I 49 3 .1 +~ 7 .1 X 1 3 . 3 3  I
I I - 1 3 2 D 772 .6 1 I 5 1 0 . 9 + -  7 . 5 x 13 .8 1  I
I I - 1 3 2 E 9 5 4 . 5 5 I

I  1 -132 I 5 0 2 . 6 + -  5 .1 X 1 3 . 5 8  I

I  CS134A 6 0 4 . 6 6 I 4 1 4 . 6 + -  10 .1 X 1 1 .2 1  I
I  CS134B 7 9 5 . 7 6 I 4 0 0 . 4 + -  8 . 3 X 1 0 .8 2  I

I  CS-134 I 4 0 5 . 8 + -  6 . 4 X 1 0 . 9 7  I

I  CS-137 6 6 1 . 6 5 I 7 5 2 . 5 + -  5 . 6 X 2 0 . 3 4  I

I  LA140A 3 2 8 . 7 0 I 1 8 8 8 .7 + -  1 3 .5 X 5 1 . 0 5  I
I  LA140B 4 8 7 . 0 0 I 1 8 8 2 . 6 + -  6 . 0 X 5 0 . 8 8  I
I  LA140C 7 5 1 . 7 0 I 2 2 0 8 . 7 + -  1 0 .7 % 5 9 . 6 9  I
I  LA140D 8 1 5 . 8 0 I 1 7 6 7 .7 + -  1 0 .4 X 4 7 . 7 8  I
I  LA140E 9 2 5 . 2 0 I 1 9 8 7 .5 + -  16 .1 X 5 3 . 7 2  I
I  LA140F 1 5 9 6 .2 0 I 1862 .1 + -  3 . 3 X 5 0 . 3 3  I

I  LA-140 I 1 8 7 8 .4 + -  2 . 6 X 5 0 . 7 7  I

I  RU103A 4 9 7 . 0 0 I 5 5 3 3 . 8 + -  1 . 3 X 1 4 9 . 5 6  I
I  RU103B 6 1 0 . 3 0 I 5 6 9 8 .1 + -  1 0 . 5 X 1 5 4 . 0 0  I

I  RU-103 I 5 5 3 6 . 3 + -  1 .3 X 1 4 9 .6 3  I

I  NB-95 7 6 5 . 8 8 I 2 1 7 2 . 5 + -  2 . 3 X 5 8 . 7 2  I

I  ZR-95A 7 2 4 . 1 0 I 2 5 . 3 + -  4 .1 X 0 . 6 9  I
I  ZR-95B 7 5 6 . 7 0 I 2 2 . 5 + -  4 .1 X 0 . 6 1  I

I  ZR-95 I 2 3 . 7 + -  2 . 9 X 0 . 6 4  I

I  (10-99 140 .51 I 2 3 7 . 5 + -  8 . 0 X 6 . 4 2  I

I  CE-141 1 4 5 .4 5 I 2 1 1 8 . 4 + -  7 . 3 X 5 7 . 2 6  I

I  BA-140 5 3 7 . 3 8 I 2 2 5 8 . 5 + -  9 . 5 X 6 1 . 0 4  I
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2.3. Observations of the radioactive fallout from  the reactor accident at 
Chernobyl

The experience gained working for a period of eight years with the above men
tioned high-resolution gamma spectroscopy apparatus allowed the adaptation of hard
ware and software techniques, already developed to determine the concentration of 
fission products in Greece following the Chernobyl accident.

It is worth mentioning that the first indication of a background increase was 
observed on the morning of 29 April 1986. This indication motivated the systematic 
sampling of air, rain and water as well as the sampling of ground specimens and food
stuff. A representative output of automatic computer analysis performed is shown in 
Tables VII and VIII; the first one shows the analysis of an air filter (35.4 m 3 of air) 
collected at 19:00, 6 May 1986, and the second one the analysis of leaves sampled 
in the vicinity of Athens the same day.

The multiplet spectrum analysis performed together with the gamma photopeaks 
library which was specially created, allowed the estimation of the concentration of 
various fission products and/or their daughters in good agreement, at several energies 
when feasible.

The systematic results of this investigation and other very important related 
observations already made will be published as soon as the relevant analysis is con
cluded. The point of the present paragraph is not to present the actual results 
obtained, but to show rather the adaptability of the laboratory in dealing with various 
gamma spectroscopy applications.

2.4. Im plantation of fission fragments in various materials

One of the subjects of interest in the field of interactions of radiation with matter 
is the penetration of matter by fission products. The interest extends, beyond the aca
demic one, to applications such as the retardation of fission products by coating layers 
of fuel particles, the detention of fission fragments by fuel cladding materials, wear 
measurements, etc.

With the present research programme, already started, it is intended to 
investigate:

(1) The possibility to estimate, with reasonable certainty, the concentrations of 
various fission fragments implanted in various materials.

(2) The relation between the concentration of the implanted fission fragments and 
the conditions of implantation, such as fission rate, duration of the exposure in 
the bombardment of the catcher material, temperature of the catcher material, 
etc.

(3) The implantation depth of the various fission fragments in various materials, by 
using stacks of very thin catcher foils.
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Experiments using trial implantations have already been conducted [5], using 
sandwiches of 235U foils and catcher foils, exposed to thermal neutron flux, inside 
the core of the Democritos research reactor. An isotope library suitable for automatic 
computer analysis of the collected gamma spectra has been established and tested [6] 
and it is expected that the first experimental data will soon be collected, in order to 
proceed further with the next steps of the programme.

