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INTRODUCTION 

A cascade reaction can be defined as a reaction in which more than one particle 
emerges in addition to the final nucleus. Because neutrons have much greater pene
trabilities than charged particles, the (n,2n) and (n,3n) reactions are, with few 
exceptions, the most probable neutron induced cascade reactions in the energy range 
below 20 MeV. Cross sections for (n,2n) reaction*, have been extensively measured 
and analyzed around 1U MeV incident neutron energy. Excitation functions for a large 
number of nuclides have recently been measured accurately over a vide energy range 
'**', and a brief survey of the techniques employed is given. These data now pro
vide a good basis for the study of the reaction mechanism which is discussed in 
some detail. Systematic effects such as isotonic and isotopic effects will also be 
discussed. 

Very little information has been published on cascade reactions involving char
ged particle emission. Measurements have only been performed around "\k MeV incident 
neutron energy for the [(n,d) + (n,n'p) + (n,pn)] and the[(n,n'a) + (n,an)] reac
tion cross sections on a limited number of nuclides. They will be briefly reviewed. 

TECHNIQUES OF CROSS SECTION MEASUREMENTS 

In most of the published (n,2n) cross section measurements, use has been made 
of the activation technique. A method based on the large loaded liquid scintillator 
has been recently developed 5» 6>, Because it is a direct method, it overcomes the 
limitations of the activation technique. 

The activation method. 
The activation method relies en the determination, after neutron bombardment, 

of the activity produced in a sample. Although all types of counting methods have 
t»en employed, the y-r&y spectrometry is now generally used, particularly because 
of the recent development of high resolution Ge(Li) detectors. Nevertheless Nal(Tl) 
scintillation detectors are still widely used * ) . 

Besides its sensivity to uncertainties in decay schemes, this method is limited 
to nuclides which leave a suitably active residual isotope. This limitation rules 
out the possibility of systematic measurements on the different isotopes of a given 
element. Such measurements are however of prime interest for studying the reaction 
mechanism. 

'Ihe large loaded liquid scintillation method. 
This technique, which has been recently improved '', involves the detection of 



the emitted neutrons. It relies on two properties of the neutron detector, a large 
gadolinium loaded liquid scintillator : 1. its high neutron efficiency and 2. the 
relatively long lifetime of neutrons in the scintillator. This allows identification 
of an (n,2n) event by 2 separate pulses within a period of about 30 lis following the 
event. 

This method can be used for any nuclide, provided that several grams c-f material 
are available for a sample. Thus any separated isotope or natoral element of interest 
for fusion technology can be measured. 

REACTION MECHANISM 
The title of the present paper "Cascade Reactions" suggests a successive emis

sion of particles. It was deliberately choosen for that reason. Indeed, it has been 
known for a long time that the (n,2n) reaction, in particular, proceeds mainly 
through the formation of a compound nucleus, followed by the evaporation of the 
neutrons. In our discussion of the reaction mechanism, we will begin with a brief 
description of the evaporation model. The differences which appear between the pre
dictions of this model and experimental data will be examined, and a number cf 
mechanisms which can account for these deviations will be discussed. Some of them, 
such as the introduction of angular momentum effects and of v-decay competition with 
particle emission, remain in the frame of the evaporation model. However new reaction 
mechanisms, such as direct reactions or preeequilibrium emission, are necessary to 
account also for the observed hardening of the primary neutron spectrum and for the 
cross section behaviour for incident neutron energies above 15 MeV. 

The evaporation model. 
Under the Bohr assumption of compound nucleus formation, and with the restriction 

;hat the compound and the residual nuclei have such a large density of levels at their 
excitation energy that a statistical description can be used, the following expres
sion can be derived 7/ for the energy distribution of an outgoing particle : 
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where E is the energy of the incident neutron, 
e the energy of the emitted particle, o (e) the 
cross section for formation of the compound nu
cleus by a particle of energy c, and w (E - c) 
the density of energy levels in the product nu
cleus with excitation energy (E - e). 

A schematic picture of the compound nucleus 
decay is shown in fig.1 for the case of the (n,2n) 
reaction. If we assume that the residual nucleus 
A always emits a second neutron whenever it is 
energetically possible and if we neglect cascade 
reactions involving charged particle emission, 
then we obtain the following relations for inci
dent energies below the (n,3n) threshold : 
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Fig. 1 Compound nucleus decay 
scheme. 
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where o (n,M) = O (n,n') * o (n,2n), and where E.. is the neutron binding energy in 
the target nucleus A. 

A priori calculations are often performed on the basis of these expressions, 
using appropriate level density formulae and a cross sections obtained from optical 
model calculitions. 

