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Abstract 

l.'e Iiavc u.ed two tynes o f HOS detector arrays to sense d i i c c t l y pat terns o f so f t x - rays , i n the 
Lawrence Liveranre Laboratory experimental l aser - lus ion progren. A l i near sc l f -sconninq photndiode array 
(SSI'A) I S used i n a v..-ve- length-d ispers ive spectro..:eter. A f ranc t r ans fe r charge-CGupled device (CCDJ 
f i i c i l i t a . e s Hie use rS an y.^vay uiicruscr.pe. Measurements and ca lcu la t i ons o f the x-ray s e n s i t i v i t y of 
t l i f ' i c devices w i l l to presentied. Their l i n e a r i t y and dynamic range w i l l be discussed, as wel l as data 
recovery systems fo r e.:ch detector . K'c w i l l describe our experiences i i using these devices to detect 
pulses of x-rays in l r . r c r - fus ion experi ner,ts. 

Introduction 

In the experiment;: 1 laser - fus ion program of Lawrence Livennare Laboratory, rn ic rovop ic ta rqc ts 
contain;-.;} mixtures of c'euteriu' in-ir i t iuja fuel arc heated and co-i.proiSfc-d by h igh-br ightness loser beams 
to i n i t i a t e i nc r t i a l l y - i - on l ' i ncd thermonuclear react ions. The most in tensely-heated por t ions i f the 
UTt-cls rad ia te so f t x - rays. D i f f r a c t i o n c rys ta l spectrographs are used to determine the spectra l 
d i s t r i bu t i ons of t h i s r a d i a t i o n . A lso, imaging devices such as the x-ray microscope and pinhole cameras 
rou t i ne l y nnn i l o r the uji i f o m i t y of heating o f the targets and the degre.. o{ f ue l compression achieved. 
The usual focal pl: .r- ; di-teclor f o r the spectroscopic and imaging instruments i s photographic f i l m . We 
have i n v c - f i ' j i t e d as r e p l d c ^ j n t i f o r f i l m two type; o f x - ray .s«ns i l i> \ s p a t i p l l y r eso l v i ng , s o l i d 
s ta te d e l a t o r s , a iirvj-dii/rensicnal Co PA fo r the spectrometer and a tw.i-dintensional CCD fo r the x-r?.y 
microscope and other imaging instruments. I7t repor t here on measurements o f the y.-rny s e n s i t i v i t y und 
response cha rac te r i s t i cs of each type of de tec tor , and on the use of each in l ase r - fus ion exrennsents. 

Crysta l Spectrometer 

We have b o i l t f-nd used an SSPA-fit ted c rys ta l spectrometer which rcnnitr^s the d i s t r i l v t i o n o f energy 
i n the x- ray l i n e r:..\ i a l i c n o f h igh ly ionizc- i si l ice-r. ex is ted by laser-hcau-d glass fus ion t e r c e t s . The 
l:cy cnrpT'Ofils of the in^ t r j r j en l ore a l i gh t - - - i gh t bery l l ium entrance window, a f l a t potassuipi acid 
phthaUtv (l'/;Pj rn-.i'lys.Ui'j c r y s t a l , and the SSPA detector . The region o f coverage fa r the nieasutv-'ent i s 
fron: l . o to 2.3 Kev, v-.hich includes l i ie resonance and s a t e l l i t e l i nos Df i iel i i i i i i -1 iku end hydrogen- lUe 
s ' l i c o n 

SSPA Jif i tcr;_T 

The SSPA detector is o planar s i l i c o n device h : i i l t by KOS technology. I t incorporates on a s ing le chip 
of s i l i c o n a l inear' array of d i f fused 1'N junc t ion pfiotodiodcs and a scanning c i r c u i t t l i . t sequent ia l l y 
biases the photodiodes and reads out t h e i r responses to r a d i a t i o n . 

The plioto.iiode nmv i s fonr.ed |iy d i f f u s i n g in to the surface of en n-type substrate a ser ies o f 
shallow p+ s t r i p : . . Tno s t r i p s are each 12.7 ura wide, pa ra ] l a . t o the ce- i te r l inc o f the a r ray , at.d 432 nm 
l o g . There are M2 s t r i p s on the ?rray, spaced nn '<>.:>.t vitit centers . Gy the ac t ion o p the scnnni i i j c i r c u i t 
a t h i n d-.'pletion layer is establ ished .it each junc t ion of a p+ s t r i p w i t h the subst ra te . 

