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C A l'I!;.R 

I 'Tn.ODUC I N 

1 . 1 Purpose and Background 

'.l'h original purpo e o chis study was to investi

gate the applica~ion of Regression Analysis to coinci enc 

surfaces in order to obtain ga 1~-ray i1tensities . Erg2 was 

chosen as a test cas because , fir"'t of all , it was easily 

obtai ed without the use of various complicated che ical pro

cedur es; secon ly, uecause it had a long half life which 

avoided the nee ssi·cy to work quickly and thereby maKing it 

pos i ble to ignore l i fetiru co ·rection in the data ; and 

thiroly , because he d c y scheme had apparently been l-lell 

investi gated . 

Gamma- ray energies an 1 <. vel-en rgy val ~.:: s for Br82 

as s ummarize by the Nuclear Data Group (1) are ' ' hO'Itll1 in 

Fi ure 1 . A. preli ina check on the d cay cheme showed 

~haG woul d ap •ar to be at unreport · d gamma ray a about 

1650 keV . It v1as decided to un ertake a more thorough 

investig tion regarding this an the study resul ed in 

revi ed decay schen e for BrS2 . I t wa felt that the nethods 

use and the results o Jtained in thi in est i gat ion were of 

suf i cient impor tanc · to war ·ant i1clusion in he present 

work . 
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:S'IGURE 1 
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1 . 2 	 reparation 

he Br82 was pro uced by neutron irradiatio1 of 

natur 1 bro 1ine (49% Br79 and 51% Er$1 ) in the form of 

ster Nuclear Reactor . Samples weighing 

about 75 illigrams were placed i n small poly- bags 

(1/4 i nch s uare ) and were irra i at~d for times of the 

or der of 30 minutes . hese wer e then allowed to decay 

for three ay o ensure th compl t e decay o the 

4 . 5- hour isomer in Br 80 befor e any obser vations were made . 

Br $0 * 
/ ~· 5 hr 18 min 

a r79 + n BrSO Krso 

36 hr
r$1 n 	 Br l:12 Kr$2 
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CHAP'!'ER 11 


rystal Spectrometry 

odiu iodide , activ& ed with thallium, i s in 

general , the r Of. t useful inorganic s cintillator because 

of its high floures c nt efficiency, transparency to its 

own ra iation, reasonabl y short lwnin cent decay time 

(0 . 25 p.sec) and high sensitivity to ganuna rays . (High 

Z• 53 for I increases probability of photoelectric process 

wit h resp ct to Compton scattering. ) Such a crystal , 

optically coupled to a photomulti plier tube ( ultiplica 

tion value ubout 106) provides an electron curr nt whose 

total charge is proportional to the i nitial l ight inten

sity . The current pulses give r i se to volt ge pulses 

across the anode load . hese pass thr ough a linear ampl

ifier and t he ampli ied pulses are then fed to a ulti 

channel analyzer t o complete t he system . 

\~he n the scint illation spectrometer is used to 

detect ga1wa rays, the energy of the gamma radiat ion is 

transferred to t ht: electrons i n th crystal b a combitta 

tion of photoelectric , Compton scat ering , and pai r 

producing events , t he probabilities of each being energy 

dependent . 

4 




Photoelectric conversion occurs when a ga..wa~a ray 

transfers all its energy to a bound electron. 1'he kinetic 

energy of th~:~ elect.ron :is then the energy of the gamma ray 

l ess th binding energy of t he electron. Immediately an 

x-ray i s produced as a les s tightly bound electron drops 

i nto the vacancy. he x- r a y then interacts wi th another 

bound elect.ron , ejecting it , permitting another, low·er energy 

x- r a y to b>e produced &nd so on, the result being the produc ... 

tion of a series of free electrons of decreasing energy 

whose energies sum to the incident energy . 

In Compton scattering , the gamma ray is deflected by 

a free electron and the energy lost ' is tra!lsferred to the 

electron , t he aznount depending on the angle of scatt e ring and 

being equal to . 

••• ( 2 . 1)
Ee= E 1 [ l - I + c(h-ooa(ll] 

where ~=E ll' /m0c2 and 6=angle of scattering . If the aeflected 

ganuna ray undergoes secondary inter actions within the cryetsl , 

then the crystal elect ron energies can tot.al E ~ . But if the 

gamma ray· escapes without further i nteraction, then the energy 

deposi ed t o the free electrons in the crystal will lie within 

the range 0 for 6=0° to a lilaxiurwn of 20(E <l'/ ( 1+2o< ) for 9=180° 

where the waximwr energy is usua l ly the most probable case . 

Any s cattered gamma rays that enter the counter after reflec

tion £rom sur rounding surfaces will , for the most part , have 

been deflected t hrough an angle gr eat er than 90°hence the 
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ca tere gamaa r ays will have energie a.ll clustered about 

0 . 2 - 0.. 5 keV for ganuna rays of the order of 1 - 2 eV . If 

these scatter d. gam.ma rays are then completely detected , they 

will produce el ectrons in this energy r an e . 

When che gamma- ray energy exceeds 2moc2 , the gawna 

ray can , in he field or a nucleus , spont a11eou ly conver to 

an lee ron- positron pair with cot 1 kinetic energy equal to 

the excess of ga a energy over 2111oc2.. The positron is slowed 

down by inelastic collision l'Jith electr ons an comes to rest 

wher e it co bines with an electron , gi vin ris to t wo 511- ke 

aiu1ihilation gauuna r ys travelling i n oppo ite directions . 

These in turn may or y not interact within the crystal. 

Free le ctron energies possible within .he Nai crystal as a 
2result can be · 't for total int eraction, '6- 0 c2 or E6-2m0 c

for interaction with one or neither of the anni hilation gaulWa 

r ays , or with tnuch sma ller probability , any intermediate v lue . 

As a r esult of th ese three types of' reac .i on , for 

each ga nr ray enteri t he Nai crystal , ther are a larg 

nwnb r of ener gized free electron produced . he total e ergy 

of the~e will l i e within the total energy range to t but 

with the energie s men ioned above l::·ei ug more probable .. ' 'he 

ki etic energy of these charged p ·rt.icle elevat es loos ly 

bound valence electrons t o t he conduction band . ome of these 

ret11rn to t.he ground state i smne i ately by vis i bl e photon emis

sion and others de- excite by radiationl es s transi ion or 

conversion to beat . 

About 10 o the light pro uced f or each gamma ray 
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effectively produces photoelectrons at the photocathode of 

the photomultipli er tube . The nwnber of photoelectrons forms 

a Poisson distribution whose mean value is proportional to 

the en rgy of the inci dent gamwa ray eposited within the 

crystal .. 'l'hus t he pulse heights r ecorded by the multi

channel analyze or the f avoured ene:r;-gies ill not. be unique 

but will exhibit a spread or distribution. For example , the 

photopeak response of the crystal to a monoenergetic ganuua 

ray will be blurred out into ~ Gaussian shape rath r thftn a 

delta f uncti011. i gure 2 shows the spec·trometer r espons to 

several monoenergetic gamma r ays f or .3x3 - inch N I ( 'fl) 

crystal . he appropri a te spectra show clearly t he photopeak 

2at E ll', pair- spect rum peak at ~ ..nt0 c2 and E lS' - 2 c , the 

Compt on edge and continuum as well as the backscatter peak. 