This formalism can be easily generalized to the case where emission of charged 
particules is possible. Further extensions including y-ray emission and angular 
momentum effects are also possible. 

Defining the nuclear temperature 8 as : 

-TTË7 B aT~ I l0* w ( E )1 
and introducing a first order Taylor expansion for the logarithm of the level density 
around E « IL in expression 0 ) , Weisskopf 7)obtained a Maxwellian form for the 
energy distribution of the outgoing first neutron : 

I (e) te * e o (e) exp ( - -f- ) • ( 5 ) 

c o 
Assuming a constant with energy, he derived from equations (2) and (3) the following 
expressions : 

a (n,2n) 
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The assumptions made to derive the above formulae have their greatest validity 
several MeV above the (n,2n) threshold. It is thus understandable than they give a 
good overall representation of the bulk of experimental data available around 
lU MeV incident neutron energy * ) , 



Comparison of the statistical model predictions with experimental results. 

As can be seen from expression (6), the (n,2n) cross section is mainly governed 
by the quantity U_ = E - E. which is generally called the excess energy and 
corresponds to the totaS kinetic energy available for the two emitted neutrons. Many 
nuclei have a Q - value for the (n,2n) reaction of about 8 - 9 MeV, and most of the 
experimental da^a are for incident energies between "lfc and 15 MeV. This corresponds 
to an excess energy of 5 - 7 MeV, which is well above the (n,2n) threshold, but still 
below the (n,3n) threshold, a region where the assumptions leading to the evaporation 
formulae have the maximum validity. 

E. Holub and K. Cindro have recently shown ''that ic this energy range 
U = 6 ± 1 MeV the experinental data are systematically overestimated by the 
Pearlstein calculations s) . However the Pearlstein expression is not a purely statis
tical one, since it contains a scaling factor determined by coiuparison '•£ the calcu
lations with experimental results. An a priori statistical model calculation was 
thus undertaken by the same authors l 6 ) . Furthermore, they showed that in the energy 
region U_ = 5 ± 1 MeV the calculated cross sections are not; very sensitive to the 
value of the neutron inverse cross sections O c (e) and the level density parameter, 
a,which are of crucial significance at lower energy. The results of their calculation 
plotted in fig. 2 show again that the calculation overestimates the experiment by 
about lOJf. The peak observed in the mass region A = 150 for the ratio 0'eXp/o*cai seems 
to correspond to an underestimate of the calculated cross sections. In this region 
(deformed nuclei), some nuclei have a (n,3n) threshold around 1U MeV. At U R **» 6 MeV, 
the (n,2n) cross sections are thus calculated just above the (n,3n) threshold for the 
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corresponding nuclei. As will he discussed later, because the y-decay competition 
and the preequilibrium emission are not included in the model, the calculated values 
are then systematically underestimated, leading to an overestimate of the ratio 
°exp / 0car 

A somewhat different approach was adopted by Lu and Fink ilf . Using a statisti
cal model allowing for neutron and charged particle emission, they calculated the 
(n,2n) cross sections at 1U.U MeV for a series of nuclei for which they had previous
ly made measurements using the activation method. The upper part of fig. 3 shows the 
comparison of the calculation with experiment : calculated values are generally •*» 
10> larger than the experimental ones. Arguing that the competition between Y~ r a7 a n d 

particle emission should result in in apparent increase of the reaction threshold, 
they performed new calculations using effective threshold higher by 0.5 and 1 MeV 
respectively for the (n,2n) and (n,3n) reactions. As seen in the lower part of fig. 3 t 

the agreement is much improved, especially for nuclei having a high (n,2n) threshold 
( 5 8Ni, 9 2Mo) and for nuclei having a (n,3n) threshold below ih.k MeV ( f l , 2Ce). This 
latter case demonstrates the role that the y-decay competition (and probably other 
mechanisms) might play just above the (n,3n) reaction threshold in the existence of 
a peak around A * 150 in fig. 2. It should also be pointed out that using such effec
tive thresholds has little effect (*v 3%) well above the (n,2n) threshold, and the 
conclusions of Holub et al. 1 0) remain valid. The large discrepancies remaining in 
fig. 3b for , 6Ru, 1 0 2Pd and 1 0 3Rh, attributed to direct interactions by the 

authors 1},f , are more probably due to uncer
tainties in the decay scheme of tne product 
nuclei : the (n,2n) cross sections recently 
obtained using the liquid scintillator tech
nique *) for Rh are in good agreement with 
the predictions of i J ) . 

A third evidence of the failure of the 
simple evaporation model in predicting the 
(n,2n) cross sections is given by the experi
mental results obtained at incident neutron 
energies above 'x» 20 MeV. As can be seen in 
the lower part of fig. k taken from refer
ence *) , the evaporation model cannot account 
for the high energy tail in the excitation 
function. 