3. ALPHA SPECTROSCOPY

The experience gained working for a long period with gamma spectroscopy 
motivated the extension of the research to alpha spectroscopy. However, the relevant 
experimental programme is still at the stage of setting up the experimental facility and 
investigating the statistical approach to analysing the spectra, again using automatic 
computer techniques.

The central point about this experimental programme is to determine the radon 
concentration in the environment. More specifically, it is intended to measure the 
radon concentration of the air inside buildings, in the environment of radium springs 
as well as to determine the radon emanating power of building materials.

A theoretical extension of this work is already in progress. Its main objective 
is the theoretical analysis of the phenomena related to the radon emanation from the 
solid particles of a material into its pores. In this analysis, a correction factor has been 
derived [7] for the emanating power (tjr ) of the radon atoms by the recoil mechan
ism from the solid particles of a material into its pores. This factor has been formu
lated for the case of a cylindrical pore; similar expressions for other pore geometries, 
such as spherical and conical, will be derived in the future. It should be added that 
the values of the correction factor derived are fairly close to published experimental 
data [8].

4. CONCLUDING REMARKS

The above presentation shows that both education and research in nuclear 
engineering can not only serve the long term needs of a country, such as the introduc
tion of nuclear power, but may also be applied to other subjects of great current 
interest.
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Abstract

DEVELOPMENT OF NUCLEAR TECHNIQUES FOR NATIONAL REQUIREMENTS.
The growing national requirements of developing countries to solve analytical and other problems 

in industry, medicine, biology, environmental pollution, exploration of natural resources, quality con
trol, material testing, etc., has led to the development and improvement of nuclear techniques as a com
plementary tool to conventional methods, with certain advantages. Thus the contribution of nuclear 
science and technology to national development programmes is growing, without being exhausted. Cer
tain advantages of nuclear methods, such as the simplicity of sample preparation without chemical treat
ment, negligible matrix interference, the high speed, accuracy and sensitivity, the possibilities of 
automation, the low cost and personnel requirements, make them an attractive and powerful tool for 
a variety of applications. At the National Research Centre for the Physical Sciences Democritos, besides 
the multi-element neutron activation method based on gamma ray spectrometry, other nuclear tech
niques, such as the delayed fission neutron method and passive gamma ray spectrometry of environmen
tal radioactivity, have been developed for uranium exploration and environmental control, respectively. 
Thus, an infrastructure has been created with the aid of IAEA Technical Co-operation grants, which 
also proved very useful in assessing the environmental impact of the Chernobyl nuclear accident on 
Greece. By proper policy making, nuclear services can also become a considerable source of national 
income. However, the main benefit from the use of nuclear techniques is their applicability in cases 
where other methods would fail, e.g. in certain trace element analyses. In conclusion, more effort should 
be put towards the establishment of the infrastructure and on the implementation of extensive nuclear 
science and technology applications for further national development.

1. INTRODUCTION

National nuclear programmes in developed countries are mainly oriented to 
nuclear power generation. In this connection a number of activities regarding nuclear 
reactor safety, optimization of reactor operation, environmental radioactivity control 
etc., are necessary in order to ensure an adequate supply of nuclear power besides 
supporting projects connected with nuclear power reactor development, construction 
and installation.

However, in developing countries without nuclear power generation perspec
tives or with turnkey projects, besides basic nuclear research activities, national 
nuclear programmes concentrate mainly on the development and applications of

339
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nuclear methods in a variety of scientific and technological fields, such as geology, 
industry, the environment, medicine, biology, agriculture, archaeometry, etc. On the 
other hand, international or interregional collaboration programmes are possible also 
between developed and developing countries, as for example in nuclear safeguards 
and nuclear data measurements.

2. ADVANTAGES OF NUCLEAR METHODS

Nuclear methods are continuously being developed and improved, serving as a 
complementary tool to conventional methods. Their advantages are the simplicity of 
sample preparation without the need for chemical treatment because of their non
destructive nature, the negligible matrix interference, their high speed and through
put, their accuracy, precision and sensitivity, the large measurable concentration 
range, and the possibility of almost complete automation of the measurements, which 
reduces personnel requirements and cost. These advantages make nuclear methods 
an attractive and powerful experimental tool for a variety of applications. However, 
so far nuclear methods have not been used extensively, i.e. possibilities for their 
application and their contribution to national development programmes are not 
exhausted. Even methods linked to nuclear reactors, such as neutron activation analy
sis, are under certain conditions applicable on sites where no reactor is available, by 
use of movable neutron sources or neutron generators, extending their range of appli
cations considerably.

3. APPLICATIONS OF NUCLEAR METHODS

Among the various nuclear methods, reactor neutron activation analysis is one 
of the most frequently used because of its wide range of applications. Thermal or 
epithermal neutron activation can be combined with delayed or prompt gamma ray 
spectrometry or with delayed neutron counting. Usually, a nuclear reactor is used for 
this purpose, because of its high neutron flux, but, as mentioned before, portable 
252Cf, Am-Ве or other neutron sources can also be used if the required sensitivity 
is not too high, as in the case of trace element analysis. If a particle accelerator, such 
as a tandem Van de Graaff, is available, charged particle activation analysis can be 
applied as a complementary analytical tool, mainly in case of light elements, such as 
hydrogen, boron, carbon, nitrogen and oxygen, as well as for the determination of 
certain medium and heavy elements such as calcium, thallium and lead, where neu
tron activation analysis is not practical or sensitive enough [1]. In particular, proton 
induced X-ray emission spectrometry (PIXE) can be applied successfully e.g. in 
environmental pollution studies to determine S, Pb, Ni and Cd in the atmosphere, in 
dust and in rain [2]. Thus, it can be and has been applied to determine the origin of 
smog in Athens.
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By using these nuclear analytical techniques in conjunction with other tech
niques such as atomic absorption spectrometry (AAS) and induced coupled plasma 
atomic emission spectrometry (ICP/AES), a number of elements, such as Ag, Al, As, 
Br, Ca, Cd, Ce, Cl, Co, Cr, Cs, Cu, Eu, Fe, Hf, I, In, К, La, Mg, Mn, Na, Pb, 
Rb, S, Sb, Sc, Se, Sm, Sr, Th, Ti, V, W and Zn in environmental samples can be 
analysed [2 ].