2 . 2 · uwming Effects 

(a ) Coincidence and Random Summin,g 

Another contribution to the s cintillator r spon e is 

coincidence and randor s uuwing . hen the time interval 

bet~ ee n two or r ore gamrna r a ys f.mtering the scintillation 

crystal i s less tha n the eff ective resolving time of the 

system , the unresolved events a ppear as a single event . "he 

pulse height a socia e with this sum event is a function 

of the pulse heights associated 'ith each member of the smn 

and the t.iu e i nterv 1 between t heL!l ( 2 ) . 

It is con enient to distinguish between coincidence 

and random summing which occurs for correlated and uneorr el

ateti events respective ly . In coincidence su ing , the average 
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time interv 1 bet ween the correlated gamma rays is us ually 

much less than the resolvi ng time of the system . In this 

case the pul se hei ght of a coi ncide nce sum event is alwa ys 

siL ply t he s um of the pulse hei ghts associat ed with the 

members of t he correlated event . In random summing the pulse 

height of t he sum e vent. depends on t he time interval bet~Jeen 

t he gamma rays a nd c a n t ake on all va lues between the pulse 

hei ght f or t he first ga1 ma event r i ght up to the s um of al l 

pulse heights f or all t he event:.s i nvolved . 

If 'the singl e spectr um consists of t he s et of gamma 

ra ys ( Oi), and if we l e t No 
e 

- source s t rength
=detection ef f icienc y 

n : sub tended soli d a ngl e 
r 
w 
't 

~ fra ct ion of decays 
= angular corre l a tion f unction , 
::: electroni c r e solving time 

t hen the single c r yst 1 count i ng r a t e is given b y 

Ns = No L e 1 ni f' i ' • • • ( 2 • 2 ) 
i 

the coi ncidence- s urnmi ng rate i s g iven by 

• •• ( 2 . 3)Ncs • Nob e i?ifie j n j:rjwij, 

and the random- summing rate is g iven by 

Nrs = 2tN~ L e1flif i e J~Ljf j ••• ( 2 . 4) 
ij 

= 2t N5 
2 • 

rl'hus since .n. i :;: Sl j when t he two crysta ls have the s ame geometry' 

the contribution from coinc i dence and ra ndom summi ng may be 

r educed r elative t o the s i ngle-cr ysta l r a te by red ucing the 

solid angle and source strength respe ct i vely . Howe ver, this 

is not a lwa ys practical if st a tis tically significa.nt r e sul ts 

http:significa.nt
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are desired . 

Instead , an experimental measurement of the sum 

contribution is read ily obtainable . The sys·tem e1 ployed in 

this work is shown in Figure J . (D >2 is a double delay line 

linear amplifier ; s . C. is a slm.-v coinc i dence circuit; and 

tJIC is an multichannel pulse- height a nalyzer . } If there

solving time of the s l ow coincidence circuit is rna.de equal 

to or great er than the clipping titlle* of the ampl i fi.er , hen 

the rout ed spectrum consist s of both the coincidence- sum 

and ran .om- swn con ribut i ons . 

Consider the gamma rays X. , Y, and Z. If they are 

correlated as in Figure 4 , then c oincidenc e summing i s pos 

sible for each decaying nucleus and random summing is possible 

bet ween cie caying nucl ei . I f they are not correlated , onl y 

random summing is pos. i ble . 'l'he disc ussion to follow includes 

all cases . 

y 

y 

z 

'fwo- Ste;e 'a s cad e 'rhree- St,ep Case· de 

F.igure 4 

Fi r s t , \vith two ga mma rays only , X a nd Y, the system 

w rks as f ollows : If goes in one crystal and Y goes into 

j[ The clippi ng t i me i s the time c ons t e nt of th mplifier 
out put pul ses . 
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the other and a r e within coincidence timing r esolution , 

then t h sum pulse Y is r outed into the rvJ.CA. If X a11 Y 

both enter the same crysta l t hen the sum pulse Y i 110t 

routed but enters t he normal lv'.i.C channels . s w 11 , 

detectors and B ac a s s i ngl e crystals nd thei r singl e 

s pectra enter the MCA in t he r egular channel group . ' bus, 

in the egular analyzer channels will be the swn s pectr um 

plus the sum of two single s pectra , vi z: 

Y) + 2X + 2Y • • • (2. 5) 

since there is no way to distinguish between detector A and 

de t ector B beca use hey have the same gain and resolution. 

' he routed s pectrum will occur only when X andY go in opposite 

directions . hus it can consist only of: 

• •• ( 2 . 6) 

y subtracting the routed s p ctrum from the r egular spec

trum , (che.nnel by channel ..., btraction is permitted since no 

gain shift between t he t o spectr a is possibl e ) the restlltant 

is just the sum of two singl spectra , viz : 

2 y ... 2 ... 2Y ,. [2 ( Y)] = 2 + 2Y = 2 ( +I ) ••• ( 2 . 7) 

Secondly , with ·three gamma rays , X, Y, ' fi z, the two- crystal 

system produces the following r esults : 

'rhe normal i•1CA channels will conta in 

(XY )A+ ( YZ)s+ ( Y) . + (XZ ) + {YZ ) A.+ ( Y )B+ (X.Z)B+ ( YZ )B 

+XA+YA+ZA+ B+YB +ZB = 
2( YZ )+2 ( Y ) +2 ( Z } +2 (YZ )+2 +2Y+2Z ••• ( 2 . 8 ) 

'he r outed ' CA channels \'rill conta in 
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+YA( Z)B+YB (XZ)A+ZA (XY) B+ZB (XY)A = 
2(XY) + 2(XZ) + 2(YZ) + 6{ YZ} ••• ( 2 . 9) 

he resultant spectrum on subtraction of the summing effect 

will then be 

2 + 2Y + 2Z - 4( .X.YZ ) • 2(X+Y+Z) - 4(XYZ) • • • (2.10) 

whi ch is j ttst the sum of t wo singl e s pectra again but now 

ove r - corrected for the triple - s um pulse . Since the probabil

i ty of the t r i pl e sum is small compared to t.h double sum, 

it is f elt tha t the over-correct ion by t he subt raction of the 

route spectrum f.com the combi tled s pectr um to yield the 

singl e s pe ctrw11 is negligible . 