Two mechanisms have been proposed to 
account for the differences between experiment 
and the predictions of the simple compound 
nucleus evaporation model. The first which 
allows for angular momentum effects and for 
competition between yray and particule 
emission is an extension of the statistical 
model. The second mechanism, by which direct 
or preequilibrium particle emission can occur, 
lies outside the statistical model. Both will 
be reviewed successively. 
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Competition betweeny-ray and particle emission. Angular momentum effects. 

One of the approximations generally 
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Fig. 4 Calculated and experimental cross 
sections for lh9Tm(n,2n)U8Tm, 
The upper part shows the fit of 
an equilibrium plus preequilib-
rium component using different 
values of kt the scaling factor 
fit' thit Ivans ! lion rate X„̂ o in 
t.lu: pftwquih'hi'Cwn model. The 
liWi> pavl ehows tlia decomposi
tion of the total (n,2n) cross 
section (full line) into an equi
librium (short-dashed curve) and 
a preequilibriwn component (long-
dashed curve), calculated with 
k = 4. Taken from l>). 

used in the statistical model calculations 
is that de-excitation of an excited nucleus 
by y-ray emission may he neglected if the 
nucleus can also decay by particle emission. 
The validity of this assumption is doubt
ful just above the reaction threshol. 1 2 ) . 
At the incident energies considered here, 
the compound nucleus may be formed with 
relatively high spin values. The particles 
evaporated from the compound nucleus have 
an average energy of the order of 1 to 
2 MeV and thus carry away smell orbital 
angular momenta. Therefore, only relative
ly high spin states of the final residual 
nuclei can be populated. Because of the 
lov density of high spin levels in the 
residual nuclei at low excitation energy, 
the y-ray emission can compete favourably 
with the particle emission. Such a situa
tion may occur for an excitation energy up 
to several MeV in the residual nucleus. 
This is particularly true in the case of 
(n,2n) and (n,3n) reactions for the com
pound nuclei obtained respectively after 
the emission of a first and a second neu
tron. It should also be pointed out that 
the statistical approximation is not valid 
just above the (n,2n) and the (n,3n) 
thresholds since the number of exit chan
nels available to the last emitted neutron 
is generally limited. 

One of the effects of the y-decay com
petition should be a strong reduction of " 
the (n,2n) and (n,3n) cross sections around 
the reaction thresholds. This is supported 
by the experimental observation that (n,2n) 
reactions do not become significant until 
the incident neutron energies exceed the 
(n,2n) ground state thresholds by 0.5 -
1 MeV. Similarly the shift is of the order 
of 1 to 1.5 MeV for (n,3n) reactions, and 
the (n,2n) cross sections do not appre
ciably diminish in this energy interval1"*). 
The overall effect of neglecting the y-ray 
decty competition in evaporation model cal
culations should be an apparent shift of 
calculated excitation functions toward low 
energies 8 , 1 3 î . Such a shift has little 
influence on (n,2n) cross sections calcu-



lated veil above the (n,2n) threshold but still below the (n,3n) thresholds. It is 
one of the reasons why the statistical model has been quite successful in pre
dicting the (n,2n) cross sections around 1U MeV. 

Angular momentum effects may have a more complex rôle. They can modify the re
lative fraction for primary neutron emission leading to unbound states of the re
sidual nucleus (secondary emission allowed) versus that leading to bound states of 
the residual nucleus (secondary emission not allowed). Vken charged particle emis
sion competes favourably with neutron emission, the relative branching ratios can 
also be affected. The net result could be an enhancement as well as a reduction of 
the calculated (n,2n) cross section. 

Decowski et al. **' have performed compound nucleus calculations including the 
y-decay competition and angular momentum effects. Fig. 5 shows that the calculation 
fits reasonably well their experimental results for * Ï JIn and 2 0*Pb. Unfortunately 
these authors do no indicate the importance of the y-decay of unbound states and of 
angular momentum effects for (n,2r.) croes sections. However these effects are shown 
to increase the calculated cross section for the formation of the isomeric state by 
inelastic scattering, leading to a better agreement with experiment. 