The scanning c i r c u i t i s a d i g i t a l s h i f t r eg i s te r consis t ing of a network o f K9S t r a n s i s t o r s . The 
c i r c u i t censes the phnLcdiori-js, one a f te r another, to be connected r w i ^ n t a r i l y to a ccimori bias l i n e t ' tet 
run:, beside the pholo.l i :r ' ' : array, fkn'ing the short vina tha t th-j cni-t.ict i s mai i i ts ined, the vol tage or. the-
l i n e reverse-biases the o iede, fona i i - j the dep'- ' t ior i layer at the j u n c t i o n . A f t e r contact w i th the bias 
l i ne i s brel-.en by the scanning c i r c u i t , the dep ic t ion layt-r is inaiut.i inyd by charge stored a t i t s boundaries. 

The deplet ion layer Hius appears as an i so la ted capaci tor whose stored charge can be d iss ipa ted on ly 
by current sources in the s i l i c c . i . Pholocurrrnt generated by the absorpt ion of x rays near the j unc t i on 
i s one source, as is thermal dark cur rent . The extent to which these sources discharge the dep le t ion 
l(*>er dmiiKj an inl<jf|i i . i iot i peri:.-.! between scans i- sensed as a recharge cur ren t i n the bias l i n e when 
the |iln.'U'iiji.ilp is no,I addressed by the scanning c i r c u i t . A l n ; i n of recharge current spikes on the 
bias l i n : - during a si-en const i tu tes the output s ignal of the SSI'A. 

The usu,il operat ing frequencies o f an SSPA arc much too slow to alio 1./ t ime d issec t ion of the 
r j i i i ; ; it ti i.uiSii from n l ase r - i nd i t ed |!.i:...ni. In run appl i c f t i o n the SSPA i h l f t . iegist i_r -is clocked at 100 
(;H,!, ii: 'piyiu;-l^i n.init-u;!] : ciut period of S.l ms. A l l pltntncurrent doe to ihe pulse uf laser plasiu.i 
rad ia l n:u i s ini.L«;i.;ti:J insl.«iin,ly a t th.- phuLoJio-Je .itmcticin, i,'h«n co;iinjreJ to Hie t iwc s c j l c of operat ion 
of i i . , - :,sfA. 

Work performed under the auspices 
of the U.S. Energy Research & 
Development Administration.upder •' . ••••.-.-
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A useful consequence of this situation is that it is unnecessary to synchronize the scanning of the 

SSPA with the time of arrival of the laser radiation pulse. If the laser .vent occurs in the mi.Idle of a 
scan, a portion of the SSI'A signals are recovered insncdintcly during the remainder of the scan, while the 
rest of the data appears i'i the following scan. Hence wo run the SSI'A in a free-running, continuously 
scanning mode without loss of data. 

X-Ray Sensitivity 

He have found that the SSPA detector is fairly sensitive to low energy x-rays.1 Figure 1 is a 
schematic cross-section view through the photodiode array that suggests the mechanisms for collection 
of photocharge at a diode junction. The active sensing region at the junction, represented by the 
depletion l*ycr» is only about one micron thick, due to the low bias voltages (%!» V) that can he 
tolerated by liOS circuit.y. A significant contribution to an x-ray-induced signal is nviJe, however, hy 
the diffusion to the depletion layer of photocharge created in the passive substrate region below the 
junction. 

Photon cr.erij;- — loK 

Fig . 1 . Schematic cross sect ion o f the x - ray - _ F ig . 2. X-ray s e n s i t i v i t y o f the sel f -
sens i t i ve por t ion of Lhe photodiode ar ray . scanning j . j t od iode array. 

Far the low r e s i s L i v i t y s i l i c o n user! as the substrate of the SSPAV the m ino r i t y c a r r i e r d i f f u s i o n 
length i s o f the order o f 50 jim and the charge c o l l e c t i o n p r o b a b i l i t y increases exponent ia l l y w i t h 
d i f f u s i o n length. V.'e have ca lcu lated the x-ray s e n s i t i v i t y o f the SSPA, accountinq for deposi t ion in the 
act ive tind passive regions and fo r a t tenuat ion i n a 1 pin-thick passivot ing layer of s i l i c o n d-'oxicie tha t 
covers the photodiode ar ray . The resu l t s of the c a l c u l a t i o n , as shc/ti i n ' T i g . 2 , compare favorably 
w i th experimental ly-n:ensured s e n s i t i v i t i e s obtained w i th a ca l ib ra ted x- ray machine. The mimirjm 
detectable f l u x i s of the order o f 8 x 10 L photons/ciu* at 2 keV, comparable to that o f cordon x-ray f i l m . 