(b ) Brems strahlung 

A final contribution to the single spect.rum is the 

detection of beta particles - - either directly or as 

Br emsstrahlung r ad i ation. 'he electrons themselves a re 

rea ily st.oppecl by u. sing an absorber· in front of the Nai 

crystal . But in the process , the de- accelera 'ting electrons 

emit Bremsstrahlung r adiation . To keep this at a minimum, 

a one centimeter thick polyethylene disc was used as the 

absorbf::: r . The effective Z of polyet hylen-e is low and this 

i mproves the rat io of ra i ~:, tionless energy dis s i patio11 

to Bremsstrahlung r adiation. 

2 . 3 Pai r Spectro etry 

(a ) 'rhe ":eectrometer 

'l'he t hr ee-crystal pair spectrometer system used 

is shown in Figure 5. (F . C. is a fast coincidence circuit 

with a resolving time of 2't= ·6o nsec . } Only the central 
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crystal (1" x l · l /2 "d ) is exposed to ga~na ray from the 

source . If the energy of the incident gamma ray exceeds that 

required to produce an electron- positron pair (1 . 022 MeV) 

then the remainder is earried off as kinetic energy of the 

two particle • The scintillator an photomu~tiplier convert 

this energy to a signal hich can be a:mpl ified and recorded 

in the multichannel analyzer . 

when the po itr on comes to rest, it combines ith 

an electron and the r esulti ng annihilation process produce 

t wo 511- keV g wma. rays moving in opposi e di rections . 'he 

small dim n ions of the central crystal enhance the possibil

ity that ne i ther of th s anni hilati on gamma rays will inter

a ct with the cryst al but will escape and be de ected by the 

3x3-inch s i de cr yst als A and B. By requi r i ng that a triple 

coincidence among t he three crystals is n cessary before 

the cent re crystal pulse i s analyzed , most spurious and other 

undesirable pul s es in the centre cryst a l cat be eliminat ed . 

The ener gy of the gaUlUla r ay is then just 1 . 022 eV plus that 

ent eri ng the mult i channel anal yzer . 

l!.. furt h r refinement is the use of pulse- height 

sel ectors ens uring t h t the energy of the acc.epted gamma rays 

in the si oe crystal i s i ndee 511 keV. 'i thout t.hi s i mprove

ment t here is another in er a.ction which will tr i gger all 

thr ee e t ector s giving erroneous rest.ll ts . his is when one 

or ot h 511- eV anni hila ion ge ~ ray u11dergo Compt on 

s catteri ng ithi n the central cry tal and are detect ed by 

t he si e cryst a ls a ... well , triggering the coi ncidence 
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circuitry . The signal sent by the centre crystal will then 

be increased by the amount of energy transmitted to the 

el e c rons by t he scattering . By setting the side crystal 

pulse- height selectors so that t.hey will accept only energies 

of about 511 ke , the forwar d scattered gamma rays , of lower 

energy, will necessarily be rejected . 

Figure 6 shows this . In Figure 6 (a }, the 2. 76 MeV 

pair s pect.rum for Na24 using no pul se height selector 0 11 

the side crystals has its high- energy edge distorted due to 

the energy added by the ompton scattered electrons to t he 

origi nal energy s upplied by the electron- positron pair . In 

Figure 6( b ) , when narrow -w·i 11dows about 511 keV are used to 

screen ou the forward s catter ed gauuna r ays , the analyzer 

was not e.llowe to see the incorrect higher energy pulses , 

thus removing the dis tortion in the spec rum. 

{b ) . ffi ciency ana Resolution 

The r elative efficiency of the pair ·pectromet er 

as a function of ener gy is a sumed to follow the pair cr oss 

section curve (3) . For Nai , the pair- production linear 

1at t enuation coefficient K cm- can be fou.nd knowi r the same 

coeffici ent fo r lead Kpb ( ~. ) . 

• •• ( 2 . 11 ) 
KI = K ( Jr 

Pb II .J; 2~i · 2 ) (~) ' 

and K = ••• ( 2 . 12 )Kr [l + ~ (~2]
NI ZI 
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where y is the density (11 . 35 g/am3 for Pb) , A is the atomic 

weight ( 207 . 2 for Pb) , Z is the atomic number (82 for Pb) , 

and N is th number of atoms/e.m3 of an element in the 

absorber . The pair cross- section is then given by 

crp~ ( Nai) : = O. OS4 Kpb om2jg • • • • ( 2. 13) 
r JlNif 

Figure 7 is a plot ot' ·the pd.ir- producti on linear attenuation 

coefficient Kpb as a fun ction of energy ( 5 ) . 

In the pair spectr ometer , the ener gy analyzed in 

the crystal i s reduce by 1 . 022 -1eV hence the resolution of 

the spectrome ter wi l l be charac ter ized. by that for a. gamma 

ray of energy E 'll' -1 . 022 MeV rather than of energy E 0 • The 

ab solute wi dth of a spect ral l i ne ob tained fr om a scintillati on 

crys t al i ncreases as the energy deposi ted i n the crystal 

increases . As a resul t , for t he same crystal , the uncertaint y 

i n the val ue of energy E 0 - 1 . 022 wil l b e less than tha t for 

energy E '6 • 'fhen the <'lCt u.sl energy value obtai ned from the 

pair s pect r ome t er by add i ng 1 . 022 eV will ue more reliable 

'tihan i f i ha beetl obtai ned d i rectly . 

peci f icall y , photopeak r esolution (width a t one 

ha l f max i mum ) f or a singl e crystal spectrum is ..6 Es/E ~ • 

Using the thr ee- crystal pa i r peat r orneter sys tem t he eff ec 

tive resolution oecor.ues !} p/ (8.'6' - 1 . 022 ) . Aoove aboutt:vwo 

MeV .6Ep~ .6 . 5 a nd hence the pair spec·tromet er has i mpro ved 

the r (. solution by a fa ctor of' approximate ly 

..6 p /6 s • •• (2 . 1 4 ) • 
l!: 't - 1.022 / Jr; 

For a two ~leV gamma ray this represents a doubli ng of t he 

resol u.t i on . 

http:atoms/e.m3
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FIGURE 7 
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2. 4 'l'wo- Dilllensional oincidenc·e )pP. ctrometry 

0Jle- dimension 1 pulse- height analyzers for use in 

tine correlation studi es have been of g eat assistance in 

constructin ecay sche .es of r adioisotopes . uch an 

instrument i s show in Fi gure 8. Ideally , only t.he gallillla 

rays in coi ncidence v;ith the gaUllna ray of the energy selected 

by the pulse- hei ght sel ector will be recorded i n the ulti

chatnel analyzer . By alter i ng t he winaow of the pulse

height selector to only include each of the gamma rays 

observed in the si ngle s pectrum one at a time , a eries of 

coi ncident ga.r.ru 1 spec ra are obt ined which when a· yzed 

generally yi eld a uni que d cay scheme . 