A good illustration of angular momentum effects is given in fig. 6 where are 
presented the results of a calculation by J.Jary 1 S ) for a ,Y and , 3Hb in three 
different cases : 
1 - Simple evaporation model allowing for charged particle emission, without y-de-
.cay competition and angular momentum effects. The nuclear level density distribu
tions are taken from Gilbert and Cameron : ' ) . The inverse reaction cross sections 

F„M«V 

Pig.S Comparison of the experimental cross sections for the il3In(n,n')il*mIn, 
2>HPb(n,n')20kmPb (triangles) and the UiIn(n,2n)*ï2In and 20hPb(n,2n) 
70*Pb (circles) reactions with the calculated ones : (a) the compound 
nucleus formation cross section, (b) the (n,2n) cross section, (c) the 
total (n,nf) cross section, (e) and (d) the cross section for formation 
of the isomeric state'by inelastic scattering with and without the 
y-decay of unbound states, respectively. The shadowed area corresponds 
to the contribution of the y-decay of unbound states. Taken from ^HK 



are obtained by optical model calculations l 7 ' using the SPRT method 19K 
2 - Same as in 1., but with nuclear level density parameters determined from avail
able experimental data using a fitting procedure similar to that of Gilbert and 
Cameron l 8 ) . 
3 - Same as in 2., but taking into account the angular momentum effects (not the Y-
decay competition). The transmission coefficients Tj* are calculated according tc 
the SPRT method 1 7 , 1 8 > . 

For both nuclei, the charged particle rate always remains small. For incident 
neutron energies up to -v U MeV above the (n,2n) threshold, angular momentum effects 
strongly limit transitions towards bound states of 8 , Y in the de-excitation of the 
compound nucleus *°Y, which leads to an enhanced (n,2n) cross section, in fairly 
good agreement with experimental results (fig.6). In the case of , JNb, angular mo
mentum effects act now in the opposite direction and tend to reduce the (n,2n) cross 
section. The resulting predicted curve fits the experiment *' very well (Fig.6). 
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For both nuclei, the use of adjusted level density distributions results in a reduc
tion of the calculated cross section vhich is not negligible up to "v» 3 MeV above the 
reaction threshold. However its influence is smaller than the angular momentum ef
fects by a factor of about 3. In both cases, t'iere is no special need for including 
Y-decay competition in order to fit the experiiertal results. 

In conclusion, it should be kept in mind that besides the competition between 
y-ray and particle emission, which certainly is not negligible in certain cases, the 
angular momentum effects and the level density distributions are also strongly in
fluencing the (n,2n) cross section calculations up to several MeV above the reac
tion threshold. 
Preequilibrium contribution to (n,2n) reactions. 

In the compound nucleus evaporation model, the interaction of the incident neu
tron with a nucleus is considered to occur in two steps, 1. the formation of the 
compound nucleus, and 2. the subsequent statistical decay of the compound nucleus, 
vhich is considered indépendant of its mode of formation (the Bohr hypothesis). In 
the formation step, the assumption is made that the total energy (binding.+ kinetic) 
of the incoming neutron is immediately shared with all other nucléons. Ve now wish 
to considérer the effects of dropping this assumption and are interested in what 
happens during the equilibration time. A model has been recently proposed by Griffin 
1 9 ) in an attempt to calculate the decay probabilities of an excited nucleus at each 
stage of its approach to statistical equilibrium. Further developments and applica
tions have been investigated by Williams 2 0', Blann et al. 2 I » 2 2 ; and Cline et al. 
2 3>2<»}a j t £ s o u t Q£ t ^ e S C O p e 0f -the present paper to discuss in detail the pre'-
equilibrium processes. We shall only show what may be their contribution to (n,2n) 
and (n,3n) reactions. 

Time dependant calculations show that preequilibrium particle emission occurs 
mainly in the early stage of the reaction, in a time interval much smaller than the 
compound nucleus life time 2W). This behaviour results in a natural division of the 
emitted neutron spectrum into two components : 
1-the preequilibrium component which can be approximated by the closed form exprès-
8 i 0 n ! , E - e x n-2 

N (e) - K e o- (e) T n (n-1) ( " p ] (8) c <e>I »(n-1> ( f r r ) 
n=3,5»7... * n %o ' 

where EJJ and e stand for respectively the incident and the outgoing neutmn energy, 
o*c (e) for the inverse reaction cross section, Ety0 for the neutron binding energy 
in the compound nucleus A + 1 (see fig.1). The parameter n is the number of excited 
particles and holes, and K i« a normalisation factor. 
2 - the equilibrium component, given by equation (5). 

Fig. 7 shows a decomposition of the total neutron spectrum resulting from bombard
ment of , 3Nb with 11».6 MeV neutrons [ i.e. neutrons from (n,n'Y). (n,2n), (n,np) and 
(n,pn) reactions] , obtained using a least square fit analysis **) . The preequilib
rium component fits rather well the high energy tail of the spectrum. It should be 
pointed out. that the part of the spectrum lying above 5.8 MeV (secondary neutron 
emission not possible) corresponds to the primary emitted neutrons only. As a re
sult, the effect of preequilibrium emission concerns mainly the first emitted neu
tron and is quite negligible in the secondary emission. This is a recurring fea
ture of the analysis of data obtained at *v ih MeV incident neutron energy. 



