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K-capture to  positron branching rat ios  have been measured  i n  the decay 

of ~ a ~ ~ ,  ~0~~ and ~a~~ - -  all pure Gamow -Tel ler  emi t te rs ,  using coinci- 
I 

denc e scintillation spectrometer  techniques. The measured  values a r e  - 
0.105 - t 0 .004fo r  NaZ2, 5 . 0 8  + 1).17for  C O ~ ~ ,  a n d 1 . 2 8  t 0 . 1 2 a n d 0 . 1 0  t - - - 
0. 02 for  ~ a ~ ~ .  F r o m  these the F i e r z  interference t e r m  is computed to  be 

b = -0.004 + 0.012, -0.004 + 0. 14, -0 .03  t 0 .02  and +0.03 + 0.01  r e spec -  - - - - 
tively. These r e su l t s  indicate that the F i e r z  interference in Gamow-Teller 

interaction is ve ry  smH11. 

The decay'of 270 day Ge68 was investigated in equilibrium with ~a~~ to 
t .,look for  ii possible low-lying 0 level in G a m  P8 using ,X-ray X-ray and X-ray 

'6'-zayroincidences:;- The r e su l t  was negative. Besides the 9 kev K X-ray. 

-the 1. 07 Mev gamma r a y  in  the decay of Gab8 and annihila'tion radiation, no 
I 

other gamma rays  were  detected (< 8 o /o  of 1 .07  Mev galmma ray) .  The 

number of positrons per 1.07 Mev -quantum was  determinkd a s  19. 47 + 
-6 8 2. 10. The ra t io  of positrons to the 1. 07 Mev level and gro&d s ta te  of Zn 

was found to be (1.76 t 0. 22) x 
68 Studies with a ~ e ~ ~ s o u r c e  chemically separated f r o m  Ga show ed no 

gamma rays  ( ( 1 o / o  of total ~e~~ decays). By following the growth of 

annihilation radiation, an upper l imit  of 0. 4 o /o  per  decay could be se t  on 
68 the amount of positron emission by Ge . 

A sea rch  f o r  an electr ic  monopole (EO) transit ion f rom the 2. 3 Mev level  
t to the 0 ground s tate  of z n b 8  was made using plastic scinti l lators and an  

anti-coincidence a r r a n g e m e n t  An upper l imit  of (5 + 25) x conversion - 
electrons per  decay of Gab8 could be set .  This is interpreted a s  evidence 

t against a possible 0 spin assignment fo r  the 2. 3 Mev level,  but the in te r -  
' 

pretation is not conclusive. 

A brief review i s  presented regarding ,the s ta tus  of F i e r z  interference in 

beta-decay as revealed by present  studies and other .  experiments.  



General  ~nti'odbkt?o'n. 

a) The Interaction in BetaTDecay: 

The central  problem in  the theory of beta-decay has  been the de ter -  

tnitlation of the nature of the intcraction responsible for  this decay. In 

general the interaction can  be  a l inear combination of five types namely 

s c a l a r  (S), vector (V), tensor  (T), axial vector (A), and pseudoscalar (P) ,  

a l l  satisfying the requir ement of relat ivis t ic  invar ianc e. Beta-decay can  be 

classified a s  allowed or  forbidden depending on the change in angular momenta 

and pari t ies  of the nuclear s ta tes  involved. The selection ru les  permi t  a 

fur ther  distinction between transit ions as F e r m i  o r  Gamow-Teller. The 

selection ru le s  a re :  

AlloweddJ = 0 F e r m i  

No 

AJ = 0, 1 Gamow - Teller 

F i r s t .  forbidden A,J = 0, + i., '+ 2 .. - . - Gamow - T e l ) , ~  
Yes 

and s o  on. 

The . F e r m i  t ransi t ions involve only :the interact iom- S and,.V, and the 

interactions A and T charac ter ize  Gamow -Tel ler  transit ions.  A transit ion 

allowed by both types of selection ru les  should therefore involve S, V, A, T 

and perhaps P. There  i s  strong evidence that the P interaction. is. unimport- 

ant. The fac t  that transit ions obeying ,bob .kinds of selection . rules  a r e  ob.- 

served  indicates that the beta-interaction i s  an admixture of both .Fermi  and 

Gamow-Teller types. It remains  to determine the ra t io  of these interaction 

strengths.  A study of the angular correlat ion between the electron and the 

neutrino in  an  allowed pure transit ion can  be used to distinguish which of the 

interactions S or V, .or A or  T is predominant. It is now established f r o m  

such experiments1 that the F e r m i  interaction is most ly V and the Gamow - 
Teller  intertaction mostly A. The neutron decay (mixed transit ion) combined 

with the 0l8 decay (pure  F e r m i  transit ion) leads to the determination of the 
1 

relat ive s t rengths of F e r m i  and Gamow - Teller interactions.  The r ecent 

Russian measurement  of 11. 7 + 0. 4 min. fop the half l ife of the n e u t ~ o n .  - 



2 
leads to (CGT/cF) = 1.42 - t 0.08. 

. Considering only pure transitions, Fe rmi  or Gamow - Teller, one can 

expect interference between the two types-S and V,  or A and T. The pos- 

sible existence of such terms-was f i rs t  pointed out by ~ i e r z ~  and hence these 

terms a r e  called Fierz  interference terms.  It is the principal objective of 

the present work to make an estimate of this effect in Gamow-Teller transi- 

tions. Such interference i s  possible in the electron.-=neutrino angular corre-  

lation ftxpression, but because of the difficulties involved in  such experiments 

these t e rms  a r e  often neglected. Intepference between A and V in a mixed 

transition can also occur, but we w i l l  not concern ourselves with this here, 

nor 'will .  'we treat fof bidd.en transitions. 

The gener a1 expression for the energy distribution of electrons (posi- 

trons) in an allowed transition can be w:ritten a s  3 

and F 

symbols a r e  explained a s  follows: 
2 

pW(Wo - W) i s  the statistical weight factor which determines, in 

the absence of the coulomb field, the sharing of energy between the elec- 

t ion and the neutrino. 

F.(.Z., W) i s  the coulomb field factor.'whi,ch,represents the effect of 

nuclear charge on the emitted electron. 

p i s  the momentum of the el.ectron. 



- W is the energy of the electron in  relativistic units. 

Wo is the maximum energy of the electron or  positron 

= j1.j 
where 1 1  =' the sca la r  ma t r ix  element 

fp = the vector m a t r i x  element  

k = 1 only if the motion of the nucleons is non-relativistic, s ince in  

this c a s e  = f+ = 1. 

Putting k = 1, we get 

is called the F i e r z  interference t e rm.  Here #= J- N 1 represents  

the screening effect due to the atomic electrons. 

Ci = S, V, A, T = is the coupling constant for  parity conserv,idg inter-  

action 

Ct i  = S, V, A, T = i s  the coupling constant for  parity non-conserving 

interaction. 

The complex conjugation on .the coupling constants r ep resen t s  the 

possibility . . of ti,#e rev,er sai invariant e i n  the beta-decay process .  

An immediate consequence of b *O is that the spec t ra l  shape of a n  

allowed t ransi t ion will deviate f r o m  the s tat is t ical  shape because of the in- - - 
v e r s e  dependence on W through b. One way of seeing this deviation experi-  

mentally is to plot the f o r m  factor N(w)/  [ ~ ( z ,  W)pW~(Wo - w ) g a s  a function 

of W. F r o m  th i s  kind of analysis  the l imi ts  se t  on b a r e  -0. 09s bGT6 0. 20. 
GT 

Because of the weak dependence on W such deviations a r e  ra ther  hard  to  de-  

tect. Fu r the r  the analysis has so  far been generally res t r ic ted  to  Gamow- 

Teller transit ions only. Recently, ~ a n i e l ~  has applied this ethod to est i -  4 
mate  the FieGz t e r m  in  the decay of NI (1 12 -  - 112-). He obtained bF = 

14 0. 14 using the 0 f t  value to  evaluate the F e r m i  par t  of the ma t r ix  element. 

1nteg.rating . e.xpre,ssion . (1) over the allowed, spectrum, we obtain. 



No 
- 

where f = q z ,  ~ / ) ( ~ J u ' w ) ' ~ w ~ w  i s  the so-called B'erml function, 
L do - 1 

and ( G I )  = re, W) w)'d h/ i s  the expeciation. value of  W 
1 0 

over the allowed spectrum. 