But th window ener gy selected not only contains the 

photopeak of the g·wma r ay desired but a l so he Compton 

t ai l of higher energy gamr r c.. s . 'l'hese higher energy 

gau a r ays have a coi ncidenc spe ctrum of thei r own and 

thes \d l l cont a i nate the spectrum desi red . 'l'he one-

dim nsional system gives no inf ormation on thi s ompton 

interference . ls the 011e- di me nsional me t ho is cumber ome 

when an isotope i th a compli cate decay schene i s un ·er 

obs r vat i on . I n thi case a l arge number of i ndependent . 

coincidence runs ~· ould have to be made and thi s woul d be 

extre e ly time consumi ng si nce t h coi ncidence count i ng 

rat wo uld be ver y uch l ower th n s ingl , s . or shorter

lived isotopes th i s could i nvolve prepar ati on of numerous 

s ampl es and nor alization of the r esul ting data . 

Using a t'll"o-dim ns i onal instrument , all coi ncid nces 
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with all win ·ow energies can be recorded simultaneously . 

Not only does this produce all the coincidence spe ctra 

for all the gamma rays involved but also it traces out 

the ompton in erference in each by recording the Co pton 

coincid nee pectra i n an energy region where only the 

·oxnpton ail is present . 

he instruu1ent. 1 s imply an extension of the one

dimensiona l system. In principle , a ser1ies of pulse-

height sel ctors co ering the desired energy r ang each 

gate ifferen por i on of he I4t • Consider the decay of 
' 46 c fo exau1ple ( ee Fi gure 9 ) . . ssume at fi r s that the 

single crystal response i s ideal - thot i s , th t the s ingle 

pectrum i s c omposed of t wo d 1 a functions . In Fi gure 10 

the l ock of J6 squares epresents he 1•l A emory readout where 

llij i s the umber of count s in ro 1 , column j . An each 

row column ) i ... the part of the emory r ad out whic h has 

responde to t h 'Wi ndows wl, w2 , ···W6 (vl, 2, • •• v6 ) • Thus 

each r ow (col umn ). represents a singl e coinc i nee spectrum 

as would be pr o uced by the one- imensional instrum nt . 

'he e nergies co ere y the sets of windows Wi and Vj are 

in i cated by the single s pectr um of s c4 shown on the s ides . 

or exa ple , since w3 i nc udes a part of t he spec trum 

1t1her e there is no ga na radi a i on , then it should have no 

coincidence s pe ctru an n3j • 0 f or all j . But w4 includes 

t he 887- keV gamna ray and i t s coinci dence spectrum shoul d .. 
con ai t the 1119-ke g· na ray . · i n ow V6 covers this energy 

range so n4j ; 0 for all j except j ; b . imi larly n55 wi l l 
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be non- zero . I..ooking c: t the complete arr y in this fashion , 


the ideal case for sc46 would in rae he: ve only count s 
 n55 
and n46 showing . This is true provid we ignore t he possib 

ility of chance events , . when gamta rays om different 

nuclei gate the coi ncidence ci r cuit . 'fhis leads co a few 

counts n45 a d il56: Also n55 an n46. would partly be ma e 

up from chance . So one th energy s cales have been established 

a qui ck look a.t the array f or the high cou.nt regions readily 

establishes he coinci ent ganuna rays . If the energy scales 

a e th s · e , he readout will be synu etrical . 

A 1024-channel rm-dimen ional analyzer w s used in 

thi s study . 'fhe a r rays avai l able with this instrument were 

Sxl28 , l 6x64, and 32x32 channels in each dimension . Using 

the 32x32 array fort , the two- iznensional coincidence spec 

t r um o c46 was measured an he r esults hav been pl otted 

i n the iso et ic · ra ing Figure 11 . Here it is r e di ly noted 

t hat the majority of llij i' 0 and he coinci,dent pho opeaks 

ar.e not delta functions . 'fhi is , of course , because the 

crystal re ponse is not ide 1 as at first assumed . However 

t he coi cident photopeaks are r eadily discer nible as they 

li a factor of ten or more ab ove t he Co pton peak , chance 

pe ak , and other coincident points. 
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FIGURE 11 
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CHAPT R III 

Br82 I:E.CAY .:~C HE!• •' 

3 . 1 Single pect rum 

The single - crystal gamma- r ay s pectrum was observed 

\tlith an unshielded 3x3- inch Na.I (' 1) cr ystal integrally 

mounted on a Dwont 6363 photonultipli~r . A polyethylene 

bet a - ray absorber was a ttache to the crystal f ace . 1'he 

spectru was recorde in a 1024- cha nnel Nuclear Data pulse

height analyzer aft r amplifi cation in a DD2 linear ampli

fier . 

he spectrum obtained with the source a t 10 em. 

an corrected for room background is shown in Figure 12 . 

To correct for t he contribut.ion fro coincid nee c:,nd random 

s unu: ing , the analyzer was operated in the split memory node 

using two groups of 512 channels e ch as out lined in 

hapter II , Section 2 (a) . The associ - ted sum- coincidence 

oontr'bution an the corrected singl s pectrua are also 

indi cated in Figure 12 . 

he sum co i ncidence completely a ccounts for the 

high st energy peak in. the observed s ingles and also f or 

the se con highe st energy p ak (aoout 1900 keV) withi n 

statistics . A third peak at eoorgy about 1648 keV can not 
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be accounted f'or in term of coincidence or random summing . 

As the resultant single i:)pe ctrwn indics tes, the lb48- keV energy 

peak appears to correspond to an a ctual gamma r ay . ~or 

energies below thi s o 5 0 keV the single spe ctrum is 

identical to that f ound by earlier experi menters (1) . 

3 . 2 	 Pa i r pectrum 

Fi gure 13 is a typi cal pair spectr um for Brg2 using 

narrow windows at the 511- k:e ga t e a s uggeste i n Chapterii , 

a ct i on J (a ) . The 1317- and 1475- keV l ines are very pro

minent an the exi stence of an even higher energy line is 

ob vious . I ts energy is about 1648 keV . Above t his is a 

continuwn consis t ing of a few counts per channel . oincidenc 

summing can not a ccount for thi s out r a nd o surmning probably 

does . However , i f a gau~ ray of' ene r gy 1900 ke oe exist , 

on the ba.,i s of the number of count s in that region of t he 

pair spect r um, i s i ntensi ty must be less than 5% of the 

1648- keV gamma ray . 

3 . 3 Coi ncidence SPe ctrum 

The coi nci ence spectra ere t aken with the crystals 

at 180° mounted on ar ms 7'' ab ove a 3/ 4" channel al uminum 

tra ck . hi s was place in the iddle of the roo . o mini riz 

any Jackscatter ing. h Br $2 sampl was s andwi ched bet ween 

cellul oi t ape & nd mounted on an anti - Compton shield . Arrays 

of 1 x64 and 32x32 wer used t o produc the bes t results . 