The hardening of the primary neutron spectrum caused by the preequilibrium emission 
reduces the fraction of neutrons capable of giving rise to the emission of secondary 
neutrons, and thus leads to a reduction of the (n,2n) cross section, as predicted by 
the simple compound nucleus evaporation model. At incident neutron energies around 
1U MeV, the reduction can be estimated to be of the order of 10Jf, in good agreement 
with the analysis of Holub et al. 9 , l ° ) . At higher energies (above the (n,3n) 
threshold) preequilibrium emission now favours the (n,2n) reaction, at the expense 
of the (n,3n) reaction, as observed by Bayhurst et al. h* (fig. U). 

different approaches are possible in calculating the preequilibriua contribution 
tc (n,2n) cross sections. J. Jary 1 5 ' uses essentially the energy integrated pre
equilibrium spectrum (equation 8) in which the constant K is calculated using the 
complete expression given by Cline and Blann ***. The squares of the average two-
body matrix elements |M| 2 appearing in the complete expression are determined by 
fitting the experimental primary neutron spectra 2*' using an equilibrium plus a 
preequilibrium component as described above [equations (5) and (8)] . The compound 
nucleus formation cross section ffc used to calculate the equilibrium component is 
that obtained by optical model calculations 1 7 ' 1 9 ) , but reduced by an amount cor
responding to the calculated preequilibrium term. The level density parameters are 
determined by fitting the available experimental data using the procedure described 
by Gilbert and Cameron 1 0'. The model allows for charged particle emission and 
takes into account angular momentum effects, but the y-decay is not included. The 
calculations for $ 9 Y and 9 3Nb (fig. 6) agree fairly well with the experimental 
results. The preequilibrium contribution is found to be negligible below 15 MeV 
incident neutron energy for 8 9Y, and below 12 MeV for 9 3Nb. Bayhurst et al. */ 
adopted the hybrid model formalism 2 1 ' to evaluate the preequilibrium component they 
added to the evaporation term. The absolute value of the preequilibrium contribu
tion was calculated by adjusting the transition rates X n + i ? so as to reproduce the 
experimental data for 1 8 91m (see fig. k). The best fit was obtained by using 
X /U, where X is the value evaluated in 2 1 ' by fitting the average mean free 
path of excited nucléons in nuclear matter as calculated by Kikuchi and Kawai 2 7'. 
Their calculation also differs from the one of Jary , 5 ' in the values a for in-

Fig. 7 Experimental total neutron 
spectrum obtained by bombard
ment of **Nb uith 14.6 MeV 
neutrons (full circles). The 
cross sections for rteutron 
emission from equilibrium and 
preequilibrium states accord
ing to equations (5) and (8) 
are denoted by the solid and 
the dotted-dashed lines re
spectively. The sum of both 
(dashed line) fits the ex
perimental points. Taken from 
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verse crosi sections and in the choice of a different set of level densities. 
Moreover, the y-decay competition is included and angular momentum effects are taken 
into account only for neutron decay to levels below 2 MeV excitation energy. These 
authors obtain in general good agreement between calculated and observed (n,2n) and 
(n,3n) cross sections in the energy range from threshold to 28 MeV. Generally» the 
contribution of preequilibrium emission is substantial and increases with energy. 
For 1 6 9Tm (fig. U) the contributions of equilibrium and preequilibrium emission to 
the (n,2n) cross section are equal at 'V 19 MeV and preequilibrium emission is the 
only appreciable mode above 2U MeV. 

Direct reaction contribution to (n,2n) reactions. 
Most of the available experimental data on (n,2n) cross sections and on energy 

distribution- of emitted neutrons are satisfactorily understood in the frame of the 
compound nucleus plus preequilibrium theories. There is however some evidence that 
direct reactions may also play a non negligible role. The most trivial indication is 
that ve know they exist in the inelastic scattering of intermediate energy neutrons. 
Typical values of angle integrated cross sections for inelastic scattering to the 
first 2 + state of some Se, Nd and Sm isotopes 2 , » 3 5 » ï 8 ) are given in table I. Such 
large values cannot be accounted for by Hauser Fesbach type calculations. They re
sult mainly from a strong coupling of the ground state (0+) to the first excited 
level (2 +). It thus appears that direct scattering of neutrons of intermediate en
ergy to the low lying collective states amounts to a few hundred millibarns. These 
direct transitions to bound states of the residual nucleus will partially deplete 
the low energy part of the evaporation spectra and thus will reduce the possibility 
of emission of a second neutron. However, as far as (n,2n) cross section calcula
tions are concerned, this effect is properly taken into account when a coupled chan
nel calculation is used to derive the compound nucleus formation cross sections used 
in evaporation models 1 8'. 