We have also found tha t the SSPA response i s a l inear func t ion of x - ray dose. The dynamic range of 
the detector i s l i m i t e d by amp l i f i e r noise and other fac tors to a value o f about 100:1. 

D ig i ta l Data System 

The se r i a l data f o i v a t o f the SSI'A lends i t : . e l f to the processing o f s ignal levels by d i g i t a l 
techniques, l/o have b u i l t a data system that recovers d i g i t i z e d da La from the spectrometer "and 
du t r i l i u i . os t lm informat ion to various output devices. Th« system, which i s dieqromwil i n F ig. ."J, 
includes a .sample-arid-hold c i r c u i t , an ana log - to -d ig i t a l converter , and a :.et o f s o l i d - s t a t e m-;-ir-uries 
i n to which the signal levels are loaded. A counter c i r c u i t synchronizes the loading of the nrviory w i t h the 
time o f occurrence o f the la^er pu lse , so that a f u l l set of data ir» recovered even i f the pulse a n Kos 
i n the middle oF an SSPA scan. 

An I n t e l 8030 microprocessor i n the data system performs several a r i t hmet i c ope;->lions on the raw data 
and contro ls the d i s t t ib t i lu ion of the f i n a l data. Signal levels obtained dur ing a scan a f t e r Wv x-ray-
event arc: subtracted, c lu. isnt by element, from the shot data. The resu l t s are then mu l t ip l ie r ! by an 
arrav of predetermined fac tors that account f o r var ia t ions in s e n s i t i v i t y between the photodiodus. The 
f i n a i data set i s then d i s t r i b u t e d to a CUT display u n i t , an x-y p l o l t e r , and a t e l c i ype , 

Laser Fusion rjxj'.e_rimf;_nts 

The f-pectrometcr has l»:en used w i t h good resu l t s on a ser ies of l a se r - f us i on experiments a t the 
Lawrence l.ivennoi-c Laboratory Cyclops lar.er f a c i l i t y , f i gu re 4 is an example of Llie spectrum of r . i l i con 
l i n e rad ia f ion obtained fo r glass uiici'ur.nhert; experiment:;, lhe (|i idli i.y oi the data i s comparable to tha t 
recovered v.'iLh photo^-tiplnc f i l m . Thu amount of time and e f f o r t r r f | i i i i ed to produce the spectrum are 
g rea t ly reduced, however. 

tcrr'i ,.. 



Fig. 3. Clock dieyrrr.-. of the microproct ssor- " F ig . 4 . Typical spectrometer data f o r laser-
based d i g i t a l dr.ta systt.n. heated glass microspheres, recovered at the 

Cyclops laser f a c i l i t y . 

CCET Video Sensor 

The- a r t of bu i id ino f iotal-oxidf : semiconductor (KQS) so l i d s ta te sensors f o r use in t e l e v i s i o n (TV) 
system, lias received a great d t i i l n f a t ten t i on in the las t few years. Of the various types of detectors 
thai arc now av;-i i ah lc , those b u i l t r.s CCD's appear to lie the r ;ost h igh ly developed anJ to have ' l ie 
greaicst densi ty &v.i\ number of p i r t i i rc -e ln .K-nt (p i xe l ) sensing s i t LS . The sensor we chose to evaluate 
i s an 1:0'. 5IUL.U3;'. This CCD i s unique i n that the two funct ions of a video . j n s o r , the generation of 
s ignals -il d i - . t re te photor-ensi t ivt- sarnjil inj j s i t r ? and tlr.: road-out of the s ignals by a scanning network, 
are both f. ^r rornicd by the ssiue s t ruc tu ra l cu .p iw nts of the u n i t , an array o f 320, p a r a l l e l , ch.i-qc-
couplc-l s h i f t reg is ters on the i l l umina ted area of th;- chip. 5" This an j ' n tec tu t e gives the STr-f 1;.-:-? the 
best |)!-cispi?:is, cn::i'',i:'cc! to ether ava i lab le video detectors , of sensing i on i z ing rad ia t i on v i t i io i - t 
d is rup t ion o f i t s operat ion. 