With an energy rang of 1550 to 1750 keV for the 

An anti-Cornpton shi el d preve.nt one detec or f rom seeing 
the Compt on scat t red radiation from he other . 

http:preve.nt


• • • • •• 

29 
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16 dimension and 0 to 800 keV for the 64 dimension , the 

gamma spectru in coincidence with the 1648- keV line was 

formed . '£his is shown in Figure 14 which indicates that 

gamma rays of energy 777 and about 220 keV are coincident 

with it . It also appears as if the 554- keV line is coinci

dent but is would seem impossible on _l ooking at the decay 

s cheme if the 1648- 777 coincidence is true . he 554 line 

appears because of interferen ce from the 1475- 554 and 

1475-619 keV correlation • To verify this , Figure 15 shows 

slic s in the 16 channel dim n ion at 220 , 554 , and 777 keV . 

he 220- and 777- keV coi noi ence spectra cle rly show the 

1648- keV l ine hi l e the 554- keV spectrum shows no indica... 

tion of a peak in this region . 'he exponent ial drop- off 

observed i n this spe ct rum i a ttributable to random and 

coincidence summing . ,he resolution of the 1648- keV 

coincidence sp ctrum f ro the ab ove mentioned interference 

can be achieve if one resolves each ro~ of 16 channel s 

into a 1648- keV peak , a 1475- keV peak , and an exponential 

t erm . 

Using the ethod of least squares , the 1024 channel 

of dat a were analyzed lb channels at a time and resol ed 

into three components : ai(l648) , bi (l475), and Oi( exp ) • 

.1 he r esulting 64 values for ai give the coi t cidence spectrum 

for the 1648- ke line compon nt . This has been plotted as 

well in igure 14 , indicating t hat the 1648- keV transition 

is in coincide11ce with t he 220- and 777- keV tran itions . 

' o 32x32 array arrangements were run covering the 
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FIGURE 14 
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ener gy range rom 0 ~o 900 ke coincide1 t wi t h 0 ~o 1800 

e • The re s ult s veri f i ed the ecay s cheme pr esent ed i n 

t he Nuclear Da t.a Ca d (1) except f or he 250- 35 - keV 

cascade . 

3 . 4 evised Deca,y: ·cheme 

(a ) Ener gi e s 

The gamma - r ay ener i es between 500 and 150 keV 

as r ecorded on t he decay s cheme i n he Nuclear Data Cards 

(1 ) were us ed to ob t ai n the energies of the 220- and 1648

keV l i ne s b y extrapol ation from t he various spectra , correct 

i ng for t he non- linearity of the Nai crysta l . The results 

are t abula ted bel ow in abl e • 

he t r ansitions previo usl y r eport ed at 250 an 350 

keV wer e not ound . 

TABI, ' I 

New Gamma- Ray Energies for Br g2 

o-Ray ype of 
pectrum 

'ner gy 
Obt ained 

Aver age wi t h 
tanda rd De iation 

220 
1 x64 
16x64 
32x32 

219 
214 
227 

220! 7 keV 

1648 
Si ngl e 

air 
a ir 

1646 
1647 
1651 

1648~3 keV 

ot al nergy 1868! 10 keV 



----------------

i 

)4 

he total energy recorded in able I agrees ··th 

the 1871 eV requireo to fit between t.he 2 48- and 777-keV 

lev ls in 82 he cascade can then follow the decay 

pattern 220- 1648- 777 or 1648-220-777. This ets up a new 

energy level in Kr 82 at 2426 or 997 keV respectively . 

amination of he neutron and proton pairing 

energie s mpiled by De dn y (b) in ica e that the first 

particle tate would be at approximately 2400 keV for this 

mass . 'l'herefore the states below thi s energy are oollective 

in ature . 
82

he .36Kr46 nuclide is even- even 11ith a neutron 

nunber near the 50 shell . This suggests tha 

nearly spherical in shape and indicates i will exhibit 

vib at i onal r Ethe r than rotational properties . Assuming 

the vibratiotal oscillations are sl&ll , t.. hey can be approx

ated by simple har onic motion . A solution of t.he Schro

ir~er wave e u ~ cion using t he harnonic oscill tor potential 

well yi lds a series of pos i ble en rgy levels sep rate in 

e ne rgy of an amount flw where w = classical vibrc. ion fre 

quency s indi ca ed in i ure 16 . · he lowest mode of 

3h w ---------------- 0 , 2 , 3 , 4 , 6+ 

2hw 0 , 2 , 4+ 

nw ---------------- 2+ 

---------------- o+ 

Quadrupole Vibret i ona l 'pectrum for 
· n- ' ven Nuclei t h . pheric · l Equi l 

ibrium Shape 

Fi gure 16 
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deformation of this system is of quadrupo l e type . Hence 

t he fir s t excited state has a total angular moment um of 

t 'tl':o units atld positive parity. ,he second states contain 

t wo quanta of excitat ion ana the total angul ar momentum 

values may be obtained by coupling the two quanta , each 

having a n angular momentum of two units . However , the 

rnodel permit s only the symmetric combina t ions J : 0 , 2,4 

wit h posi tive parity . The degeneracy of the l e vel is a result 

of the use of the ideal simple harmonic potential . I n 

actual fact the levels are separated in energy ( 7 ) . 

Examining the Kr$2 ener gy- leve l scheme as shown in 

Figure 1 using the above .ba.ckground, i t can be seen that 

t he 777 ... and 1475 ... keV levels probably correspon ' to the 

first t wo excited harmonic os cillator l evels with spins 2+. 

' he proposed 997... keV level then could be either the 

J : o+ or 4+ l e ve l . . he J = o+ l e ve l can be excluded 

because this would mean the tra nsition f rou1 264$ keV to 

t he proposed level would be an M4 transiti on which has a 

very small t ransition probability a nd unlikely to compe.t e -: 

with the othe r gamma. r ays leaving the level . 

Assume hat the proposed 997- ke level i s the 4+. 

'l'here is a possibility that be t a de cay could occur to t he 

level f r om Br 82 • ·rhi s would b e a first - f orbidden decay·. 

A l og 10f t or 9 is a. typical maxi um for fi r s.t -forbi t:ien 

de cay in t his nasa region (8 ) and using the log 10f va lues 

fr om Evans (9 ) it follows that : 



beta end point energy - 2. 1 MeV ,max 
log 10r [ Z•36 ,E=2. l ] = 2. ; , 

and loglOtl • log 1oft - log10r = 9 - 2. 5 =6.5 ; 

t herefore ~l = 3. 2 x 106 seconds 

and since total half life t • 36 hr . • 1 . 3 x 105 sec ., 

t he branching ratio woul be : 

1/) . 2 X 106 • -1 . 3 • 4% •1/l . J X 10; .32 

However , an upper limit for higher energy bet a- r ay groups 

has been r eported t o be l e s s thBn 0 . 6% (10) . Thus an 

energy level at 997 keV is inconsistent with beta- ray 

measurments . Furthe r more , other even- even nuclides i n 

t hi s mass region do not have l ow- lying second energy levels . 