A general feature of direct reactions is that the energy spectrum of emitted 
particles is harder than the Maxwellian spectrum predicted by the evaporation 
theory. Unfortunately this feature is shared with the preequilibrium emission, and 
it is hardly possible to determine the relative part of both processes in the high 
energy tail observed in the experimental spectra. 

Nucleus 7 6 s , T 8se 80 c Se 82 e Se l t e » 1UU 
Nd 

1U6 
Nd 

1U0 Nd 1 5°Nd ll»8e Sm 1 5 0Sm 1 5 2Sm 

E , MeV n 8 8 8 8 7 7 7 7 7 7 7 7 

o(2 ),mb 181» 201 202 209 65 106 196 22U 255 178 213 286 

TABLE I 
Angle integrated arose sections for inelastic scattering of medium energy neu
trons to the first 2+ state of some Se, Nd and Sm isotopes *****>**), 



A more specific feature is that the angular distributions of product parti
cles, particularly those of higher energy, are peaked ia the forward direction. 
Nov compound nucleus and preequilibrium processes tend to give angular distribu-
tions vhich are isotropic or symmetrical about 90 degrees ' 3 0 ) . H. Jahn et al.' 1' 
have taken advantage of this trend in an attempt to interpret the inelastic scat
tering of lU.7 MeV neutrons on s*Fe. Using a plane-vave-Born-approximation (PWBA) 
analysis of the angular distribution measured by Hermsdorf et al. , 2', they shoved 
that the forvard directed anisotropy observed for energies of the scattered neu
trons above 'v 7 MeV had the typical shape of direct reactions vhich is closely 
related to the shape of the square of the spherical Bessel functions. Furthermore, 
they shoved that the energy spectrum of the inelastically scattered 1U.7 MeV neu
trons measured by Hansen et al. 3,)for 5 SFe could not be fitted by a sum of an 
evaporation spectrum and of a preequilibrium component calculated in the frame of 
Blann's model 22'using realistic parameters. They concluded that a third component 
accounting for direct reactions should be added and derived it from their PWBA 
analysis. As shovn in fig. 8, they obtain overall good agreement betveen calcu
lations and experiment. 

A similar theoretical approach vas adopted by Lukyanov et al. 5,,'to fit the 
experimental forvard peaked angular distribution they obtained from bombardment 
of 9.1 and lU.U MeV neutrons on tvo groups of nuclei around A = 56 and A » 90. 
Neglecting preequilibrium effects, they shoved that for all the nuclei studied the 
energy dependence of the angle integrated spectra vas veil approximated by the 
expression : 

a (e) = a e exp ( - — ) • y y — (En - e) (9) 

Fig. 8 Comparison of measured and cal
culated energy spectra of 
inelastically scattered 14.7 MeV 
neutrons on Ï 6 f e . Taken from iX). 
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Fig. 9 Comparison of measured (points) and 
calculated (solid lines) energy spec
tra of inelastically scattered 9.1 
and 14.4 MeV neutrons on stFe. The 
curve 1 represents the contribution 
of direct processes. Selected angular 
distributions are also given ; dashed 
curves are for angular distributions 
of evaporated neutrons. Taken from%hK 
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where E and e stand for the energy of the incident and the outgoing neutron respec
tively»0 8 for the nuclear temperature, and where a and y are adjustable parameters. 
The first term corresponds to an evaporation spectrum, while the second one stands 
for the contribution of direct processes and fits the forward peaked part of the 
spectrum. The results of their investigation for 5 6Fe is shown in fig. 9. For 
E = lU.U MeV, the fit was performed only for excitation energies of the first 
residual nucleus below the (n,2n) threshold (E^ = 11.2 MeV), i.e. for the first 
emitted neutron ( e > 3.2 MeV). 

Comparison of fig. 8 and of fig. 9 (for lU.U MeV incident neutron energy) shows 
that the sum of the pree'iuilibrium and direct reaction components in the former one 
is about one half of the direct reaction component in the latter one, whereas the 
overall fit to experimental data is acceptable in both cases. This illustrates the 
crudity of the calculations, and analysis similar to that discussed above are no 
more than indicative. The facts are that the high energy tail of the experimental 
spectra can be accounted for either by preequilibrium or by direct emission, as 
well as by a nr'xture of the two effects. The existence of a forward peaked angular 
distribution for the high energy part of the inelastically scattered neutron spec
tra is indicative of the presence of direct reactions. More quantitative predic
tions call for an extension of the existing models. 