In geological samples the following elements can be analysed by thermal neu
tron activation: Ag, Al, As, Ba, Br, Ca, Ce, Cd, Cl, Co, Cr, Cs, Cu, Dy, Er, Eu,
F, Ga, Gd, Ge, Hf, Hg, Но, I, In, Ir, K, Kr, La, Lu, Mg, Mn, Mo, Na, Nd, Ne, 
Ni, Os, Pd, Pr, Pt, Rb, Re, Rh, Ru, Sb, Sc, Se, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, 
Tm, U, V, W, Xe, Y, Yb, Zn and Zr [3]. Short-lived thermal and epithermal neutron 
activation analysis has been applied for determining concentrations of Al, As, Ba, Br, 
Cr, Ca, Cl, Co, Cu, Dy, Eu, Hf, I, K, Mg, Mn, Na, Rb, Sb, Sc, Sm, Th, Ti, U, 
V, W and Yb in rocks and coal [3]. Cumulative neutron activation of short-lived 
radionuclides, such as 197Aum, is suitable for the analysis of large samples in 
mineral exploration [4]. Usually instrumental neutron activation analysis is suffi
cient. However, in certain cases radiochemical neutron activation analysis is neces
sary because of high matrix interference.

For industrial, medical, biological, agricultural and archaeometric applications, 
neutorn activation analysis is used mainly for the determination of trace elements [5]. 
In the metal industry, activation analysis with neutron generators permits the determi
nation of certain light elements such as oxygen and nitrogen as well as Fe, Na, Mg, 
Si, V, Ti, Cr, Mn, and others [6]. It should be emphasized that no method is perfect. 
Therefore various analytical methods should be available for optimal and complete 
analytical work.

Besides neutron activation analysis, other nuclear methods are used for special 
applications, such as neutron radiography using a collimated neutron beam from the 
reactor or from a neutron source. The installation cost of the facility is relatively low, 
while the range of applications is increasing.

Thus, the method is used as a complementary tool to gamma and X-ray radiog
raphy for the inspection of fuel elements, turbine blades and explosives, for the study 
o f the internal structure and microcracking of concrete and other non-destructive 
material testing, for aircraft inspection and corrosion studies, for the measurement 
of the water permeability of concrete, for hydrogen studies in metals, for the diagno
sis of cysts in pathologic bone specimens, i.e. cystic odontogenic tumours in the man
dible, for studies of ancient art and autoradiography of oil paintings, etc. [7, 8].

Some industrial nuclear technology applications, such as depth and density 
measurements, pipe rupture localization and content level determination in closed 
containers, are already well established. Gamma ray logging and other nuclear 
methods are also applied in exploration for mineral resources [9]. Material steriliza
tion and the use of radioactive tracers in a variety of cases, e.g. in lubrication studies, 
for the determination of the rate of liquid and gas flows, leakage localization, material 
mixing, and fertilizer and hydrology studies, are some other nuclear applications in 
industry.
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С = Neutron counting system 
Dg= Gamma ray detection system 
Dn = Neutron detection system 
IS = Intermediate storage facility 
L = Capsule loading system 
MCA = Multichannel analyser 
PC = Personal computer 
R - Reactor 
S = Final storage facility

FIG. 1. Block diagram o f the nuclear analyses.

4. DEVELOPMENT OF NUCLEAR METHODS AT NRCPS DEMOCRITOS

At the NRCPS Democritos, besides multi-element neutron activation gamma 
ray spectrometry, other nuclear techniques such as the delayed fission neutron 
method and passive gamma ray spectrometry of environmental radioactivity have 
been developed. The delayed fission neutron method has initially been applied to the 
determination of uranium in geological samples for mineral exploration. Thousands 
of samples of different origin and form have been analysed. This was possible 
because of the high speed of the method, which may exceed 500 analyses per day 
[10]. The method has also been compared to the fission track method for archaeomet- 
ric studies [11] and to other methods, such as the fluorimetric, XRF and neutron acti
vation method [12]. Since the method can cover non-destructively without matrix 
interference the analysis of uranium samples with a wide concentration range, the 
method is now being applied also to high accuracy and precision analysis of nuclear 
safeguards samples and standard reference material. For this purpose the uranium 
analyser (Fig. 1) has been modified to allow for cyclic activation analysis and timed 
intermediate sample storage [13, 14]. Thus, the counting statistics can be improved 
without increasing the counting rate in order to avoid pulse pile-up and radioactivity 
buildup, which would lead to counting and personnel protection problems, respec
tively. By additional proper data processing, a precision of the order of 0.01% rela
tive standard deviation has been achieved (Table I). Thus, the technique is now 
competitive with well established destructive analytical techniques, such as mass 
spectrometry, with the advantage of higher speed and easier, non-destructive sample 
preparation [15]. Complete automation of the analytical system using a microcom-
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TABLE I. PRECISION DETERMINATION