It i s more realistic then to ha ve an energy level 

at 2426 keY . The order of the gawna cascade is then 220

164g- 777 . h i s would l ead to the l ow i ntensity observed 

for this branch since the 220- keV transition would be in 

competit i on with the 554- and 827- keV transi tions . The 

insertion of t.his level and the removal of the 250- and 350

ke gaoona rays leads to the revised decay s cheme show i n 

Figure 17 . 

(b ) Intensities 

The r elat ive i ntensities of the 1044-, 1317-, 

1475-, 1648-, and 1900 (if i t exists) - keV gamma rays were 

calculate f rom t.he single and pai r spectra . The results 

are indicated in 'l'able I I below. 

'fhe i ntensities of all the gai 1a rays as ootained 

from a reduction of the coincidence dat a is t abulated in a 
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later section. 

TABLE II 

Som Ga. .a-Ray Intensitie for Br82 

o- Ray 
Relative 
Intensity 
Singles 

R.elatite 
Intensity 

Pair 
Average. 

Value 

Intensity Based 
on· 1475 = 20 
or 777 ;: 100 

1044 

1317 

1475 

164$ 

1900 

8. 5 

6. 5 

4. 8 

0 . 2 

<0. 05 

6. 5 • 
4. 3. 

0 . 2 

<0. 01 

6. 5 

4. 5 

0 . 2 

<0 . 01 

' 38 ! 10% 

29 

20 

"" 1 

<0 . 05 

.t Normali zed to the Singles value 



HAPTEE IV 

REGkU!.SS ION ANALYSIS 

4 . 1 I educ·tion of Coinci nee Surface 

(a ) utline 

he coincidence surface is obtained in the f orm 

S (x , y ) where x and y are the digitized coordinates and 

S (x , y) is the number of events at (x , y) . The surface 

corr es ponding to a coincident pair of gamma ray '01 an 

oj is given by i(x}Yj (Y ) where 1 a nd Yj ar the 

r e sponse fu ctions . 

' he equat ion for he uodel is of the form 

11 

S{x , y) = ~ a1j i (x) Yj(Y ) ••• (4 . 1)' i,j• l 

where ere the .; ntensity. correl t ion coeff icie nts .ij' "' .... 

'l.'he o e l equa ion can be r educed to a set of co upl ed 

e q ations n 
S (x , y ) = I a1(y) i(X ) ••• (4. 2a) 

~=1 
n 

and a i y ) = .L aij Yj (Y) • ••• ( 4 . 2b) 
J • l 

Now consider whether a regression analysis of the coupl ed 

equations 4 . 2 can e carried out in such a way m t,o lead 

) 9 




to the same results as an analysis of 4.1 • 

(b ) nalysis of 

rom the least squares condition and eighting 

with the variance S(x,y , in 4 . 2a , 

el S(l ) [ (x , y) - ~ ai(y)Xi(x )] 
2 must be a minimum . 

X x , y i • l 

or a minir Um. , the par 'ial derivative with r spect to 

ai(y) equals zero . · herefore we get 

n 
k(x)(x , y) - · ~ai ( Y) i x ) J ·=· 0 ·• • • ( 4 -3 ) X~[ i • . S(x,y) 

where i -- 1 , 2 , •••n ( number of l ine s in direction 
k : 1 , 2·, • • • n J 

X -- 1 , 2 , •• • N number of chann ls in ·direction . 

hese equa ions 4 . ) a.r e solved f or eac h y : 1 , 2 , •• • N to 

give the nxN set a i( y }. 

i milarly·, p ormi1 the 1 a quar s co di ion 

on 4 . 2b yields 

• •• (4 . 4 ) 

where j =1 , 2 , ••• n I 
l number o lines i n irection 

1 : 1 , 2 , ••• n ) 
y: 1 , 2 , •• •N number of channels in Y d ire ction 

w1=wei ght function . 
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From 4 . 4 , 

••• (4 . 5 ) 

J. ultiply a c h side of 4 . 3 by wyYl(Y) and sum over y t o give 

f w (y)[ ~ [s (x , y ) - f' a1 ( y )X1 {x )l k (x_) J = o •1Y1
y• l x~ i~ JS(x , y ) 


implifying , 


N lN k(x} J N n ~N ~ 1 (x) ".k(x)2:: w1 1 (y) ) x , y) - ) ) ) w Y1 ( y ai (y ) 

y=l x'al s (x ,y) x'iii 1's1. Y-il 1 (x , y ) 


Subs i t. uting from 4. 5 an ' si plifying yield.:. 

This t wo st ep regression analysis is shown sch~matically 

in i gure lS . 

x=l x=N 
y=l 

S (x,y) 

y: N 
~--------' 

y=N----
Reduction of Coincidence urface by Regr ession n lysis 

Fig ure 18 

(c) 1alysis of Origi nal Model Eg uation 
.

From the least squares conditi on on 4 . 1 we get 



42 

x~l ksc!,y) [s <x , y) ·/;,. k aiji(x)Yj(Yl] k(xJYl (yJ • • •• (~ 
A comparison of 4.7 with 4.6 shows t.hat the e auations for 

the coupled system yield the same least- squares estimate of 

a1j as the equation for the original rnodel if w-y' • l for all y. 

rrhis implies t hat the fits in the second stage based on 4. 2b 

should be unweighted . 

(~) jr~or Estimate 

Let 
N N>... L 

x'al. y• l 
Xk (x )Il (y) • vkl • •• (4. 8) 

therefore ••• (4 . 9} 

an •••.(4 . 10) 

But C is a 4th order n- dimensional matrix whi ch can be reeas·t 

into a n2- dimensional matrix so for even a reasonable number 

of gamma rays the invers ion to o-1 is next to impossible . 

Thus the eror in the intensi y coeffi cients cannot be prac

tically determined • .
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Returning t o h coupl ed equations, in he first 

stag , if we let 

••• (4 .11 ) 

• •• (4 .12) 

i t i 1ar1y , in ~ho se con . stage , let 

ui l : L Yl(y)ai {Y ) •• • (4.13) 
y 

N 
and Uj l •[ Yj (y )Yl(Y) 

y• l 

t hen fro 4. 4 •• • ( 4. 14) 

n sub titu i ng into 4.14 f r om 4. 11 to 4.13 we get 

aiJ = ~ uj~[~ Y(y) [ ~ i~ • ~ k(x)J] 

;; L L uji[L: L ·r ;:~ Yl (y l k (x )J • ••• (4 .15) 
k 1 X y 


-1 - - 1

I f Ti k i s r epl a ced by the average value ik then we can 

substi t ut e 4. 8 in 4 . 15 t o gi ve 

.[\' \' -1--1] ••• (4.16) a ij : ~~ u jl Tik kl 

_. 2 . x 2 - 1 --1
and u ij = u jj . i i • • • (4 . 17 ) -r 

i ce ·ri k and U j l are n.xn rna r i ces where normally n {. 10 , 

the i nverses are r adily establish d and an estimate of he 

error in t he in ensity coefficier t s i s now possible . 
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• 

It remains now to det er i ne ·the relation hip be

tween the appr oxima e an the exact variance . This i s at. 

pr e ent unaer study . 