Other types of sensors, p a r t i c u l a r l y sc l f - s tan i vug photodiode arrays and charge- in jec t ion devices, 
arc bu i l t w i th d isc re te scarittiis'-j i.etw^rks l a i d down between the photosensi t ive p ixe l regions. I'hoto-
cunvn t c,eneratod i n th& nctviOiks can disrupt, scanning operat ion. The devices are nom;al ly b u i l t w i t h 
lit]hl-t>wq»re p-.iskr. of alunnmn:: evaporated over the networks to prevent i l l um ina t i on of the l a t t e r . These 
shields aie t ransr . i rent to so f t x - rays , however, and we ant ic ipa ted that devices b u i l t w i ' h d i sc re te 
scannii.g system1, v : the f i e l d of i l l u m i n a t i o n n ight not funct ion proper ly f o r x - r a y s , p a r t i c u l a r l y f o r 
t rans ien t eap. i i i in : ' . 

SlDjiKlectgr_ 

A ch.iicjc-toupled r h i i t reg is te r i s a ser ies of close-spaced l!9S capaci tors b u i l t on a conmon s i 1 icuft 
substrate. Applying a bias vol t a g " to the metal e lectrode of a capaci tor cca i .es a po ten t i a l we l l o f 
a rb i t r . ' r y dep'.h i n winch cli.ii'.|.' ca r r i e rs w i l l c o l l e c t . I f a d.Tper wel l i s created under an adjacent 
capaci tor , the d i ^ r o / w i l l d i f f use i n t o i t from the f i r s t w e l l . I'.y the proper c locking nf bias voltages 
along the r e g i s t e r , (.harye packets can be sh i f t ed down thy r e g i s t e r i n an o rder l y fash ion. 

The n r d r i t r c t u r e of the Sin:-T3? is l.nown as the " v e r t i c i l f r o r » t rans fe r forn-Jt. As i l l u s t r a t e d ir. 
F ig . ! i , U i f i v .ire atv;is a l located on tilt! f r on t sur fa ie of the d'-vice f o r sensing a f i e l d of IV 1 n f o w l inn. 
fo r s tor ing 1 hi: H e l d o u t s i d j t i n i l Uniinatod area p r io r to r^ad-nut , ;-nd fo r the l i i ^ - h y - l i n e r .h i f t ing o f 
the sign.tl:. to <;n <>ufpi:t ptvrrcp] i f i e r l»y a hor izontal )•( n i ' - te r . The 3J'U reqisle,rs of tite senr. i tip ; r e a , 
on t l i " iippiir li.'IC uf t.hi! device, .l ie <:i»n! ifni.jd i n l n the lower l u l f l<> cri-at«j the storage a r c : . There f. iv 
inti;p:-r.-.fi nt dr ive r.n.vnTi'kms fo r the two area''., however, anil t l"-y itvy operated in unison only t lnrhiq the 
v e r M i a l t!,in*.rnr :.r lb? b::-'ge in f nnj.,i[ion t r i u Hie r.ensin.i area f> the storage area. At a l l other t i i v r : , 
the sensing area is biased to crc. i tc a mat i i x of phoU>soii<.ur:., in a winner that w i l l be described shor t . . / , 
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Fii. 5. The vertical frame transfer format of the Tig. 6. Potential diagram for a photosensor 
RCA STP51232 imager. The storage area and horizontal cell in the $11) detector. One of the three ITO3 
register are shielded from ligh: and >:-rays. capacitors in the cell is Lit-set into depletion. 

while the storage area is driven to shift the image information line-by-line onto the horizontal output 
register. 

The SID sensor was purchased from RCA as a component of a complete closed-circuit 7" rmera system, 
which bears the i-iodt-l rumber TC 1155 AD. The camera conforms with the 57^-line, television systcn 
standard, R3-1/U. At our request, RCA did :iot bond the gl-^s window that protects the sm-c?.:.e of the 
SID sensor to its headt:r, but rathtr taped it in place so that it could be removed for x-ray detection. 

The camera was operated rcost of • 30 in a vacuum. Since the canrva di: i pa ted 6'.-.' and r.o.'ld not bo 
cooled convectively, we tool; the precaution of operating the camera for only one minute at a tiiite. 