343

Sample 1 Sample 3
(counts) (counts)

al 2782373 al 2718206
bl 2794804 bl 2772515
a2 2747038 a2 2757701
b2 2742944 b2 2682318
a3 2757909 a3 2720489
ЬЗ 2749862 ЬЗ 2738347

a4 2737359
La 8287320 b4 2747737
Eb 8287610 a5 2742774

b5 2724906
»a.b.rel = 0.76% a6 2698101
<*Еа.Еь,ге1 =  0.0023% b6 2710700

a7 2716603
Sample 2 b7 2711305
(counts) a8 2700641
al 1054220 b8 2700024
bl 1057506 a9 2706324
a2 1056400 b9 2705495
b2 1054616
a3 1055773
ЬЗ 1058130

Ea 3166393 Ea 24498198
Eb 3170252 Eb 24493347

tfa.b.rel = 0.15% ' «Ja.b.rel = 0.86%
CTEa.Eb.rel =  0.0086% <*Ea,Eb.rd =  0.014%

puter is envisaged. The home-made pneumatic transfer system is flexible, leading 
alternatively to a neutron counting systm and a gamma ray spectrometer with data 
processing possibilities by a microcomputer. Thus, the nuclear analyser can be used 
not only for uranium and thorium analysis by activating bare and cadmium covered 
samples in a thermal and epithermal neutron flux in the reactor, but also for short
lived nuclide gamma ray spectrometry analysis by using the proper detection system. 
Of course, medium- and long-lived nuclides can also be analysed by the same facility 
without the need for a fast pneumatic transfer system. Thus, basalt, granite and 
mineral gold samples have been analysed successfully in collaboration with the Insti
tute of Geological and Mineral Exploration.
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Passive gamma ray spectrometry was initially used for the natural radioactivity 
determination of radioactive minerals and for environmental radioactivity control in 
connection with fallout from nuclear tests. However, since the Chernobyl accident 
the same equipment, consisting of an HpGe detector and a multichannel analyser with 
an internal or external microcomputer, is being used for the measurement of radioac
tivity in air, water, soil and food from this nuclear power accident. Most of the equip
ment used, consisting of several sets, has been obtained by IAEA Technical 
Co-operation grants, initially foreseen partly for other purposes, such as neutron acti
vation analysis [16]. Using this equipment, thousands of samples have been analysed 
in special containers, so far mainly for m I, l32I, l37Cs, l34Cs, 132Te, l40La, l40Ba and 
l03Ru, leading to useful conclusions with regard to the impact of this accident on the 
country, and permitting proper precautions to be taken for the public health. Of main 
concern were goat and sheep milk, cheese and meat, some vegetables and fruit, wheat 
and their products. Further IAEA support requested is expected to contribute con
siderably to solving the national environmental problems and others.

5. NUCLEAR TECHNOLOGY SERVICES

By proper policy making, nuclear development applications and services can 
also become a considerable source of national income. Since, for example, the rate 
of uranium analysis by the delayed neutron method can exceed 100 000 samples per 
year, a significant income can be achieved from this single activity. Further nuclear 
analytical and other services might increase this income to a great extent. However, 
the main benefit from the use of nuclear techniques is their applicability in cases 
where other methods would fail, as for instance in certain trace element analyses.

6 . CONCLUSIONS

In conclusion, even inexpensive further development of nuclear science and 
technology with a wide range of applications is still possible. Thus, more effort 
should be put into the establishment of the infrastructure and into the implementation 
of extensive nuclear science and technology applications for the benefit of national 
development.
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Abstract

NEUTRON ACTIVATION ANALYSIS IN GREECE.
Today neutron activation analysis (NAA) is widely applied to the investigation of bio

medical, environmental, industrial, geological and archaeological problems. Due to its 
sensitivity, precision and accuracy it is considered an ideal method for the determination of a 
large number of trace elements in several materials. The paper presents a review of research 
and development of NAA methods as well as examples of applications of NAA in medicine, 
environmental studies and archaeology, taken from work carried out over the last 22 years 
at the Radioanalytical Laboratory of the Department of Chemistry at the Nuclear Research 
Centre for the Physical Sciences Democritos.

1. INTRODUCTION

Trace elements play an im portant role in our life. Today we know that:

(a) Certain trace elements are essential, non-essential or toxic for man, animals 
and plants.

(b) Several trace elements which are present in the air, water, food and soil in 
concentrations greater than a maximum permissible level — mostly due to 
increased environmental pollution from anthropogenic activities — produce 
damage to  animal and plant organisms and are in general dangerous to 
human health.

(c) The existence or non-existence o f a trace element in an industrial product 
may influence the quality o f the product.

(d) The concentrations o f trace elements in an object o f art have often been 
indicative o f  the origin o f the object.

One o f the most sensitive — with a detection limit o f less than 0.1 /ug — 
and accurate techniques, applicable to  the determ ination o f  a large num ber o f 
trace elements in different materials, is neutron activation analysis (NAA).

In this paper a review o f research and development o f NAA m ethods as 
well as examples o f  applications o f  NAA in medicine, environmental studies
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and archaeology is presented, taken from work carried ou t over the last 2 2  years 
at the Radioanalytical Laboratory o f the D epartm ent o f  Chemistry at the 
Nuclear Research Centre for the Physical Sciences (NRCPS) Democritos.

2. NEUTRON ACTIVATION ANALYSIS

Research nüclêar reactors made possible the development and applications 
o f a nuclear m ethod for the determ ination o f  small quantities o f chemical 
elements in several materials, the m ethod o f NAA. With this m ethod the quantity 
o f an element present in a sample is determined by measuring its radioactivity 
when the sample is irradiated with thermal neutrons in a nuclear reactor.