Thus a consequence of b # 0 is that the f t  values will depend on W - l o  

F r o m  a plot of 2n3Cft (1(3e1&2vs. 2r,JglZ< which should give 

a s t raight  l ine provided k = 1 and the mat r ix  elements r ema in  the same,  G e r -  , A 

3 
h a r t  finds f r o m  an  analysis  of data fo r  0 0, No (Fe imi )  transit ions --  014, 
AlZ6 and .CI,~.~, that . \ 

the chief uncertainty being - due to  the assumption regarding k. (Recently 
5 

AlSman .and MacDonald have considered the effect of .coul@nb and r elativis - 
tic correct ions to the eva1,uation of the. F i e r i  t e r m  and conclude that the c o r -  

r ections a r e  within experimental unc ertainties.  ) The ma t r ix  elements were  . 
evaluated b y Gerha r t  on the basis  of charge independence of nuclear forces .  

& 
Another fruitful approachfor  the evaluation of b has been.the method 

6 of K-capture to  positron branching ra t ios  f i r s t  exploited by Sherr  and Miller 

In the following section we will descr ibe  the iqh%at ion  that can  be  derived 

f rom a study of K/ f ra t ios  and i n  particular abo i t  the F i e r z  t e rm.  

c )  KTCapture Posi t ron Branching Ratios 

The study of the shapes of beta-spectra  together with the ft  values 

and the shell  model (to determine parit ies) has  been v e r y  useful in c lass i -  

fying transit ions a s  to the order  d.rforbiddennes s. When, how ever ,  betw een 

two nuclear s ta tes  enough energy is available for  both K-capture and positron 

emission, a useful quantity that can be measured  is the K-capture positron 

branching ratio.  In fact  i t  was one of the ea r ly  t r iumphs of the F e r m i  theory 

of beta-decay that the K-capture mode of decay $as observed a s  predicted. 

7 A measurement  of K/  t ra t io  can  be used to  find the energy difference be- P 
tween two nuclear s ta tes  if i t  is known otherwise that the transit ion is allowed. 

7 However, it is observed that  all ailow ed shape t ransi t ions (most  f i r s t - for -  

bidden transit ions) have allowed branching. ra t ios  also. Thus i t  i s  not possible 



to determine whether an  allowed shape transit ion i s  indeed allowed, without 

a knowledge of the par i ty  change. Howevexj, the K/ t ra t io  does show a P 
detectable change for  unique f i r s t  forbidden and higher transit ions intensi-  

8 
fied with increasing o rde r  of forbiddenness . These la t te r  t ransi t ions can  

probably be much m o r e  easily identified on the basis  of the shape of the 

positron spectrum and life-time. In such c a s e s  K/ t ra t ios  can  only se rve  P 
a s  a n  additional check on the assignment .  However, the chief vir tue of 

measurement  of the K/?+ rat io  f o r  supposedly pure transit ions is that i t  

lends itself to  the estimation of small-order  effects i n  beta-decay such a s  

the F i e r z  te rm.  Consider a pure transit ion, say a Gamow-Teller t r ans i -  

tion. Then for  this  tqansitlon, the probability.for positron, erni.ssion. is 

/ 
where the various q u a n t i t q ~ s  have a l ready been defined (see page 2). (Note 

* that the t e r m s  involving C and CV a r e  s e t  equal to zero. ) 
S 

The probability for  K-capture to the same  state  can  be wri t ten as 

f l  

, q i r ac  radial  funs tion. 
2 
0 

So that the ra t io  of K-capture to positron emission becomes 

If the F i e r e  interference t e r m  were  zero,  then putting b = 0, we get  

where W-' has  already been d .~f in , ,~d .  
I 



Thus a measurement  of R can be used to evaluate b. It should be 

noted that the ma t r ix  elements cancel out in the ratio.  

Before comparing the theoretical K/ ra t io  with the observed value, P+ 
correct ion f o r  the finite s ize of the nucleus and screening of the positron and 

the bound K-electron have to be made. Fur the r ,  if the measured  quantity i s  

the total electron-capture,  then correct ion fo r  capture f r o m  higher shells 

has to be made to obtain the K-capture alone. 

F o r  allowed transit ions the finite s i ze  correct ion has  been shown to be 
7 negligible . The screening correct ion,  on the other hand, i s  not insignifi- - 

cant. Recently Perlrnan, Welker and wolfsberg9 have evaluated the effect of 

screening on the positron wav e function and have given i n  graphical dorm the 

r a t io  of screened to unscreened values. FOP most  Z values of in te res t  the 

screening on the K-electron is taken into account by putting Zeffective = ZK 
a - 0. 3. Zweifel has evaluated the deviation of the actual Zefi f r o m  this  Slater 

screening. Regarding correct ion for capture f rom higher shel ls  only L- 

capture is important for  most  c a s e s  of interest .  (At high Z, M capture a l so  

becomes important.  ) Correct ion for  I ,~captur  e is obtained by using L/K r a -  
.- t i s s  given in  graphical f o r m  by Rose and Jackson 10 . 

P 
68 We have applied the K /  f ra t io  technique fo r  the decays of Ga , Co 58 

and ~ a ~ ~ ,  all pure Camow -Tel e r  emi t te rs ,  to  dbtain the F i e r z  interference 

te rm.  P a r t g f  this repor t  contains a description of experiments on each of 

these nuclei, followed by a summary  of available data on F i e r z  interference 

i n  beta-decay a s  obtained by various methods. P a r t  B of the r epor t  deals 

with some incidental studies on a sea rch  for  a low-lying 0' s ta te  in ~a~~ and 
68  a s e a r c h  for  e lectr ic  monopole transit ion f rom the 2. 3 MeV level i n  Zn . 



PART A 

1. K-Capture Posi t ron Branching,Ratios in  the Decay of Ga 
68 

a. Introduction 

The decay sf 68 min  Ga-68 has been studied by Mukerji and P r e i s -  

werkl '  and recent ly by Crasemann et al. 12. The decay was found to con- 

s i s t  of two modes,  the p.redominant. mode ( d 87 010) being decay to the ground 

s ta te  of 211-68 by positron emission and electron capture,  and the other 

branch  leading to the f i r s t  excited s tate  a t  1 .07 Mev by positron emission and 

electron capture followed by a gamma-ray  of about 1. 1 Mev. The energies of 

the positron groups leading to the ground s ta te  and the f i r s t  excited s ta te  were  

measured  by means of a magnetic spectrometer  to be 1. 88 Mev + O., and 0. 77 - 
Mev respectively by Mukerji and ~ r e i s w  erkl '  and found to b e  1 .94  + 0.05  and 

12  
- 

0 . 92 Mev by Crasemann . More recently ~ a n i e l ' ~  has  measured  the end- 

point of the high energy positron group to be 1. 88 t 0. 02 Mev. The ra t io  of - 
the intensit ies of the low-energy positron group to the high energy group was 

- 2  . found by Creasemann to be (4. 1 + 1.4)  x 10 . No other gamma-rays  were  - 
observed, and. conversion electrons w e r e  absent. 

C The log f t  values for  the positron decays a r e  5 .3  (to the ground s tate)  

and 5. 2 (to the 1. 07 Mev level). The spin of the ground state of even-even 
t t Zn-68 i s  0 and that of the f i r s t  excited s ta te  2 f r o m  systematics  of even- 
14 

even nuclei These spins together with the allowed log f t  values make 1' a 

most  likely ass,ignment for  the Ga-68 ground state.  This assignment has  been 

confirmed by a recent  d i rec t  measurement  of spin by Hubbs e t  al .  15. It fol- 

lows then that the positron decays a r e  pure Gamow -Tel ler  transit ions ( d J = 1, 

No). Hence i t  was thought worthwhile to measure  the rat ios  to obtain 

an  est imate of the F i e r z  te rm.  Incidental to these  measurements ,  other 

quantities of in t e re s t  were  a l so  obtained. 

Since the decay of 270-day Ge-68 leads to the 68 minute Ga-68, a 

source  of ~ e - 6 8  was produced a s follows. Zinc was  electroplated onto a 

copper backing and was bombarded for  96 microampehe-hours  with 30 Mev 

alpha-particles a t  the cyclotron of the Department of T e r r e s t r i a l  Magnetism, 

Washington, D. C. (through the courtesy of Drs .  Heydenburg and Temmer) .  