SID X-Ray Sensitivity 

The manner in which the SIP senses radiation is illustrated ir. Fig. 6. Ea h of the parsll-?! shift 
registers in the device's sensing area is divided into 265 identical cells, each of which contains 3 :'.'w 
capacitors. To sense radiation, one of the throe capacitors is biased to ere?to a depletion region in the 
silicon substrate benelh it. Charge cjtnemtcd by photoa absorption and thermal darl: current source;-
collets in the potential well of the depletion layer. Tiie other two capacitors in the coll are biased 
into accumulation to more completely isolate the photosensor well. During alternate scnsii.;) pcrio:!:., the 
capacitor under which the photosensor is fonu.id is switched between the three available cap~cilors. Tint-
is to increase the effective spatial resolution of t:-e sensor and to conform to the fiS-l'/P rcruf:•;•;:.:-:'t for 
an interlaced field TV format. The cell getvristry of the S1DJ'!232 is a square, 30.5 microns on a side. This 
dimension sets the basic limit of spatial resolution of the detector. 

Charge created by pfiCLOii absorption vithin the depletion layer has a high probability of rontri(»it.i:rj 
to the pliOtosejif r.r's signal. The only significant mechanism for loss of piiol.och::rye in t!.j di-plei io;i 
layer is recombination at sites on the interface of the SiO? dielectric of the ci pat iter and the 
substrate silicon. Charita generated below the depletion la.,or, drcper into the field-free suSstrato, can 
also contribute to the signai by diffusing up to the depletion layer. The efficiency of cbanje collectiun 
by diffusion is determined by the bull; recombination properties of the substrate. 

SID Spectral Sensitivity 

Experimental measurements of x-ray spectral sensitivity were taken in a calibrated, low energy »ray 
machine. This is a dc source of neatly monochromatic characteristic x-rays with photon energies at eight 
points in the ;a»ge from 1.5 to 8 hcV. The wnr!;iiicj valu-iio of the niacin no is cvaci.v.ted, nnd the hnani 
strength and spectral content are monitored by a lithium-drifted silirnn detector. The effect nf spectral 
contamination on the son' itivity measurement:, was acuxintod for by a !.pw:i:ritpi-iinTol(litiij rod". The 
experimental V^I'-JS for sf-nsitivity jrc shown as data points in l-'ig. /, for an as Mimed signal integration 
time of lC.Gfi r..1! and pixel j.ize of 30.H x JO.I> iim. As will fie de.'.cribrd in the ney.t. section, cxpenVtviMjl 
riejsurcmjnts iiidiraU-d a non-linear recpom.e for the SIfJ di:t"Ctor at iirdiiim-to-high signal levels, for 
calculal imj-the spectral sensitivity, the relevant data were normalized to a uniform signal level of 
225 iaV. 

i ub i t r . t t Hi l ton 

f u l l i:oli«:Son-J 

Diffusion culle'Clon rcglo:. 
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Df.fter Cd.1t f i | , (10* [OUillI/1] 

Fig . 7. Spectral s m s i t i v i t y of the SIP detector 
fo r so f t x- rays. Kit 1 point?, are r.-'iijun'-d, and the 
curve i?. a f i t derived fro.;; a s 1i..pla photocharge 
co l l ec t i on rude ! . 

Fin;. U. Charac te r i s t i c response curve of the 
SI!) detector f o r «-!••-V x - rays . facl i o f the two 
sey'iiC'i'its of the cm . are l i nea r to w i t h i n 
experimental accura iy . 

The r a t i o of s e n s i t i v i t y r,n o i l her side • \.U?. s i l i c o n absorpt ion criqe impl ies .i thickness of 1?1 
vg/cny" of ' - i l i c ' i n fo r the ( ; 1 K tred--* s t ruc ture fbove the sens i t i ve suhsl •"<it•=-_ This value is c w i c n s u r a t e 
w i th s i l i c o n ar,d s i l i c o n d iu / i i L - layers o l 1000 n each, reported Ly the t , i jri irfaclu»'cr o f the SID. 

A sir.iplt? \r/>t'.,A t l v i i acrc-'it.:. f o r 'S igna l generated by photon absorpt ion in the deplet ion layer and in 
the substrate d i i I u:. ion retj io-i was f i t t e d to Uie experimental data. The t::°dcl rcrniula i s : 

C-npx), . „ ( - i v x ) f i if), r , { - i 'px) 
"Si ' L + ] 

J-W*)A 

S is the sensitivity, 
photon/cm2 

E is the photon energy, 

(-ji(ix)SJ, (-::rx)j ' iOy descr i to t l r- e lectrode and s i l i c o n dioxide r . t tenust inn-
(-l ' f>x),, (If-^rn'inS the e>.*pl l i o n l.iyc.r a t tenua t ion , and 

L is ti.S i :- inority carreer d i f f us i on length. 