High-flux therm al NAA is a very sensitive, rapid, accurate and universally 
applicable nuclear method. Today NAA is recognized as a well-established 
nuclear analytical m ethod and as such it is a very im portant peaceful use of 
research reactors. The basic principles o f the m ethod were covered by Boyd [ 1 ] 
in 1949.

Since then there has been a tremendous growth o f research, development 
and applications o f NAA which has resulted in a dramatic increase o f the relevant 
iiterature, which shows an exponential growth [2, 3].

The increasing international interest in NAA is also evident from the origin 
o f papers presented at international conferences o f Modem Trends in Activation 
Analysis (MTAA). In 1961, during the first MTAA Conference, about a quarter 
o f  the presented papers were from only six countries o ther than the USA [4] 
while during the 5th, the 6th  and the 7 th  MTAA Conferences in 1976, 1981 and 
1986 more than three quarters o f the presented papers were from more than 
25 countries o ther than the USA.

Several factors have contributed to  the increasing international interest in 
NAA. Examples are (a) the establishment o f  research nuclear reactors in many 
countries o f the world, (b) the use of other projectiles (charged particles and 
photons) in the arsenal o f activation analysis, and (c) the development o f radio
chemical separation techniques, which, combined with NAA, increased the 
sensitivity of NAA for some elements to  quantities below 1СГ9 grams. However, 
the factors which contributed m ost to  the international recognition o f NAA 
were the development o f  multichannel analysers [5] and Ge(Li) detectors [6 ] 
for gamma ray counting and the possibility o f gamma ray spectra processing by 
com puter techniques. All these increased the num ber o f trace elements which 
can be determ ined by instrum ental NAA, reduced the time o f analysis and 
greatly extended the scope of the m ethod. In many cases NAA can be applied 
successfully as an instrum ental non-destructive multi-element analysis m ethod, 
based upon multichannel gamma ray spectrom etry o f the neutron activated sample.
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3. DEVELOPMENT OF NAA METHODS AT THE RADIOANALYTICAL
LABORATORY

In the last 22 years improved and/or faster radiochemical NAA methods 
have been developed at our laboratory for the determ ination o f Au [7], Ni [8 ],
Cl [9], As [10], Cu [11], U [12], V [13], Cr [14], Eu [15], Hg [16] and Mo [17] 
in several materials as well as for the simultaneous determ ination of Br and
I [18], Mg, Sr and Ni [19], As and Cu [20], As, Sb and Hg [21], Mn, Sr and 
Ba [22], Cd and Zn [23], Se and As [23], Mo and Cr [23] and recently o f Hg 
and Se [24] in biological materials. Instrum ental NAA methods have also been 
developed for the determ ination o f Ag, Cl and Na in lake waters [7], Al, Ca, Mg 
and V in wines [25], seven trace elements in biological materials [23], 17 trace 
elements in sediments [26] and 20 m inor and trace elements in ceramics [27].
We have also developed a comprehensive com puter program for routine activation 
analysis using Ge(Li) detectors [28].

4. RESEARCH AND APPLICATIONS OF NAA IN MEDICAL RESEARCH

In medical research we have applied instrum ental neutron activation analysis 
(INAA) for the study o f cystic fibrosis (CF). This is a frequent chronic disease 
of childhood. Patients with CF are found to  have abnormally high concentrations 
of sodium and chlorine in their sweat and nails. We have developed an improved 
washing procedure for the removal of external sodium contam ination from 
nail clippings. This, combined with INAA, increased the diagnostic accuracy of 
the m ethod [29, 30]. We have developed a simple counting m ethod for sodium-24 
in irradiated nail clippings which makes possible the use o f inexpensive counting 
equipm ent for INAA of sodium in nails. We have successfully applied INAA for 
the determ ination o f sodium in fingernails of 80 patients with CF and 2531 controls. 
We have made a systematic study o f 11 more trace elements (Al, As, Br, Ca, Cl,
Co, Cu, Mg, Mn, К and Zn) in fingernails o f patients with CF and controls using 
NAA [30]. Increased brom ine concentrations were first reported by our group [31 ] 
and can be used as a supplementary indicator for CF. This research work was 
partially supported by the IAEA for three years (Research Contracts 689/R B /l969, 
689/R I/1970, 689/R 2/1971). This work was done in collaboration with the 
First Pediatric Clinic o f Athens University.

Changes o f metabolism happen in women’s organisms during gestation.
The concentrations o f Zn, Co, Cu, Se, As, Au, Br and Rb have been determined 
by NAA in maternal and umbilical cord blood sera as well as in healthy non
pregnant women who served as controls [3 2 -3 4 ]. The concentrations o f Zn 
and Co were significantly lower; those o f Cu and Au significantly higher; while 
levels o f As, Se, Br and Rb were similar in sera o f pregnant and non-pregnant 
women. INAA has been applied for the determ ination o f Co, Rb, Se and Zn in
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maternal and umbilical cord serum and amniotic fluid o f women with normal 
and prolonged pregnancy [35]. Significantly lower levels o f Co, Se and Zn 
were found in maternal blood serum and cord serum o f women with prolonged 
pregnancy as compared with those in sera of mothers with normal pregnancy. 
Concentrations o f Zn were also found to  be significantly lower in the amniotic 
fluid o f  women with prolonged pregnancy.