23 weeks af ter  the bombardment the zinc layer  on the copper backing was 



dissolved in a few c c  of conc. HCJ. containing Ge c a r r i e r .  GeC14 was d is -  

tilled onto a rece iver .  GeS2 was precipitated by saturating with H2S, then 

washed and dissol.ved in  NH40H. Sources were  prepared  by evaporating 

drops  of this solution onto a formvar backing. Measurements  were  made 

on Ga-6 8 in  equilibrium with Ge-68. 

c. . K / D ~  Ratios 
1 

Description of the method: The decay scheme a s  given by Crasemann 

e t  a l l 2  is shown schematically in  Fig. 1. Since our measurements  w e r e  made 

on ~ a - 6 8  in  equilibrium with Ge-68, the numbers of these two nuclei decaying 
1 ' 1  per  unit t ime a r e  equal. I f s t a n d  f denote the fract ion of positrons and P € 0 0 

electron-captures to  the f i r s t  excited s ta te  a t  1.07 Mev and $ and f 
t f+ E denote corresponding quantities to the 0 ground s tate ,  then we have 

Now consider the arrangement  shown schematically in Fig.  2. As  is 

indicated in  the figure,  counters I and I1 detect annihilation radiation, counter 

111 1 .07  Mev gamma-ray,  and countef IV,. K X-ray. .. . 

F o r  

where the s 

the singles counting r a t e  we have 

upe.r scyipts denote 

radiations being measured,  . . 

E = efficiency of the counter 

No = the source  strength 

f = the K fluorescence yi\eId 
Y 

and L/K the r a t io  cpf L to K .captures. 

subscript :s denote 

F o r  the coincidences, we have 

N"' = 2N ca( 
obS,0.5 o 

the 



-. - where JL is the combined efficiency of counters I, I1 for annihilation radiation 

E"" = efficiency of the 1.07 counter without absorber  (used to anni- 

hilate positrons).  

The pgeceding anaJysis is based on ihe f.011 ow,ing as.swnptions: 

a) C o n ~ e r s i o n  of the 1. 07 MeV gamma-r'ay is negligibie 

b) Contribution to  X-rays due to pure  electron-capturing 12-day 

Ge-71 is negligible 

c) No positrons a r e  emitted by Ge-6's 

d) The contribution to  annihilation radiation due to pa i r s  f r o m  1. 07 
I 

MeV gamma r a y  i s  negligible 

e )  Comgton background of 1 .07 gamma-ray has been subtracted f rom 

the 0. 5 11 photo-peak 

f)  The decay scheme is essentially cor rec t .  

With these assumptions and with the help of the preceding relations,  we obtain 

I 

and 

& 

1 1  "a 
where 8. & i / ! ! + )  [$$/#$:) and 5 =(%) Em (I v$k1/$~$ 

In. these kquations thk unknowns to be found a r e  t%e var ious  efficiencie; 
* 

- 

111 - and No, the source  strength. We can a s sume  with negligible e r r o r  that E - 
E"". To find the various efficiencies, we replace Ga680y ~a~~ which has 

2 2 s imi lar  and known decay scheme. However, in  using Na , two correct ions 

a r e  necessary .  F i r s t  is the difference i n  range of Lucite of ~ a "  positrons 

( 4 0 .  540 MeV) and Gabs positrons (dl* 9 MeV). This will affect the solid 

angle of the counters fo r  annihilation r ' diation. Secondly, the efficiency of P 
liu x 1" NaI(T.1) c rys ta l  for  detecting the 1. 28 MeV gamma ray of P?aZ2 is 

68 slighlly luw er than that for deeectixig the 1. 07 MeV gamma r a y  of Ga . No 
can  in princip1.e be determined by making a chemical separation of Ga f rom 

Ge and studying the K X-rays a s  a function of time. The extrapolation to  

ze ro  t ime w ould then give No, if the f luorescence yield and the L/K capture 
.----,. 
--7. 

9 r  
""4 



ra t io  a r e  assumed. This procedure i s ,  how eve r ,  subject to two uncertainties: 

(a) absorption in the source  itself due to softness of the X-rays,  and (b) reck-  
I oning ze ro  time. An approximate vaiue of No is given by N 4 1. 15 a / 2 ~  , if 

0 

i t  be assumed that the positrons account for  87 o / o  of the transit ions.  

d. Experimental 

The source  was placed in  a lucite well of 6 m m  thickness a l l  round. 

This ensured the complete stopping of the positrons.  The source  plus ab- 

so rbe r  assembly.was moqnted on a lucite pi l lar  .which .could be  ~ o t a t e d  about 

an axis. Fig. 2 shows the experimental set-up, which has  already been de -  

scribed. Counters 1 and 2 employ 2" x 2" x 2" NaI(T1) and counter 3 a 1;" 

x 1 " NaI(T1) c rys t a l  mounted on DuMont6 29 2 photomultiplier tubes. Counter 

4 ,  which detected the )S X.hray, consisted of a thin f resh ly  cleaved (d  1 man 

thick and 1 c m  sguhrr )  NaI c rys ta l  mounted direct ly  by means of silicone on 

another DuMont 6292' phototube and sealed with an  0. 000511 aluminum foil . 
which served  a s  a light ref lector .  Counters 1 and 2 had resolution (full width 

at half maximum) of 12  and 16 010 respectively for the 0.661 MeV gamma r a y  
*- 

of Cs-137. The X-ray counter had resolution of 40 to 60 o/o,  depending on 

the nature of the c rys ta l ,  for the 9 KeV K X-ray. The use of 2" cube NaI(T1) 

c rys t a l s  facil i tated the evaluation of the Compton contribution of the 1. 07 

MeV gamma r a y  of Ga-68 o r  1. 28 MeV gamma r a y  of Na-22 to the 0. 511 MeV 

photopeak. The use of ve ry  thin c rys t a l s  for  the K X-ray  helped to d iscr imi-  

nate considerably against  higher energy gamma rays .  

The outputs f r o m  the phototubes were  fed to Atomic Model 205B pre-  

amplif iers ,  and af te r  amplification by Model N-30 1 non-overloading Hamner 

amplif iers  were  analyzed by means of Model @ 0 single channel analyzelr s of 

the Atomic Instrument Company. The outputs f,rom the pulse height analyzers  

could be fed to a sca ler .  F o r  the coincidence measurements  the outputs f rom 

t h e  pulse height analyzers  (whose delays were  matched) were  fed to a coinci- 

dence circui t  whose resolving t ime 2 7 was determined by two independent 

source  methods to be 3.  2 microseconds. The experiments  which initially d e ~  e 
done with single channel analyzers  were subsequently repeated with -Model 

520-M 20 channel analyzer of the Atomic Instrument Company. In this c a s e  

the variable  gate in the multi-channel analyzer replaced the coincidence c i r -  

cui$. 



The experimental procedure was to measure  the singles and coincidences 

f i r s t  with Ga-68 and then with Na-22 under identical geometry. In order  to 

eliminate the effects of scattering f r o m  the surrounding shield, no shielding 

was  used. Source to detector distances of 1" to  I$" were  used. Whereas 

the procedure for estimating the counting r a t e s  for  the annihilation rad ia-  

t ion and l. 07 MeV gamma r a y  w e r e  straightforward, the analysis  of the K 

X-ray presented a problem. It was found that despite the use of ve ry  thin 

c rys t a l s ,  the K X-ray  peak was superposed on a r a the r  high background, ap- 

parently due to the higher energy gamma rays .  In o rde r  to  obtain the inten- 

sity of the observed X-ray, the spec t rum was repeated with an O . O l l '  a lumi- 

num foil which would attenuate the X-ray but not the high energy gamma rays.  