The f i t i s (;OJJ fo r va'ues of deplet ion layer th i chics:- and d i f f u s i o n length of about fi and 50 urn, 
respect ive ly . 

Silt L inear i t y a ml hynamic Rrn^? 

[lata to determine the chrrac : c r i s l . i c response curve of t ) i " S!D cawra vere t f i len on an a i r - p i t h x-ray 
machine t h u rjci.er.ited copper I; series >:-ivys a t H.l)!'> Lev". As slic-.-n i r n q . 8 , the curve has t'..o l i n e a r 
rt-cjions, i i i t h on ah 'apl cli.n.ie i n slo^e at aho-jf one-ciuart c-r f u l l ••scaV. The upper j ' . . r t of th-"1 curve 
appears, in f<. l l niT tov-Mt-cl*. s<ilu.'. I ion In-yond CO i:.V. The ctuvjo n, slnpe in the response curve is 
produced ny an *• ! . . . : i i t i n t i c co-.itra's video c;r,;..l \i i e r !.!iO.;n a:, the ga^ua co r rec t i on c i r c u i t . 

In oi;r meaLi jrrviuts, the i rnse level ir. the video signal was no greater t h in 25 tr.V. l.'e def ine t l ie 
nini'nj;r. d?iccLi-;>le signal as IhM having <: 1:1 s i m d - t o - m i ^ c r a i i o . i-ropi the l i n e a r i t y curve, we f i n d 
Ihvt lln> f l u / re ' i ' j i rco to prd. i t .e .! signal n( 640 i.iV i s -IS l i i tLS greater than that to produ^v t.i; mV. 
Hence, the useful <tyn, l ie rangs.- is 4?l : l . 

The s e n s - l i v i t y and dynamic r.irn'o i>f tht_- sensor do not appear to be hi i jh cnougn to ass is t i n the 
ca l i b ra t i on of x - iav ima-jin-, e:.;.eritiirnts i / i l l i continuous x- tvy s n j r t r s . H'..iever, the use of the sensor 
wUh l i iyh-Lr i r th i i . i r .s . laser fusion plasi:ir. sources appears f eas ib l e . 

It it i l ia • U.* w... 
,.io Sl!t dL-t % lo r stifl'r-r:, a pci i i inei i l n«dur.t Sen i n baseline voltage and s e n s i t i v i t y a f t e r i t has 

ru tv ive i l l . t t 'T r1'1'. -i ol ion i . ' i i i . i r a d i a t i o n . Willi the ca'irr.1 o iv i a t i 1 •:}, an int. i:''*nt f l ux o f .-.!..mt 
l\ : I 0 l f l pti-iten ./'•••' ot i i ipj-. 'r rad ia t ion caur."', •> bft nV luselir..-- s h i f t at.d a 3'.. red iu t ion in s t . n s i t i v i t y . 
I h i : . f lux is s u l V . f i i ' n l In pr.nf". e nearly 2U'iU IV l i e l d s wi th f i l l I-*.. i»lo s i t j i u l s . 

let i v.; 

http://Cd.1t
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106-24 
The damage nay result from pfiototjenerated crartje trapped in the dielectric silicon dioxide. 

Trapped oxide charge rrvhjces the nloctrc field strength at the surface of the substrate siHron and is 
especially effective if conccnt'-atr-d at the dielectric subi.ir.ite interface by the sweeping action nf an 
applied electric field, k'n observed l/iat the detector w.is damaged more readily if the camera was 
operating, rather UUIT» being turned nff, during irradiation. •_ 

P.efcrenrcs 

1. Koppel, L. 11., "Advances in X-Ray Analys\;, vol. 19, edited by C. 0. Rum! et.al, (Kendal/Hurst, 
Di/irfgue, Fo*/a), 1975. 

2. Rodgcrs, fl. 1. III., Digist of Technical Tapers, 1975 I FIE InternotiDnal Solid-Statc Circuits 
Conference (Philadelphia, PA., 1C/5) pp 188-159. 

NOTICE 
"This report was prepared a! i n account o f work 
sponsored by the United Stares Government. 
Neither the United States nor the United States 
Energy Research &. Development Adminis t rat ion, 
nnr any of their employees, nor any or their 
contractors, subcontractors, or their emp loyee , 
makes any warranty, express or impl ied, ot 
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