The principal food o f infants during the first m onths o f their life is human 
milk or cow’s milk and commercial infant foods. NAA has been applied for the 
determ ination o f seven trace elements (Co, Cr, Cu, Se, Zn, Rb and As) in 
colostrum, transitional and mature human milk as well as in powdered cow’s 
milk and commercial infant foods in order to  find out whether non-breast-fed 
infants received the same or different amounts o f these trace elements compared to 
breast-fed ones. Results have been reported [36]. It was found that the average 
concentration o f Cu in human milk is about nine times higher than that in 
cow’s milk. The work was done in collaboration with the Second Pediatric Clinic 
and the First Clinic o f  Obstetrics and Gynaecology of the University of Athens.

Trace elements have been determined in the lens, nail and serum o f patients 
with cataract [37, 38]. Recently the distribution pattern  of Co, Fe, Rb, Sb, Se 
and Zn in hum an cataractous lenses has been studied using INAA. Differences 
in concentrations of these trace elements were found in the cataractous lens 
compared with the concentrations o f the same elements in the normal 
lens [39, 40]. This work was done in collaboration with the Eye Clinics o f the 
University o f Athens.

Active constituents o f  medicinal plants are products o f plant metabolism, 
which is influenced by the variation of the concentration o f trace elements. 
Twenty-seven trace elements have been determined in the different parts o f the 
medicinal plant Helleborus cyclophyllus  Boiss and in the soil in which the plant 
had grown [41, 42]. Recently, simple and rapid NAA methods have been 
developed and used for the direct and indirect determ ination o f active ingredients 
in drugs [43, 44] and cosmetics [45, 46]. This work was done in collaboration 
with the Departm ent o f Pharmaceutical Technology o f the University o f Athens.

INAA has been applied for the determ ination o f Co, Cr, Fe and Zn in human 
ovaries [47] recently.

5. NAA METHODS IN ENVIRONMENTAL RESEARCH

In the last 22 years in our laboratory NAA m ethods have been developed 
and applied to  trace element research in the environment and more than sixty 
scientific papers have been published [48, 49].

Most o f  the environmental research work which has been done at our 
laboratory has been concerned with marine pollution studies o f toxic trace 
elements. Some o f the objectives were:
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( 1 ) To investigate if marine organisms collected from polluted sea areas contain 
toxic trace elements in concentrations dangerous for hum an consum ption

(2) To find marine organisms which can be used as toxic trace element 
pollution indicators

(3) To investigate variations o f  concentrations o f  trace elements in marine 
organisms in relation to  their length and age

(4) To study the fates and pathways o f trace elements in the marine environ
ment o f the Saronic Gulf

(5) To determine toxic and other trace elements in waters, fruits and wines.

In environmental research we have determ ined, using NAA, 17 trace elements 
in surface and bottom  waters from the 11 most im portant lakes of Greece [7].
We have also investigated several trace elements in drinking water, in river waters, in 
water pipes, as well as in wines from different wine producing areas of 
Greece [25, 50]; certain inorganic nutrients in natural and artificial food of 
Dacus oleae larvae [51]; bromine in soils polluted with bromine pesticides and 
in the same soils after treatm ent with water [52]; the arsenic uptake o f grapes and 
plant tissues [53]; and nine trace elements in three edible mollusc species [54].

In marine pollution studies we have determ ined toxic and other elements in 
Pyura m icrocosm us [55], in Cynthia claudicans [56], in Acartia clausi [57] and 
in several mollusc, echinoderm and tunicate species [58, 59]. It was found that 
certain o f these marine organisms may be characterized as radioactive and 
industrial pollution indicators.

In fish species, As and Hg were determined in Pagellus erythrinus [60] and 
As, Cd, Co, Cu, Fe, Hg, Rb, Sb, Se and Zn in Sargus annularis [61 ]. It was 
found tha t arsenic concentrations in the flesh o f these tw o fish species were 
twice as high in samples from polluted areas o f  the Northern Saronic G ulf as 
compared with samples from  the unpolluted areas o f the island o f  Rhodes and 
the Petalion Gulf.

Within the framework o f the UNEP MED POLL II Project, a systematic 
pollution m onitoring o f 14 trace elements (Ag, As, Cd, Co, Cr, Cs, Cu, Fe, Mg,
Rb, Sb, Se, V and Zn) in Mullus barbatus and Parapenaeus longirostris [62—64] 
has shown increased concentrations o f As in the flesh o f  Mullus barbatus from 
the Northern Saronic Gulf compared with specimens from  other gulfs o f  Greece. 
All higher concentrations o f arsenic found in fish species o f the Saronic Gulf are 
within the ‘natural background’ levels reported for edible fish by other 
investigators. No significant differences for the rest o f the trace elements were 
found in the flesh o f these marine organisms studied in the Northern Saronic 
Gulf compared with the same organisms from other gulfs. It seems that these 
benthic organisms do not reflect the very high trace element concentrations 
found in seawaters and sediments o f Keratsini Bay in the Northern Saronic Gulf.

A study o f trace elements (Ag, As, Au, Се, Co, Cr, Cs, Eu, Fe, Hg, Hf,
La, Lu, Mn, Rb, Sb, Sc, Sm, V, Yb, Zn) as an index to  pollution in sea 
sediments [65—68] from  the Northern Saronic Gulf has been made by INAA.
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It was found th a t the discharge o f industrial and domestic wastes in the 
Keratsini and Elefsis bays o f the Saronic Gulf has led to  elevated concentrations 
o f toxic and other trace elements determ ined over at least 10 0  km 2 o f the 
sea floor. The 0.5N HC1 extraction m ethod [69] o f the silt-clay fraction of 
sediments was used and was successful in distinguishing between anthropogenic 
and residual concentrations o f As and Zn in the sediments [70].