By normalizing this spec t rum with the spec t rum without the absorber  beyond 

the K X-ray region and subtracting the background, the intensity of the K X- 

r ays  could be estimated. It must  be mentioned in  this connection that the use 

of non-overloading amplif iers  i n  observing the K X-ray was very essential .  

e. Results 

Table I summar izes  the r e su l t s  of a typical run. Background c o r r e c -  

t ions have been made. With the weak source  used ( /3 1/10 microcurie)  and 

a resolving t ime of 3 microseconds, the accidental s a t e  was  negligible. The 

correct ions mentioned ea r l i e r  for  Na-22 were  made as follows: To de ter -  

mine the 0. 511 MeV solid angle correct ion,  the counting r a t e  i n  the annihila- 

tion radiation peak was measured  a s  a function of distance between source 

and detector.  F r o m  this the correct ion correspondiqg to the actual distance 

used in  the experiment was  obtained. This amounted to (10 + 0. 5) 010. The - 
correc t ion  for  difference in  the efficiency of 1$" x 1 " NaI c rys t a l  for  detect-  

ing 1.07 MeV gamma r a y  of Ga-68 anci 1 .28  MeV gamma r a y  of Na-22 was 

computed f r o m  the curves  of Bell to be 8 o/o. It must  be pointed out he re  

that the correct ions just cancel out for  

The singles gamma spectrum of Ga-68 taken with the 2" cube crys ta l  

is shown in  Fig.  3. Besides the annihilation radiation and the gamma r a y  

around 1 MeV, no other gamma r a y  was observed (( 8 010 of 1 .07 Mev 

gamma ray) .  The energy of this  gamma ray  was found to be 1.067 + 0.035 - 
MeV. Na-22 (0.511 and 1.28 MeV, Cs-137 (0.661 MeV) andCo-60 (1.17 

and 1.33 MeV) served  a s  calibration sources.  The number of positrons 



6 8  Table  I. S u m m a r y o f D a t a  o n G a  (FOP symbols ,  s e e  text)  

Ge 68 
Na 

22 

a 93.7  + 3 .1  cps  - 154. 0 t 3-;q c$g - 
b 0 . 7 8  + 0. 3 cps  - 32 .0  t 0 . 7  c p s  - 
c 86. 5 + 2. 2 cps  - 
d 14.73 - t o .  50 c p s  25.17 + 0.70 cps  - 
P (6. 8 + 0. 4) x l o - )  - (0. 56 + 0. 02) - 
'f 

(2. 5 t o .  4) x l o a 3  - 
E'" =[k) 1 . 0 8 ~  1 - 1 1  = (4 .78  + 0. 18) x l o m 3  - 

Na 

EIII 
-- - 0. 85 (b/a)Na = 0. 22 t 0. 01 - 
2E1 

No h, (4520 + 200) c p s  - 

No. of posi t rons  per  1. 07r: Detector  2" cube 'NaI 
; , t So'urc e a t ,  1 l l .  

N1. 07. = 2 .08  cps  

No. 5 = 186.4 c p s  

Nla 28 = 74.0 c p s  ( NaZ2 

No. 5 = 305. 1 c p s  J 

) ) uncor rec ted  Nft IN1. 07 =(NO.  5 I N l .  07 G a  
- c ) I S  

Cor rec t i ons :  EI.18- - 0. 90: ' sol id  angle  f o l  0. 511 = 10 o / o  - 
E 1-07 

f f l N 1 .  07 = (19, 47:+ - 2. 10) 



, PCP 1 .07  MeV gamma ray . w a s  luu.nd to be 19. 47 t 2. 10 by comparison with - 
Na-22. An eff ic iency 'et io  of 0. 90 + 0.04  was assumed for the 1. 28 and - 

I 1.07 MeV gamma rays .  This value i s  to be compared with 14 .4  + 1.7 of 
18 

- 
Crasemann e t  al. and 27. 3 t 3 of Horen . However, a value of 22 + 3 - - 
was a lso  obtained by Horen f rom coincidence measuremenfs .  The value 

for  ~ ~ f ) / $ ~ ?  i s  in agreement  with the work of Horen. This quantity 

i s  an  in te re  ting byproduct, since the rat io  of the positron branches is de-  

termined without measuring the beta spectrum a s  such. 

B.efore comparing the experimental r e su l t s  with theory, i t  is n.eces- 

s a r y  to examine some of the assumptions made ea r ly  in, the analysis. The 

assumption that the conversion of 1. 07 MeV gamma r a y  i s  negligible i s  in-  
-4 deed reasonable.  F o r  an E2 transit ion the value of dy i s &  10 Both the 

half-life (12 days) and the abundance of ~n~~ f rom which i t  was  formed make 

the contribution f r o m  Ge71 negligible. Self-excitation i s  negligible in  the 
68 weak source  employed. It will be shown in P a r t  B of the repor t ,  under Ge , 

that the amount of positron emission f rom Geb8 is 4 0 .  4 010. This conclusion 
20 i s  supported by beta-decay energy systematics  of Way and Wood which p re -  

d ic t s  a decay energy for  Ge 68 - ~a~~ to be d 7 5 0  keV o r  by a plot of E 
pjs 

double beta-decay energy ve r sus  neutron number (for Zn-Ge). Linezg: in te r -  
68 polation gives 500 + 150 keV for  Ge - Ga68 decay if it be assumed that 

6 8 6 8  the Ga - a n  decay energy i s  2. 9 MeV. The contribution to annihila- 
2 1 tion radiation due to  pa i r s  f rom the 1. 07 gamma r a y  is certainly negligible 

As regards  the la st assumption about the c o r r e c c i d s s  of the decay 

scheme,    or en'^ has found ve ry  recently weak electron capture branchings 

( r ~ 0 .  37 010) to higher excited s ta tes  in  211-68. This fac t  will a l te r  sorne- 

what the value for  the ground s ta te  e l ec t ron-cap tu~e  pos,itron branching ratio.  

But since the e r r o r s  a.re a lready la rge ,  our conciusions r ema in  unaffected. 

In the general  introduction, the expression for  the ,Fiea"z . t e rm was 

found to be 

in t e r m s  of the measured  ra t io  Ri the theoretical ra t io  R and w - ~ ,  the 
0 



- 1 average value of W over the allowed spectrum. A sufficiently accurate  
3 value for  wbl can  be obtained f r o m  an expression due to Gerha r t  . 
I 

F o r  the ground s ta te  positron group the available values of W a r e  
0 

4. 7011' 13, 4. 8012, a l l  f r o m  beta-decay, and 4. 7522 f rom 211-68 (pn) Ga-68 

threshold. F o r  the positron group to the '1. 07 MeV level  the d i rec t  measure-  
11 

ment of Mukerji and P ~ e i s w e r k  gives Wo = 2. 51. how eve^, t h e g m m a  r a y  

energy together with the ground s ta te  W f ix  this value uniquely. F o r  the 
0 

gamma r a y  measurements  we have 1. 02 + 0. 0212, 1. 99 + 0 . 0 1 5 ~ ~ ~  1. 088 + -. - - - 
0 . 0 0 5 ~ ~ :  and our own value of 1.067 t o .  035, all in MeV. We adopt the val-  - 
ues  Wo = 2. 59 to the 1.07 MeV level, and Wo = 4. 70 to the ground state. To 

compute 'theoretical KIP  t ra t io  a numerical  integration of the unscreened 
25 F e r m i  function has been c a r r i e d  out using NBS tables  . The screening c o r -  

9 rect ion for the positron was obtained f rom the curves  of Pe r lman  e t  a1 

The screening correct ion fo r  the K electron was  taken into account by put- 

ting,ZK = - 0. 3. The computed K/ f rat ios  a r e  1. $2 (to the 1.07 B 
MeV level) and 0 ,09  (to the ground state).  After correct ing for  8. 5 o /o  L- 

capture the F i e r z  interference t e r m s  a r e  obtained a s  

bGT = t o .  03 + 0. O l  and -0.03 t 0 .02  - - 
to the ground s t a t e  and f i r s t  excited s ta te  respectively. The l a rge  uncertainty 

in the electron-capture positron branching ra t io  fo r  the ground s ta te  a r i s e s ,  

a p a r t  f r o m  stat is t ics ,  f r o m  the uncertainty in  No and the uncertainty in the 

value of ~ ' / f ~ + '  itself. The m o r e  accura te  value f o r  the 1. 07 Mev level  

definitely show s t  the smallness  of the F i e r z  te rm.  

gS Conclusions: 

El.ectron capture positron branching ra t los  have been measured  fur  

the ground s ta te  beta-transit ion and the transit ion to the 1. 07 MeV level i n  

Zn-68, both of which a r e  presumably pure Gamow -Tel ler  transit ions.  On 



the basis  of the rat io  for the 1. 07 MeV level,  i t  i s  concluded that the F i e r z  

t e r m  b = -0 .03  + 0.02. Although the measurement  is not ve ry  accura te ,  
G T  - 

the evidence for  the smallness  of the F i e r z  t e r m  is unmistakable. This 

conclusion i s  indeed consistent with the m o r e  accuta te  resu l t s  on qo.58 and 

Na-22, a l so  pure Ganlow - ~ e i l e r  emi t te rs ,  to be descr ibed i n  the following 

sections. 