SYSTEMATICS OF (n,2n) CROSS SECTIONS 

In 1966 Csikai and Peto 37)observed that the (n,2n) cross sections at a con
stant excess energy UR above threshold vary linearly with (N-Z) if either K or Z 
is constant. They derived an empirical formula : 

0 (Z ± AZ,N) = 0 (Z,N) + m (Uj AZ (10) 
B 

with ia - 231 mb for U R = 3 IieV and for all values of N except N = 28. This expres
sion was extensively used by evaluators to provide recommended values of (n,2n) 
cross Sections where experimental data were not available 3 a ) . 

A revaluation of this observation.has been recently carried out "'on the 
basis of the experimental results given in compilations by Body v0>and Kondaiah % l ) 
and of more recent measurements ," 1•» ^ 2) t i n particular on several series of iso
topes , " 3 ) . Fig. 10 shows the results of this investigation for a number of isotones 
around N = 50 and 82 respectively. The measured cross sections are plotted against 
(N-Z) for several values of the excess energy UR. The extreme right of the figure 
shows *he Csikai Peto trend calculated from expression (10) at UR » 3 MeV for the 
isotones N = UU and N = 90. It appears that the cross sections have a mounting 
tendency for given values of N and U R , but the curves are rather irregular and 
their c'.inpes vary with both N and UR. The scatter of experimental points is such, 
however, that substantial changes in the apparent behaviour are possible. For 
Uft • 3 MeV, the slope of the average lines is generally less steep than that pro
posed by Csikai and Peto. 

Fig. 11 shows the (n,2n) cross sections recently measured for some even Nd 
and Sm isotopes 3)plotted against (N-Z) for different values of UR. Again we 
observe a mounting tendency, but it is difficult to propose a single simple expres
sion accounting for the behaviour of the two isotopic chains, even for UR • 3 MeV. 
Thus it appears now that the trend observed by Csikai and Petô 37)for UR • 3 MeV is 
not regular and has not a general character. Hence, it cannot be used for evalua
tion purposes. 
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Fig.10 The (N-Z) dependence of the (n32n) cross section at various values of the 
excess energy VR for several ijotones around N - SO and N = 82. Points 
marked (a) were obtained from measurements to a metastable state ((f1) to 
which a calculated value of o9 was added. The extreme right of the figure 
shows Vue Csikai Petd trend calculated from expression (10) at U^ = 3 MeV 
for the isotonec N = 44 and N = 90. Taken from "'. 
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It should be pointed out that simple evaporation formulae such as (6) do not 
allow explicitly for any (N-Z) dependence at constant UR. When the simple energy 
dependence of the nuclear temperature ') : temperature 

0 - V 
is introduced in (6), one obtains : 

IT 
! n 

0 (n,2n) 
0 (n, M) 

v VVSi ' V y'VSi ' 
(11) 

The ratio o(n,2n)/o(n,M) as given by (11) depends jnly on the values of U. 
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and of E. , the binding energy of the last neutron in the target nucleus. On the 
other haftd, for constant values of N, E b l decreases generally with (N-Z) for (N-Z) 
values larger than the value corresponding to the stability valley (which is the 
case for most of the nuclei in fig. 10). Thus, for a given value of U R, a simple 
phase space argument ") shows that o(n,2n)/o(n,M) should increase with (H-Z) 
at constant N. However quantitative calculations show that this effect accounts 
only for about 10JS of the observed increase. 

We believe that the Csikai Petô trend results rather from the behaviour of 
o(n,M), the sum of the (n,n'), (n,2n), (n,3n), etc... cross sections. Following 
Pearlstein *\ the (n,2n) cross section can be written as : 

a (n,2u) - a a (n.M) 
ne ne 

q(n.2n) 
0(n,M) (12) 

where o(n,2n)/o(n,M) is given by expression (6) and a n c, the nonelastic cross 
section, can be considered as constant in the energy range of interest here and 
is approximated by the empirical relation of Flerov and Talyzin * *: 

w (0.12 A T + 0.21 ) 2 (13) 
ne 

The ratio o(n,M)/one represents the fraction of the reaction cross section 
involving only neutron emission. This ratio is close to one for hea.vy nuclei, 
for which the Coulomb barrier hinders the emission of charged particles. For ligh
ter nuclei, however, charged particle emission becomes'more probable and the ratio 
is smaller. The ratios o(n,M)/one as determined by Pearlstein /are plotted 
versus (N-Z)/A in fig. 12, together with the empirical formula given by Barr et 
al."M: 
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Fig.11 The (N-Z) dependence of the 
(n,2n) CT08B eection at various 
values of the excess energy UR _ 
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Fig.12 Fraction of the reaction cross sec 
Hon involving only neutrons emis
sion as a function of the neutron 
excess (N-Z)/A. Taken from *'. 