Increased concentrations o f As, Co, Cs, Cu, Fe, Mg, Rb, Sb, Sc and Zn 
have been found in sea water samples collected near the main sewage outfall 
o f Keratsini Bay and to  a much lesser degree from Faliron Bay [71 ]. The affected 
area, however, is not very extended since the concentration o f trace elements 
falls to  natural background levels within 5 km 2 from the outfall.

Within the framework o f the scientific collaboration between the Activation 
Analysis Group o f the Institute o f Nuclear Research and Nuclear Energy (INRNE) 
o f Sofia, Bulgaria, and the Radioanalytical Laboratory o f the NRCPS Democritos, 
nine trace elements (As, Co, Cr, Cu, Mg, Rb, Se, V and Zn) were determ ined by 
NAA in the flesh and liver o f the edible fish Gobius niger caught from Varna Bay, 
Bulgaria, and the Saronic and Petalion Gulfs, Greece [72]. Of the nine trace 
elements under investigation, no concentrations dangerous to  human health were 
found in any samples o f Gobius niger.

Recently the distribution o f  As, Co, Cr and Zn in water column (total, 
particulate and dissolved) and in sediment core samples (total, 0.5N HC1 extractable 
and residual) from the Northern Saronic Gulf has been studied [73—75]. INAA 
has been applied for the determ ination o f eight rare earth elements (REE)
(La, Ce, Sm, Eu, Tb, Dy, Yb, Lu) in sediment cores collected from stations of 
polluted and unpolluted areas of the Northern Saronic Gulf. Higher levels o f all 
REE were found in the cores from polluted areas as compared with those from 
unpolluted areas. Different vertical profiles o f REE were found in the cores from 
two stations o f  polluted areas, which indicates that REE may distinguish between 
pollution sources [76].

Our laboratory has participated in the UNEP MED POLL II and UNEP MED 
POLL VIII projects for the protection o f the Mediterranean. The partial financial 
support o f our laboratory for these projects by UNEP/FAO as well as for the 
research programme Fates and Pathways o f Trace Elements in the Saronic G ulf by 
the European Economic Communities is gratefully acknowledged.

6 . NAA IN ARCHAEOLOGY

INAA is widely applied in the investigation o f archaeological problems.
The elemental composition o f an object o f art as well as its form, shape and 
decorative style may give an indication o f the origin o f the object. The museum 
curator will often perm it the removal o f a specimen from an object for analysis 
if the am ount taken is such a tiny fleck (a few mg) tha t its absence is virtually
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undetectable. In such small quantities o f  a po ttery  sample, for example, more 
than 20 trace elements can be determ ined by INAA.

At our laboratory we have applied NAA m ethods to  the investigation of 
provenance problems o f ancient books, ceramics, obsidian, flint, limestone and 
marble. We have examined 50 paper samples from  old Venetian books [77] 
in order to  correlate the concentrations o f trace elements and the age o f the books.

INAA has been applied for the determ ination of 19 m inor and trace elements 
(As, Ce, Co, Cr, Cs, Cu, Fe, Hf, La, Na, Rb, Sb, Sc, Sm, Ta, Tb, Th, Yb and 
Zn) in two groups o f potsherds [78] which have been excavated at tw o different 
sites in Greece, the island of Thasos (Group A) and Delos (Group B). A good 
agreement for all the elements examined between the po ttery  specimens of 
Groups A and В was found. This matching in chemical composition found by 
INAA between the two groups A and В provides strong support for the 
archaeologists’ hypothesis tha t the two groups belong to  the same m ajor group 
o f ‘Melian’ pottery. INAA and X-ray techniques have been applied for the 
determ ination o f 24 major, m inor and trace elements in four different groups 
o f vases [79, 80]. (Protocorinthian, Thapsos Class, Late Geom etric Corinthian 
and Aigion Crater). The matching in chemical composition o f  the four groups o f  
vases found strongly suggests the same origin for all o f  them.

X-ray and NAA and mineralogical examination have been applied to 
obsidian samples found in the excavation o f Kitsos cave at Sounion [81 ]. The 
trace element concentrations found in Kitsos obsidian m atch w ith those o f 
Melos origin found in previous works.

Current research at our laboratory on archaeom etry deals with provenance 
studies o f ancient po ttery  from the islands o f Naxos and Thera, and the 
Peloponnese, as well as ancient marble from different sites o f  Greece and archaeo- 
metallurgy studies on specimens from Lesbos and Lemnos. This last work is 
being done in collaboration with the Max Planck Institute o f  Heidelberg, Federal 
Republic o f Germany, and the University o f  Oxford, United Kingdom.

Within the framework o f  collaboration between the activation analysis group 
o f the Institute o f Nuclear Research and Nuclear Energy (INRNE) o f Sofia, 
Bulgaria, and the Radioanalytical Laboratory o f  NRCPS Democritos, Greece, 
a jo in t project has started on the development o f  NAA m ethods and their application 
to  the study o f trace elements in flint samples from  flint quarries and ores from 
Bulgaria and Greece as well as in archaeological flint objects o f honey or white 
honey colour found in museums.

N eutron activation analysis is another peaceful use o f  atom ic energy.
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H O W  T O  O R D E R  I A E A  P U B L I C A T I O N S

H ■  An exclusive sales agent for IA E A  publications, to whom all orders
and inquiries should be addressed, has been appointed 
in the following country:

U N I T E D  S T A T E S  O F  A M E R I C A B E R N A N  -  U N I P U B ,  4611-F A s s e m b ly  D r iv e , L a n h a m , M D  2 0 7 0 6 -4 3 9 1

H ■  In the following countries IA E A  publications may be purchased from the 
H Щ sales agents or booksellers listed or through your

major local booksellers. Payment can be made in local 
currency or with UN ESCO  coupons.