The measurements  on Ga-68 have been presented briefly2' a t  the 

Cambridge Meeting of fhe American Physical Society and descr ibed in de-  
27 

tail in Nuclear Physics  

2. Elecfron Capture Posifron Branching Ratio in the Decay of Co-58 

a. Introduction 

72 day Co-58 decays by electron capture and positron emission to the 

0. 810 MeV level  in Fe -58  followed by a gamma r a y  of this energy to the 

ground state.  Besides, there  is a weak electron-capture branch (2 010) to  

the second excited s ta te  a t  1. 63 MeV. This level de-excites itself predomi- 

nantly by the emission of a gamma r a y  of , ,  0.820 MeV to the 0. 810 MeV 

level and part ly  by the emission of a gamma r a y  of 1 .63 MeV to the ground 
28 s ta te  of Fe-58. The decay scheme a s  given by Frauendelder e t  al. i s  r e -  

produced in  Fig. 4. The end-point of the positron spectrum is measured  to 
t be  0. 472 - t 0. 006 M ~ v ~ ~ .  No positron emission to  the 0 ground s ta te  of F e -  

58 has  been observed. The spin of 0. 810 MeV level i s  2' f rom systematics  

of even-even nuclei 4. The spin of the second excited s tate  a t  1 .63  MeV has 
t 

been assigned 2 f rom angular correlat ion studies28. This is consistent 
t with the presence of a c ross-over  gamma transit ion to the 0 ground state. 

The decay of Co-58 to the 2' s ta tes  in  Fe-58  and the absence of t ransi t ion 
f t t to the 0 ground s t a t e  suggest a spin of 2 o r  3 fo r  Co-58. The spin has  

rt". 30 
been direct ly  measured  to be 2 by 'bi-ov and Jeffries by means of para-  

t magnetic resonance experiments. The assignment of 2 to Co-58 makes 

the beta t ransi t ion to the 0. 810 MeV level allowed by both Gamow-Teller 

and F e r m i  selection J = 0, No). How ever ,  recent  nuclear or ien-  

tation experiments of et al. 31 have shown that the angular dis t r ibu-  

tion of the 0. 810 MeV gamma r a y  is consistent only with the bgt!i~ t ransi t ion 

being pure  Gamow-Teller,  the amount of F e r m i  admixture being 0. 003 t - 



0.005. Thus the measurement  of e lectron capture to  positron branching ra t io  

to  the 0. 810 MeV lev,el becomes of obvious in te res t  f rom the point of view of 

determining the F i e r z  te rm.  
33 

C ~ o d e t a l . ~ ~ a n d C o o k a n d  Tomnovt?~ h a v e m e a a u r c d t h c r s t i o o f  

total  electron capture to positron emission in  the decay of Co-58 to be 5. 9 

+ 0. 2. When account is taken of the weak electron capture branching to the - 
1.63 MeV level, the K/ t ra t io  to  the 0. 810 MeV level  becomes 5. 8 t 0. 2. P - 
This r e su l t  was  obtained by comparison of the intensit ies of the annihilation 

radiation and the 0. 81-MeV gamma ray ,  and by a knowledge of the efficien- 

cies.  After the work to be descr ibed on Co-58 had been completed and briefly 
35 

published34 by the author,  the work of Konijn e t  al. on the same  subject has  

come to attention. By using beta-gamma coiniidence technique these workers  

determined the + rat io  to  be 5. 67 t 0. 14. 4 - 
Neglecting he weak electron-capture branch ( 2 o/o) to  the 1 .63  

MeV level for  the moment, the fract ion of positrons in $he decay of Co-58 can  

be expressed a s  f = 13 /2co, where  c i s  the singles counting r a t e  for  the 
t 

0. 810 gamma r a y ,  P i s  the coincidence r a t e  between the 0. 810 MeV gamma 

- r a y  and the annihilation radiation, and o i s  the efficiency for  detecting the 

annihilation radiation. The value of f when correc ted  for  the presence  of 
t 

t he  weak branch will give the des i red  t rat io  to the 0. 810 MeV levei. 

b. Experimental 

Through the courtesy of Dr.  R. W. Hayward of the National Bureau 

of Standards, a Co-58 source  was made available fo r  studies. Unfortunately 

&hi s source  contained an  appreciable Co-60 impurity. Co-58 was evaporated 

onto a 0.0003" mylar  foil and sealed with c e  hophawe. The sandwich was \ 
then squeezed between two lucite s labs  each 1. 3 m m  thick and 1 cm square.  

The whobe assembly was thew sealed with black tape. Thus the positrons 

f rom Go-58 (00470 MeV) were  completely stopped. The 0. 810 MeV gamma 

r a y  was detected in a 1$" x lfP:NaI(T1) crystal .  Source to detector distances 

of 1 I q  to l i e b e r e  used. A typical singles gamma spectrum measured  in the' 

2'l cube crys ta l  is shown i n  Fig. 5. Besides the annihilation radiation and 

the 0. 810 MeV gamma r a y  belonging to Co-58, gamma r a y s  a t  1, 17 and 

1. 33 MeV a r e  a l so  prominently seen. The 1.63 MeV gamma r a y  of Co-58 

i s  too weak to be seen, and no effort was made to observe it. In o rde r  to  

determine the number of counts in  the 0. 810 MeV photopeak i t  i s  necessary  



to subtract  llae Cumpton background due to Co-60 gamma rays .  In order  

to do this a pure Cod60 source  was  substituted and i t s  spec t rum was c a r e -  

fully normalized to that of Co-58,60, The dotted cuPve in Fig. 5 shows 

the normalized spectrum. F o r  the coincidence measurements  a single 

channel analyzer was se t  on the photopeak of the annihilation radiation and 

the s p e c t ~ u m  in  coincidence was obtained by gating the 20-channel analyzer 

with the annihilation radiation. The coincidence spec t rum thus obtained is 

shown in  Fig. 6. It is observed that the coincident 0. 810 MeV gamma r a y  

is superposed on a ra ther  high background due to Co-60. In order  to est i -  

ma te  and subtract  this background, a coincidence spectrum was taken by r e -  

placing Co-58 by Co-60 and the spectrum normalized to the Co-58 spectrum. 

The resulting background was thus subtracted. In order  to  check on the r e -  

liability of this procedure,  the 0. 810 MeV gamma r a y  was  measured  in  t r iple  

coincidence with the two annihilation quanta. F r o m  this i t  was concluded that 

the background had been cor rec t ly  estimated. The accidentals were  about 

10 percent  of t rue  coincidences in  the doubles spectrum. 

In order  to  determine a, the efficiency for  detecting annihilation rad ia-  

- tion initially a calibrated NaZ2 source  (accurate  to 31 010) was used. By mea-  

sur ing the a r e a  under the photopeak and knowing the source  s t rength one could 

compute the efficiency. A m o r e  accura te  efficiency determination was made 
13 a s  follows: A N source  (a pure positron emit ter  of 10 minutes half life) 

was produced by bombarding a 2 mi l  polyethelene foil fo r  10 minutes with 1 

MeV deuterons a t  The Johns Hopkins University Van de Graaff generator 

through the courtesy of 0. N. Rask. After the bombardment the foil was cut 

into a tiny piece approximating the dimensions of the Co-58 source  and sand- 

wiched between two freshly cleaved NaI(Tl1 c rys t a l s  1. 2 rnm thick anci 1 c m  

square, and mounted in  the s a m e  geometry a s  the Co-58 course.  The beta 
s a .  

spectrum observed in this sys tem is shown in Fig. 7. The energy cal ibra-  

tion of the counter was made af ter  the N~~ source  was dead by using external 

gamma r a y  sources  of ~0~~ (0. 123 MeV). cs13' ( O *  661 MeV), and NaZ2 (1. 28 

MeV). A F e r m i  plot of the spec t rum is shown in Fig. 8. It has  an end-point 

of 1. 16 t o .  05 MeV, in good agreement with the value of 1. 20 MeV in the l i t-  
2% e r a t w e  . By following the decay of the activity for  3 half - l ives,  i t  was con- 

cluded that no impuri t ies  w e r e  present.  Under the conditions of the bombard- 

ment,  no other impuri t ies  were  likely to  be formed. 