(e) 1'he hysical ignit'i cance of the Var i ance 

The varianc of ai j is a ij where cr is calle the 

standard devi ation . he standard de ·~riat ion represents a 

meas ure of the wi th of the istribution curve or ij • 

I f we assume ·he proba ility cur ve is a au s i an centered 

with ean value at t he origi n t hen (aijl =P(z) i s given 

by 

As i r e 19 illus t r at es , 68 of a part i cular a1 j val ue 

l i es between ~ cr. Hence the smal l r the d or the o 2 

(variance ) t hen he more peaked i s ·the probability distri 

buti on and the ore reliable the value o t ained f or a i j . 

4 . 2 I ntensities from Intensit y Correlat ion .1 trix 

efor t he s i 1gle ga a- r y i ntensities can be 

det ermined , the correl at ion int ensities ust i rst be f ound . 

To do this t he f irst r ow and colunn of t he coincidence 

surf ce S(x ,y ) is r epl a ced wi h co r espon i ng single 

r un at t he s ame gai n ou not ne ces arily normalized i n 

time . Using a comput e r , the s i ngles i nt ensity coefficients 

b1 and Cj (the number of t imes the line sh pes 1 (x ) and 

Yj(Y ) f i t int o he si ngle s p c·tra S(x,l) and S(l , y ) 

r es pectively)ar e fo und . From t he r est of the response 
.. 

s u,rface , the intensity corr elation coef icient s aij (the 

number of i es the r es ponse .surface i(x) Yj (Y) fit s into 

t he coi ncidence sur fa ce (x , y ) for the i - j coi ncidence } 
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FIG~ 19 
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are obt ained . 

f we let Ns and Nc be the sample ource s t rength 

f or the tine ru for the singl8s and coincidences respec

tively , the probability of gdn a dec y , e ·the de ' ector 

effic i ency , and k t he normali zation const ant for the l ine 

shap , t hen it fo llows f or coinciden~ gan 

aij = Nc P( oi ~ j ) e ( o1. e( (l'j ) k ( t 1 )k ( oj) 

a ••• (4 . H~ )b i s ( ~ i) e ~i) ( ~i ) 

Tami Cj • s ~j e ( oj ) k ( 'tj ) • 

It i s now obvious tha t the ratio of th pro ·u ct of the 

singl s i ntensity coefficient s to the i ntensity correlation 

coefficient i ll be in e .ndant of det e ctor efficieucies 

an line shape nor ali zation , viz : 

bi.' c . Pni> Pl j)J =K •• • (4. 19 ) aij ( ~ i b' j ) 

\~here K i s a constant . 

·rhe c omput r c n be prograu e to f i nd the inten

s it y correl ation atr i x b i c j/a1 j . 'fhen by examini ng the 

de ca y s cheme of the e l ement un er study , he value of the 

va rio us pr obabilit es can be ·eter lined f r om he theor

eti cal inte nsities of the ga 1a rays . h se theoreti ca l 

i n nsit i es are in t e r ms of s e eral par am te r s , t he number 

r equire being one l e ss than th 1 axi mum num er of gamma 

rays needed t o for a cascade from the hi ghest to · he low

est energy level . Hence a t heoretical i ntens i ty correl a tion 
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matrix can be set up , Elements aij t;here i - j is not. a 

coincident gamma pair \<ii ll be zero . 

Now the theoretical a nd exp timental matrix 

elements can be equated e.nd. from t.he resulting equ.ation.s 

the .intensity parameters can be found . Practically , since 

the theoreti-cal matrix is symmetrical and because several 

of t.he elements are identicel , t hen the corresponding 

computed elements can be averaged , reduci11g the munber of 

equa tions required to solve . Once the parameters have 

been fou11d , the ·i t1dividual gamma- ray i ntensities can be 

l'rorked out and also their probable errors . 

4 . J ar62 Gtatlltlla- Ray Int~nsities 
(a ) Data Collection 

In the case of Br82 , let the probabilities of 

the .5.54-, 619... , and 69$- keV gamma rays ~D ecaying be x , y , 

and z respee'tively -.. Thus x , y , a11d z are the theore'ti ca.l 

i ntensity parameters m$ntioned in the previous section. 

If' we asswne theat the 220· and 1648- keV gruuma rays have 

negligible intensity , then the ·theoretical intensity 

correlation matrix will be in terms of x , y, and z as 

ind ieated in Table III on page 48 . 



TABLE III 

fheoretical Intensity Cor:r·ele.tion lf.ta:trix 

(Each elewent sho"m has been divided by the constant K) 


554 

554 

0 

619 

X 

6915 

X 

777 

xg* 
q+x-1 

827 

0 

1044 

0 

1317 

X 

1475 

X 

. _61,9 

o9$ 

777 

f327 

1044 

1.317 

X 

X 

e.g 
q+X• l 

0 

0 

X 

0 

., 
n . 

z 

0 

0 

0 

y 

0 

q 

0 

0 

19. 
z 

q 

0 

q 

q 

0 

0 

q 

0 

l •X 

0 

0 

0 

q 

l · x 

0 

0 

0 

0 

q 

0 

0 

0 

y 

0 

0 

0 

0 

0 

1475 X y 0 0 0 0 0 0 

The coitlcidence surface S (x,y) was a 32x32 array 

with 500- to 1600- keV range along each dimension . The 

crystals 'l;tere at 1$0° and placed about 5 em. from the 

source . Coincidence and l'Gl.ndom adding at this distance 

1.1as not negligible bu.t these and other spurious events 

v1ere accounted for in the reduction analysis by including 

the 1648...keV ganuna ray line shape . 'l'he sample \"las counted 

for an hour .. This period of time was short enough to be 

able to ignore any possible gain shifts in the two 
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dimensions . 'l'he single spectra were run s iUHlltaneously 

for four Ininutes on the 32x32 array set-up while the 

analyzer was in a ttfreen mode . Background spectra \\ere 

also run fo:r- the sa.me time and subtracted to yield S (x, 1) 

and S(l , y) . S(x,l} is plot,ted in Figu.re 20 . S(l , y) is 

al,:nost identical. Also Na 22 , os137. Ivln54 , zn65, and co60 

l'rere analyzed separately at the same gaill. to produce 

standard lines from which the line shapes for stripping 

could be interpolated. 

(b ) Preparation of Lin£ Shaees and sur,face R.ethlct;J.on 

·J.'he energy scale for the Br82 coi1.1cidence data 

is so c.ondense4 t.hat each gamma photopeak has a width of 

just over three channels . These three peak channels and 

their nurnber of counts N !or the photopeaks of the 554•, 

T17-, 1044.... 1317•• and 1475- keV ganuua rays were tou11d 

itt the X and Y directions from the coineiaenee e.rray . 'rhe 

other gam.rna rays were not resolved . 