A R G E N T I N A C o m is ió n  N a c io n a l d e  E n e rg ía  A t ó m ic a ,  A v e n id a  d el L ib e r ta d o r  8 2 5 0 , 
R A - 1 4 2 9  B u e n o s  A ire s

A U S T R A L I A H u n te r  P u b lic a t io n s , 5 8  A  G ip p s  S tre e t , C o ll in g w o o d , V ic t o r ia  3 0 6 6

B E L G I U M S e rv ice  C o u r r ie r  U N E S C O ,  2 0 2 , A v e n u e  d u  R o i ,  B -1060 B russels

C H I L E C o m is ió n  C h ile n a  d e  E n e rg ía  N u c le a r , V e n ta  d e  P u b lic a c io n e s ,  
A m u n a te g u i 9 5 , C a s illa  1 8 8 -D , S a n tia g o

C H I N A I A E A  P u b lic a t io n s  in C h in e se :
C h in a  N u c le a r  E n e rg y  In d u s try  C o r p o r a t io n , T ra n s la t io n  S e c t io n ,
P .O . B o x  2 1 0 3 , B e ijin g

I A E A  P u b lic a t io n s  o th e r  th a n  in  C h in e s e :
C h in a  N a t io n a l P u b lic a t io n s  Im p o rt  &  E x p o r t  C o r p o r a t io n ,  
D e u ts c h e  A b t e ilu n g , P .O . B o x  8 8 , B e ijin g

C Z E C H O S L O V A K I A S .N .T .L . ,  M ik u la n d s k a  4 ,  C S -1 1 6 8 6  P rag ue 1
A l f a ,  P u b lish e rs , H u rb a n o v o  n ám e stie  3 , C S -8 1 5  8 9  B ra tis la v a

F R A N C E O f f ic e  I n te rn atio n a l d e  D o c u m e n ta t io n  et L ib r a i r ie ,4 8 , ru e  G a y -L u s s a c ,  
F -7 5 2 4 0  Paris C e d e x  0 5

H U N G A R Y K u lt u r a ,  H u n g a ria n  F o re ig n  T ra d in g  C o m p a n y , 
P .O . B o x  149, H -1389 B u d a p e st 6 2

I N D I A O x fo r d  B o o k  and  S ta t io n e ry  C o .,  17, Park  S tre e t, C a lc u t ta - 7 0 0 016  

O x fo r d  B o o k  and  S ta t io n e ry  C o . ,S c in d ia  H o u s e , N e w  D e lh i-1 1 0 0 0 1

I S R A E L H e il ig e r  a n d  C o ., L t d ,  S c ie n t if ic  an d  M e d ic a l B o o k s ,  
3 , N a th a n  S trau ss S tre e t , Je ru sa le m  9 4 2 2 7

I T A L Y L ib re r ía  S c ie n t if ic a ,  D o t t .  L u c io  d e  B ia s io  " a e io u " ,  
V ia  M e ra v ig li 16, 1-20123 M ila n

J A P A N M a ru z e n  C o m p a n y , L t d ,  P .O . B o x  5 0 5 0 ,1 0 0 -3 1  T o k y o  I n te rn atio n a l

P A K I S T A N M irz a  B o o k  A g e n c y , 6 5 , S h a h ra h  Q u a id -e -A z a m , P .O . B o x  7 2 9 , L a h o re  3

P O L A N D A r s  P o lo n a - R u c h , C é n tra la  H a n d lu  Z a g ra n ic z n e g o , 
K r a k o w s k ie  P rz e d m ie s c ie  7, P L -0 0 - 0 6 8  W arsaw

R O M A N I A lle x im , P O .  B o x  136-137, B u c h a re st

S O U T H  A F R I C A V a n  S c h a ik  B o o k s t o re  (P ty ) L t d ,  P .O . B o x  7 2 4 , P re to r ia  0001

S P A I N Di'az d e  S a n to s , Lag asca  9 5 , E - 2 8 0 0 6  M a d r id  
Di'az d e  S a n to s , B a lm e s  417, E -0 8 0 2 2  B a rc e lo n a

S W E D E N A 8  F r it z e s  K u n g l.  H o v b o k h a n d e l,  F re d s g a ta n  2 , P .O .B o x  1 6 3 5 6 , 
S-103 2 7  S to c k h o lm

U N I T E D  K I N G D O M H e r  M a je sty 's  S ta t io n e ry  O f f ic e ,  P u b lic a t io n s  C e n tre , A g e n c y  S e c t io n ,  
51 N in e  E lm s  L a n e , L o n d o n  S W 8  5 D R

U S S R M e z h d u n a ro d n a y a  K n ig a ,S m o le n s k a y a - S e n n a y a  3 2 -3 4 , M o s c o w  G -2 0 0

Y U G O S L A V I A J u g o s lo v e n sk a  K n j ig a , T e ra z ije  2 7 , P .O . B o x  3 6 , Y U -110 01  B e lg ra d e

■ Orders from  countries where sales agents have not yet been appointed and 
requests for information should be addressed directly to:

« ^  дО ^  Division of Publications
I  ^ тЗг $ International Atom ic Energy Agency
ó Wagramerstrasse 5, P.O. Box 100, A -1400 Vienna, Austria
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