The beta-spectrum was measured  i n  cpincidence with the-annihilation 

radiation photo-peak which was detected by the s a m e  1$" x 1" NaI counter 

whose efficiency was  to be determined. A portion of the beta spectrum i s  

shown i n  Fig. 9. The efficiency for  detecting the annihilation radiation i s  

simply the ra t io  of the beta-spectrum in coincidence and in  singles when 

correc ted  for decay. Fur ther ,  since the c rys ta l  source  was mounted on a 

light pipe a correct ion for  the absorption of the 0. 51 1 MeV gamma-ray  has  

to be made. This is of the order  of 3. 7 o/o. Since the positrons f rom Co- 

58 (0.470 MeV) and those f r o m  N~~ (1. 2 MeV) have different ranges  in luci te  

and NaI respectively used to annihilate them, one might think that a c o r r e c -  

tion for  solid angle has to be made. However, the range of 0. 470 MeV posi- 
13 

t rons  of ~0~~ in lucite i s  1. 4 mrn and that of 1. 2 MeV positrons of N.. i n  

NaI(T1) i s  1. 16 mm. The actual thickness used to annihilate the positrons 

were  1. 3 and 1. 2 m m  respectively. A source  to detector distance of 25 m m  

was used. In view of these circumstances the solid angle correct ion i s  l e s s  

than 1 010. 

... c. Results:  

Table 2 l i s t s  the resu l t s  obtained. The uncorrec.ted f i s  0. 147 +' 
t - 

0.005. Referring to the Co-58 decay scheme  (Fig. 4), i t i s  seen that 1$ o /o  

of the 0. 810 MeV gamma says  a r i s e  f r o m  the 1 .63  MeV level,  and another 

1 i  o / o  a r i s e  f r o m  cascading to the ground state. The uncorrected f has  
t 

therefore to  be multiplied by 0. 03 to get the cor rec ted  value of f In order  - 
+ ' 

to obtain the amount of electron-capture to the 0. 810 MeV level,  i t  should 

be noticed that 2 o /o  of the Co-58 transit ions lead to the 1. 63 MeV level. 

Hence E = 0.98  - 0. 151 - t0.005. Thus the ~ / ~ t r a t i o  to the 0. 810 MeV 

level is computed to be 5.49 t o .  18. The e r r o r  introduced in  the value of - 
2 o /o  f,or the branching is very  small .  

d. Discussion; 

The c / g t r a t i o  computed above has to be cor rec ted  for  8 010 L- 
cqpfurel ' to give the value of K/ Pf ratio. The value s o  obtained is 5.08 

a + O .  17. The theoretical value i s  5. 15 t 0. 24 corresponding to  maximum 

beta energy of 0. 4'72 t o .  006 MeV. Thus our value is in  excellent agree-  - 



Table 2. Summary .of Results on Co 58 

(FOP symbols see text) 

c = q'2. 00 ;t l a  12 cps - 
g=  0. 242 t 0.003 - 
u : (a) From Na 22 

5: -4" Source strength = N = no. of positrons/min = (3. 16 + LO. 10) x 10 .I3 /min 
0 - 

1 

a = no. of cts. in the 0. 511 photoapeak = 4%. 0 + 0. 0 cps - 
u = "/No = (8. 92 t 0. 33) x - 

(b) From N 13 

= 3.58. 0 t 6 ,  0 ,cpm - 
= 23290 t 15Q cpm - 

f (uncorrected) = ?/2cc1 = 0. 147 t 0.005 
t - - 

f (corrected) = (0. 147 t 0.005) 1.03 = 0. 151 t 0.005 t - - 
= 0.980 - f+ = 0. 829 t 0.005 - 



' a =  

ment both with the,ory and with previous measurements .  As before, the 

F i e r z  t e r m  i s  computed f rom the  expression 

F o r ' C o ~ 5 8  (w--?= 0. 76 corresponding t o  Wo = 1.924 

The fraction of Co-58 decays by positron emission has  been mea-  

s u r e d  by coincidence methods using NaI c rys ta l s .  The value is 0. 151 t - 
0.005. This value leads to a K/ t r a t io  of 5. 08 + 0. 17 for  the bed? t ran-  

I! 
- 

sition, to  the 0. 810 MeV level. he theoretical ra t io  i s  5. 15 + 0. 24. The - 
F i e r z  t e r m  is computed to be -0. 004 to. 014. It is r a the r  striking that the - 
theoreQica1, value of .the K/ ra t io  has a l a rge r  e r r o r  than t,he measured  P+ 
value. 

It follows then that the F i e r z  interference t e r m  i s  extremely small .  

Unfortunately Co-58 i s  not the best  case,  s ince a smal l  admixture of F e r m i  

component i n  the beta transit ion may inyalidate the conclusions reached s o  

fa r .  However, if i t  turns  out, a s  is likely, that the F e r m i  component is 

zero,  then i t  may be worthwhile to measure  the end-point of the positron 

spectrum more  accurately.  

3. A Reih~es t iga t ion ,  of the Decay of Na-22 

a. Introduction 

2.60 Year Na-22 decays by positron emission and electron-captur e 

to the first excited s tate  of Ne-22 a t  1. 28 MeV followed by a gamma r a y  of 

this eneiegy t.0 the ground state.  The decay scheme  is shown in  Fig.  10. The 
36 spin of Na-22 has  been measured  to be 3 and presuxnaHy the parity is even. 

I The spin of $he 1. 28 MeV state  of Ne-22 i s  2 f rom life-time measurements  37 

and f rom systematics  of even-even nuclei14. Hence the transit ion 3'--+ 2 + 
follows the selection ru le  AJ = 1, No and is therefore pure Gamow - Teller.  

The electron capture to positron branching ra t io  i n  the decay of Na-22 has 



been extensively studied. A summary  of previous work i s  given in  a v e r y  

recent  paper by Konijn et  a138s So f a r  the best  value reported i s  that of 
6 % e r r  and Miller who obtained 4ft= 0. 110 + 0.005 by a n  elegant experi-  - 

rnent, and by comparing with the theoretical value of 0. 11 35 + 0, 00 20 est i -  - 
mated the F i e r z  interference t e r m  to be (-1 + 2) percent. Since a l l  the - 
present  interpretations on F i e r z  interference a r e  based on this experiment 

we have been prompted to attempt a m o r e  prec ise  determination of the ra t io  

i n  N-22. 

The principle of the present  experiment is extremely simple. Sup- 

pose we have a gamma counter which detects  the 1. 28 MeV gamma ray  and a 

beta countgr which detects  the positrons. Then assuming that a l l  the positrons 

a r e  counted, we can  wr i te  for  the beta -1. 28 coin,cidences 

1.28 = Rb 28 = a 
and for the gamma r a y  

- 
Nl. 28 - Noole 28 = 

where N is the transit ion r a t e  
0 

f = the fraction of decays by positron e m i ~ s i o n  
t 

and D l ,  28 = the efficiency for  detecting 1. 28 MeV gamma ray.  

The ra t io  of a to be then yields f f r o m  which the ~ / p t  ra t io  can be com- 
t' 

puted. This is possible provided the en t i re  positron spectrum can  be meas -  

UP ed. 

We have employed a 4.rr plastic scintillation counter for  detecting 

the positrons and a NaI(T1) counter for  the gamma ray. The counter is biased 

to accept  only the photopeak. The effectiveness of the 4sr scintillation counter 

fox measuring the shapes of beta spec t ra  has been demonstrated by the work 

of Johnson, Johnson and ~ a n ~ e r ~ ~  and m o r e  recent ly by Robinson and Langer 40 

and is substantiated by the present  experiment. 

A Na-22 source  f r o m  a NC1 solution was evapdrated on a 0.0001" 

mylar  foil and covered with a s imi lar  foil. The 4sr counter was formed in  

the following way. Two plastic cylinders each 3 m m  thick and 1 c m  in dia- 
me te r  were  chosen. One of the cylindres had a depression 4 mrn deep and 

$ c m  in diameter .  The Ma-22 sandwich was  placed in  the depression. The 

two cylinders were  pressed  together to f o r m  the 4sr counter. A cone-shaped 

light pipe 1 its long having a well a t  the apex was mounted on a DuMont 6292 

phototube. To the bottom of the well the 4n plastic scintillation c rys t a l  was 



cemented by mcano of Canada balsam. Tlre sides of the well had been 

painted white to  ensure  good light collection. The top of the well had a 

thin aluminum foil whitened inside. The gamma counter was a 2" cube 

NaI(T1) c rys ta l  which had a resolution of 11 o /o  fo r  0.661 Mev gamma r a y  

of Cs-137. The 4rr counter had a resolution of 16 o /o  for  the 0.624 MeV 

conversion l ine of Cs -  137. The ent i re  assembly of c rys ta l  and counters 

was  surrounded by 2" of lead a t  a distance of 4". 