o(n.M) , , _,, /* '•j111'1 - 1 - 1.76U exp I-
ne 

18.1U (1U) 

case of medium and heavy nuclei, the value of o*ne is approximatively con-
For a given set of isotones or of isotopes, according 

I n t h e 

stant for a given set of isotones or of isotopes, according to expression (13). 
Also (N-Z)/A varies appreciably for the same set. As a final result o"(n,M)/o*ne , 
and thus o(n,2n), are increasing functions of (N-Z) for a given value of H or Z 
and at constant excess energy U^. Calculations according to equations (U) through 
(lU) can account farly well for the observed increasing trend of a(n,2n) with (N-Z). 
In particular, the predicted average slope is less steep for higher values of P, in 
good agreement with experiment (fig. 10). It is also understandable that large 
deviations from the general trend may occur, sine»; the values of o(n,M)/one are 
somewhat scattered around the average curve (fig. 12). On the other hand local 
effects, such as angular momentum, level density or direct inelastic scattering 
effects will also smear out the regularity of the predicted trend. The net result 
to be expected is a persistent but rather irregular increase of c(n,2n) with (N-Z), 
as shown in figs. 10 and 11. 

CASCADE REACTIONS INVOLVING 

CHARGED PARTICLE EMISSION 

In addition to (n,2n) and (n,3n) reactions, there exist for most nuclei other 
cascade reactions which are energetically possible with 1U-15 MeV neutrons. How
ever these reactions involve the emission of charged particles and are generally 
much less probable than (n,2n) reaction for medium and heavy nuclei, because of the 
existence of the Coulomb barrier inhibition. Therefore, they are difficult to in
vestigate and very little information has been published on the subject. Most of 
the studies in recent years have been carried out using activation techniques for 
cross section measurements at 1U-15 MeV incident neutron energy. 

The most interesting results concern the (n,n'p), (n,pn) and (n,d) reactions, 
which cannot be distinguished by the activation method. Lu and Fink u ) have obser
ved that the [ (n,n'p) • (n,pn) + (n,d)J cross sections for the lightest staule 
isotope of even Z elements in the region Z » 28 to 50 are linearly related to both 
Z and A (fig. 13). Their observation relies on measurements on $ 8Ni, , 6Ru, 1 0*Cd 
and 1 1 2Sn. However this apparent linearity might be fortuitous, since their pre
dicted value of *\/ 350 mb for ai>Sr is not confirmed by the value of 120 ± 10 mb 

Fig. 13 The [(n,n'p) + (n,pn) + (n,d)] ex
perimental cross sections for the 
lightest stable isotope of even Z 
elements are shown. They are lin
early related to (a) Z and (b) A of 
the target nucleus. The predicted 
cross sections for 1hSe and tkSr 
are also shown. Taken from llK 
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Fig. 14 Trends in (nt2n), (ntp), (n,a) and [(n,n'p) 
* (n*pn)] reaction cross sections for iso
topes of tungsten. The cross sections care 
plotted versus the asyirmetry parameter 
(N-Z)/A of the target nucleus. Taken from 
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recently measured by Qaim and Stôcklin * 5'. 
Qaim and Graça *') have recently measured some 

(n,2n), (n,p), (n,a) and [ (n.n'p) + (n.pn) + în,d)J 
cross sections at lU.T MeV on tungsten isotopes. The 
results of their investigation are plotted on fig.11» 
as a function of the asymmetry parameter (N-Z)/A. 
The cross sections for charged particle emission are 
much smaller than the (n,2n) cross sections and pre
sent the veil-known decreasing trend with the in
creasing relative neutron excess of the target nu
cleus, a consequence of the competition between 
neutron and charged particle emission. For the first 
time, a similar correlation is observed for the 
[ (n,n'p) + (n,pn) + (n,d)J reaction. 

been 
on " 

Very little information is available for other reactions. Cross sections tove^ 
measured using the activation technique for the [ (n,n'o) + (n,an)] reactions > 
Cu, 7 3Zn, 7 ,Ga, 7 8Ge and , 9Tc. They lie in the millibarn region. The (n,2p) 
ion has been investigated at 1U.6 MeV by Lulic et al. *7). They found cross s 

La. 
reaction 
sections ranging between 20 and 60ub for a set of eleven nuclei from " K to 

The common feature of all these cascade reactions involving charged particle 
emission is that the measured cross sections are generally much larger than the 
predictions of the evaporation model n » * 7 ) . Thus the reactions are likely to pro
ceed by direct interaction or preequilibrium emission. However, further experimental 
studies are necessary to investigate properly the reaction mechanisms. 
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