If we assume that the three peak points lie 011 

a Gaussia.n , then the highest point 011 the Gaussian, which 

ltill be the true channel location for the ga.Iruna• rav energy, 

is i'ound in the following 'IUay 1 l'J'ith reference to Figure 21 . 

'l1he natural logarithm of a Gaussian is a para

bola . Let z =lnN .. 'fhen the function z is a parabola o.f 

the forn1 

z =ax2 + bx - e • ••• (4. 20} 

http:R.ethlct;J.on
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FIGUR.E 20 
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:B'IGURZ 21 


X.1 Xo X1 

CHANNEL NUMBER 


GAlJSSIAN PEAK LOCATION 
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Therefore we can say 

z(x=- 1) • z. 1 • a - b + c 

z(x• O) • • a ••• ( 4 . 21)z0 

Solving we find t ha:t 

• •• ( 4·. 22 ) 

For a ruax1mu..a1, dz • 2ax + b • 0 • 
dx 

'l'heref.o:re the peak is a.t 

. .. . (4 . 24)X • "'"i iiiii 

a 

Using equations 4 . 22 to 4 . 24 the values .x, a, and b 

v-.rere calcule~cted f'or the resolved gamma rf:.ya . After converting 

the gat1m1a energiBs to Nai pulse heights using Heath ' s curve 

for t.he non- linearity of Na.I (11 ) , a plot of pulse height 

versus x and 1/a was coastructed fol' both X cmd l c.Liinensions . 

Using; the least squares condition, the equations of the best 

st.raight lint.'?S through the points were found a11d interpola

tions at tho pulse heights oi"' the unresolved gaJruna r a ys {619 , 

698 , 827 , a.nd 164$ k.eV'l were m:~de to f'ind their x a.nrl 1/a 

va.lues . From this b was r·eadily calculated " Choosing an 

al:·bitrary e value , .from equatio.ns 4 . 21 the z values were 

determined . 'l1hen. using 'the relati011 N : ez , the three peak 

coun,ts for the um."'esol ved gaJAma. rays were obtained . Fina.lly, 

the rest of the line shape for ::J 11 the gemm.a r·ays vm.s i11terpolated 

.from the standard lines . 

http:equatio.ns
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'fhe reduction of the coincidence surface \'las then 

carried out using the lvic.f<Iast.er IBI~i 7040 Computer . The operation 

~;ras progran~.tued so that ai(y), aij, \'Jith their respective residu.als 

a11d x_2 as \vell a s b1c1/aij were prittted out .. Ey plotting ai (y) 

for all y, true coincidence spectra for each gamma ray were 

obtained . Cow,parisons betit:een the locations of the gauuua rays 

in these spectra to the locations in the line shapes pointed out 

small errors in positioning of the line shapes in the Y dim€nsion . 

1'hese ·were shifted ac.cordin.gly . By transposi11g the S(.x,y) data 

to S(y,x) a.nd interchanging the X- and ! - l i ne shapes, a rerun of' 

t he program produced f\j (x )and as 'dth ·the Y· line shapes, the 

X·line shapes were shifted -to more exact positions . 

~~tth the oor:re-cted lin.e shapes , the program. was ruu 

again keeping a careful check on the residu.als . Small altera

tions \v-era repeatedly made 111 the line shapes t111til the residuals 

were as sruall as po.ssible . In the final run the average value 

of x2jr for the a1 (y) was 11 . 

(c) 	 Results 

'I'able IV lists the average V(;llue for the different 

matrix eleme1lts . The error qu.oted is the probable error in the 

mean . 

http:lvic.f<Iast.er
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'l'i BLi:'.. IV 

lf.iatrix Elem.e nt Values 

No . Times AveragePa.ra.1ueter Error 
Value i n aij 

...gKx 3 . 07 .... 10 % 
+ l %2.K(1-x) 1 . 1.5 I 

Ky + 16 ·% 4 1 . 53 -
+ G:2gKq 3. 16 It}- 13 

- ~· 

... 2 %6. 33 2K( xg J -q +x ;..I 

... ... 22 ~;e.2o2K (~) 

Solving f~or x, y, and z yields : 

:X. • O. TJ + 13 %-

....y • 0 . 43 12 q;

I -

a'fz :; 0.14 + 31 "Ji1-


'rhe resulting; gaw.rna- rey intensities are a s follows in Table V. 
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T1\BLE V 


Brg2 Intensi ties f rom Regression Analysi s 


Gamma 
Ener gy 

ltoV 

Theoret i cal 
Intensity 

Calc ulated 
Intensity 

I ntens ity
Based On 
777 -100-

Intensity 
from 

Data Cards 
(l) 

-

55J.r

619 

698 

77'1 

827 

1044 

1317 

1475 

X 

y 

z 

l ..oy+Z 

1-x 

l •X 

x~y 

y... z 

o . 73!13f;~ 

0 + .. • 4J- 12;j 

0.14!31% 

o. 71!165~ 
0 27. 38111 

• .. f-0 

0. 27! 38% 

0 . )0!371~ 

0. 29! 24% 

103! 14 

61!8 

20:6 

+ 6100- 1 

38!15 

)8... +15 

42! 16 

41t 1o 

78-105 

50 

33  37 

100 

28 JO 

28 36 

24-36 

11· 21 

4. 4 Conclusions 

.A comparison of the Nuclev.r Data Card (1 ). inten.sity 

values and the intensity values found earlier in this repor t 

by other methods (see Table II) with those determined from t he 

surface stripping reveals that the rnajority o:f the values agree 

to within the probable el'I"'Or . If the intensity value of z 

could be i ncreased , then this l'Jould tend to increase the i nten

sity of the 698- and 777-keV lines and decrease the intensity 

of the 1475- k.eV line . 'I'his is exactly V•tl&t is required to bring 

these new r esults closer to the Data Card values . A.n inspection 

of the Br$2 single spectrum S(x , l ) . li'igure 20 , shmvs that the 

698- keV line is not resolved so that the stripping of the single 

http:1475-k.eV


and coincidence spectra. will definitely tend to be unreliable 

at best for this gamma ray . 'fhis holds true for the 619- keV 

gamu~a ray as \'fell . 'I'he int.er1sity of the 1475-keV line depends, 

in the regression analysis method , on t.he intensities of the 

619· and 696- keV lines, y and s respect i vely . Since these 

three ganuua rays have the largest discrepa!lCY in intensity 

values, it is apparent th&t this method for ·the extraction of 

int.ens.i ties works best when the garmua rays are resolved . 

However , considering the large number of gstmna rays 

analyzed and the large energy range covered by the 32 chan

nels , the success of the regression analysis for Br82 test

ifies to the usefulness of this straightforward method of 

obtaining reliable intensity values . li' a. similar analys.is 

\'/ere to be made asing , say , a lOOxlOO ooi.noidence array where 

all intense photopeaks were resolved , i.t1tensity values to 

within a £e~r per cent. could be otrtairled re.adily.• 

http:analys.is
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