The general  fea tures  of the 4n f counter were  investigated by a 

p3' source  using plastic cylinders each 5 rnm thick and 1 dm diameter.  A 

F e r m i  plot of the spectrum is shown i n  Fig.  11. The end-point of 1 72 MeV 
29 is in good agreement  with the l i te ra ture  Exp-eriments on ~a~~ were  s h r t e d  

with plastics of the dimensions descr ibed above. The gamma counter was se t  

on the photo-peak of the 1. 28 MeV gamma ray.  The peak had a width of 3. 5 

volts a t  35 volts. This was used to gate the 20-channel analyzer.  The posi- 

t r o n  spectrum coincident with the  1. 28 MeV gamma r a y  is shown in Fig. 12. 
* 

Energy calibration of the spec t rometer  was  obtained by using external gamma 

r a y s  of Na-22 (0.51 1 MeV) and Cs-137 (0.661 MeV). The Csmpton edges lo- 

c a ted a t  314 of the maximum were  used. The calibration is a l so  shown i n  -.. , 
Fig. 12. The ca l ibra t ion  curve  intercepted the axis  corresponding to ze ro  

pulse height a t  18 Kev in  agreement  with s imi lar  observations by Johnson, 
39 Johnson and Langer 

Because of the fac t  that the plastic chosen had dimensions somewhat 

g rea te r  than the range of positrons,  one would expect that  the observed beta 

spec t rum may  not be the c o r r e c t  one, but somewhat dis tor ted by the simul- 

taneous detection of a beta par t ic le  and i t s  associated compton. Thus the ef- 

f ect  would be qualitatively to  shift the spectrum towards high energy, without 

changing the a r e a  under the spectrum. 

In order ,  therefore,  to  obtain the undistorted spec t rum,  the beta 

spec t rum was  measured  i n  t r ip le  coincidence with the 1.28 MeV gamma r a y  

and the two annihilation quanta. The experimental a r rangement  and a func- 

tional diagram of the electronic c i rcu i t ry  a r e  shown in Fig. 13. Pulses  f r o m  

the two 0. 511 MeV counters and the 1. 28 MeV counter w e r e  fkd to a t r ip le  

coincidence circuit. The output f r o m  the t r ip le  coincidence circui t  was used 



to gate the 20-channel analyzer. The positron spectrum gated by the triples 

i s  shown in Fig. 12, normalied to the doubles spectrum beyond 50 keV. The 

statistical e r ro r  for each point varied from 2 to 4 o/o. The spectrum is 

indeed displaced, as expected. To obtain a quantitative justification for the 

spectral displacement, the posi,trons were completely stopped in just enough 

lucite and the Comgton distribution was obtained in  coincj.dence with the anni- 

hilation radiation and the 1. 28 MeV gamma ray. The spectrum thus obpained 

i s  shown in Fig. 12 and i s  similar to the one that is obtained using an external 

gamma source except for the absence of edge effects. 

the assertion that the effect of the Comgton distribution due to an- 

nihilation radiation is simply to shift the doubles spect%rum is correct ,  then i t  

must be possible to express the doubles spectrum d(h) in  tepms of the triples 

t(h), and the Comgton distribution C(h - h'). That i s ,  we should be able to 

write Cl 
d(h) = 2 t(h') C(h b h') b h. 

h'= o 
A numerical c~alcdation was carr ied  out, to Best this assumption. For an as -  

sumed compton of 6 o/o the agreement from point to point d6r1.s 3-4 o/o. The 

assumption of 6 o/o compton i s  not inconsistent with the dimensions of .the 

plastic and the compton cross-section. (The choice of 6 010 i s  not critical, 

since the triples spectrum itself was known to 2-4 o/o). The agreement thus 

obtained provides quantitativ e justification for the a s  se l%ion made earl ier .  

It must be pointed out in this connection that the effect of inner bremsstrah- 

lung i s  to displace the spectrum in a direction opposite to that of the comp- 

ton distribution, but because of the weakness of the effect the Compton effect 

predominates. The preservation of a reas  in the doubles and triples spectrum 

i s  indicated by the fact that the two a reas  could be normalized to within 1/10 

of a percent. 

Since the lowest energy observed was around 40 KeV, an extrapola- 
tion to zero energy has to be made in order ,to obtain the a rea  under the whole 

spectrum. To do this the following procedure was adopted: The ideal Fermi  

spectrum corrected for screening was plotted. The spectrum was distorted 

for finite reso~ut ion (16 o/o  in our case) at  various points of the spectrum by 

folding in a gaussian of the proper width. The assumption was made that the 

haif width varied a s  the square root of the energy over the entire energy 

range. Choosing various energies (h ), the a r ea  to the right of h was 
min min 



obtained. It was determined that below 50 KeV the a rea  under the beta spec- 

trum with and without resolution correction differed only by 1/10 percent 

and amounted to 5. 3 o/o of the a rea  under the p spectrum beyond 50 KeV. 

. Thus the a rea  under the ideal Fe rmi  distribution was taken a s  the correct  

area. This when adiied to the a rea  due to the remaining portion of the doub- 

l e s  spectrum (which had been corrected by the compton to get the undisplaced 

spectrum) would give the total area. 

In order to test for any possible systematic e r ro r s ,  the ratio of a rea  

to the right of h and the entire a r ea  from 50 KeV up to the maximum en- min 
ergy was plotted both for the ideal Fe rmi  spectrum corrected for finite reso-  

lution, and the actual observed doubles spectrum corrected to the tr iples spec- 

t rum,  a s  a function of hmin. The result  is displayed in Fig. 14. It i s  seen 

that the data of four different runs a r e  consistent within themselves to 19 o/o 

and consistent with theoretical plot within 1 o/o. This gives confidence that 

there a r e  no systematic e r ro r s  involved. 

The experiments were repeated with and without lead shielding. The 

-e,q'ffect of channel width on the gamma ray  side was next studied. A different 
- source source was made and the experiment repeated. In each case consist- 

ent results  were obtained. Throughout the course of the experiment the count- 

e r s  were periodically checked. The energy calibration of the beta counter was 

carr ied  out before and after each run. The overall statistics in each run was 

1/10 to 21 10 of a percent. Altogether seven runs were made. 

c. Results: 

The data from the six runs a r e  assembled in Table 3 together with 

explanation. The total a rea  in the beta spectrum up to 50 KeV i s  (64. 08 + - 
0.  18) cps. This when correctgd for the remaining portion of the spectrum 

becomes (67.52 + 0. 19) cps. From this a rea  and the area  under the 1. 28 - 
MeV gamma r ay  (75. 10 + 0. 11) cps, the value of f the fraction of Na-22 - + ' 
decays by positron emission, is computed to be 0. 899 + 0. 003.  This yields - 
an average ratio of 

Apart from statistical e r ro r ,  the other uncertainty i s  due to the 

folding of Compton disfribuhion, and in the estimation of the a r ea  under the 



beta and gamma spectrum. A calculation was made to see  how much e r r o r  

would be introduced if the half-width of the gaussian curve  deviated f r o m  

obeying@-law. Dependences proportional to EO' and EO' w e r e  tried.  

F r o m  this  i t  was concluded that the e r r o r  introduced i s  l e s s  than 1/10 of a 

percent in the final result .  

An e r r o r  in the determina,tion of the end-point of the positron spec- 

t rum would introduce an  e r r o r  in  the value of h Because of the assumed 
min' 

l inear i ty  i n  energy scale  this  would fend to introduce a l inear  systematic e r -  

ro r .  In Table It the end-points a r e  tabulated with uncertainties. 

Run. .No. E,nd-P0in.t (KeV) 

Fpom the above table the systematic  e r r o r  introduced i n  this way is est im- 

ated to  be l e s s  than 1. 2 010. Thus allowing for  this e r r o r ,  our 

ra t io  would a t  wors t  become 

E/T= 0 112 - + 0.005 

resulting in the F i e r z  t e r m  

d. Discussion: 

The computed value of ~ / f t  i s  somewhat better than that of Sherr  
6 

and Miller . The theoretical valuk of f/)3t i s  0. 11 35 + 0.0020 when tor- - 
rec ted  for screening and 65 o /o  ~ - c a ~ t u r e ' O .  The value of (w-?for Na- 

22 for  Wo = 2. 061 i s  0. 7. The F i e r z  t e r m  is computed a s  before f rom the 

expression 



Ta.b!.e 3: IVaZ2 Data 

Run Conditions f l .  28 )50 KeV 1. 6 28 >O KeV 
Nl. ,28 cps  f t  = (b) / (c )  

No. CPS = 1. 053(a) cps  

1 2". of Pb ohicld a t  
4" r-ray, ch. 
width = 3. 5 volts 64. 08t0.  18, 67. 48t0. 19 75. 21t0. 11 0. 898t0. 003 - - - - 

ch. width 3. 5 v 64. 23t0. 19 67. 63t0.  20 75. 24+0. 15 0. 900t0. 003 - - - - 
3 No shield 

ch. width = 
3 volts 57. 8 2 t  0. 22 6.0. 88t0. 23 67. 76t0.  15 0. 899t0. 094 - d - - - 

4 2" of Pb shield 
a t  4" 'b/ -ray 
ch. width = 
3. 5 volts 48.31tO. 1 4  50. 87tQ.  15 56..62+0. 10 0.900tO. 003 - - - - 

5 N.0 shield 
ch. width = 
3. 5 volts 48.07tO. 1,7 50 .62t0 .  18 56. 31%. 11 0. 899t0. 004 - - - - 

cR. width = 
3 volts 42 .78t0 .13  45.05tO. 14  50.11tO. 10 0. 899tO. 003 - - - - 

Av ex= ag e value 
o f f t  = 

0. 899t.O. 003 - 



The result is 

Na-22 is perhaps the ideal case for determining the Fierz  term because of 

the low Z involved. It i s  very urdortuaaate that the end-point of the beta spec- 

t rum i s  not kn.own well enough to attempt any further refinement in experi- 

mental techniques to measure ~ / f f r a t i o .  In any case  i t  has been deminsrrated 

that, the plastic scintillator can be effectively used in the study of beta spectra 

and precision Y esul.ts obtained if analyzed with caution. 

A reinvestigation of: the electron capture to positron branching ratio 

in the decay of Na-22 has been made with greater precision than has been pos- 

sible before, using a 4n plastic scin,tillator and a gamma counter. The mea- 

sured value fox E/P+ is 0. l l f t  0.004. From this the F ie rz  interference - 
t e rm i.s estimated to be b = -0. 004 + 0. 01 2. It i s  suggest ed that th,e beta GT - 
spectrum end-point be measured with greater precision to make much more 

m eaningful estimates of the F ie rz  term. It would be of interest to measure KIP+ ratios in unique forbidden transitions allowed only by Gamow -Teller 

selection rules. 

4. Conclusions to Pa r t  A. 

K-capture to positron branching ratios have been measured in three 

pure Gamow -Teller transitions (allowed), namely Ga-68, Co-58, and Na-22 

using coincidence scintillation spectrometer techniques, special attention be- 

ing given to the study of Na-22. The measured rat ios a r e  1. 28 + 0. 12 (FOP - 
Gaw68), 5. 08 - + 0. 17 (for Co-58) and 0.105 + 0.004 (for Na-22). By compar- - 
ing these ratios with the theoretical values the Fi.erz interference te rm can 

be computed. The results for  b a r e  -0 .03 + 0.02 f rom Ga-68, -0.004 GT - 
+ 0. 14 f rom Co-58, and -0.004 + 0.012 frpm N.a-22. Considering the more  - - 



precise measurements on Co-58 and Na-22, one is led to the conclusion that 

the Fierz  interference te rm in allowed Gamow -Teller transitions i s  extremely 

small, practicplly zero. The rather less  precise resu1,ts for Ga-68 a r e  con- 

sistent with this interpretation. It must. be pointed out that our r e su l t fo r  KIP) 
ratio in the decay of Na-22 i s  slightly better than the value of Sherr and Mil- 

l e r ,  who had obtained the best result so far. Our measurement can be con- 

sidered a s  representing a limit on the precision attainable with plastic scin- 

tillators. A further refinemenf in technique can be con,sider ed worthwhile 

only when refinements in the determination of the spectral end-points a r e  

made -- when the end-point of Na-22, for example, can be measured to 1/10 

percent. 

5. Summary of. Fief.z ~nterference in Beta-Decay. 

In this section the conclusions regarding F ie rz  interference in  Gamow- 

Tell.er transitions a s  indicated by our measurements, are '  summarized. (see 

Table 4. Summary of Results on F ie rz  Term from This-Work 

Nucleus Transition -W 
0 b~~ , 

3 Gerhart has made an excellent analysis of F ie rz  interference in 

Fe rmi  transitions and concludes b = 0. 00 t 0. 12. A brief review of F ie rz  
F - 41 

interference in beta-decay has been recently given by the author . From 

the above table one sees  that the best evidence for the smallness of the F ie rz  

t e rm in G-T interactions comes from Na-22. Konijn et al. 38 have summar- 

ized data regarding the interference t e rm  a s  determined by K /  t ratio 

tecpique.  They conclude that, bG = -0.007 - t 0.010. 
a 

From evidence presented above for  Gamow - Teller transitions and 

from Gerhar t t s  analysis of Fe rmi  transitions one can conclude that the F ie rz  

term i s  practically zero. Before parity non-conserv,ation was discovered, 

the F ie rz  term in G-T transitions could be expressed a s  



The smallness of b could be interpreted a s  implying that either CA/CT or 

CT/CA was small. With the discovery that parity i s  not conserved in beta- 

decay, the definition. of b has acquired the extended form 

where C 
As T 

a re  the parity conserving coupling constants 

T' a r e  parity violating coupling constants, and ,the *s denote com - 
plex conjugation resulting from a possible violation of time reversal  I.nvari- 

ante.  

With this new definition the smallness of only means 

This implies that. 

Nothing more  caw be said concerning the coupling constants unl.ess the re la-  

tion between the parity conserving and parity non-conserying coupling con- 

stants is known, and further a knowledge about the validity of time reversal  

inxariance. The 10s s of definitiveness r egarding the significance of the F i e r z  

term is  one of the major consequences of the discovery of parity non-conser- 

vation. 



1, Search for A Low-Lvine; 0' State inGa-68 

A. Introduction 

The decay of 27'0 day Ge-68 has been studied by crasemann12 and 
18 42 

by Horen . The spin of Ga-66 has been measured to be 0 *and presum- 

ably the parity i s  even. The spin of Ga-68 is most likely to be 1' a s  indi- 

cated by allowed log ft values for positron decays to Zn-68. This assignment 
17 has been confirmed by a recent direct spin measurement by Hubbs et al. . 

In this region of nucleon numbers 31 -37 the p 312 and$5lZ a r e  close-lying in 

energy, a s  is evident from the measured spins of some stable isotopes in this 
43 '20 

region . Although the decay energy for Ge-68 - Ga-68 is nearly 700 KeV , 
no gamma rays  have been reported in the decay nor any interanal conversion 

electrons. Levels in Ga-68 a t  0.17, 0. 34, a r e  known through the reaction 

Zn-68 (p,n)~a-68". The absence of gamma rays in the decay of Ge-68 means 

that none of these levels a r e  populated, which in turn implies that the spins 
> of these sfates must = 2 if of even parity. On the other hand, the closeness 

of pg12 and fgI2  suggests that there might exist a low-lying 0' state formed 

by the same configuration as  is found in  Ga-66. Such a competition between 

i s  in evidence in Cu-62, which has a low-lying 0' level very P3l2 and f5/2+ 44 
close to the 1 ground stat.e . Since no measurements on the low-energy 

radiations had been reported, i t  seemdof interest  to look for a low -lying 0' 

state. If indeed such a level did exist, i t  was expected that, the electron cap- 

ture decay f rom Ge-68 to both o t  and 1' states wodd  be allowed and would 

result in a gamma-ray (Ml) which could be detected by X-ray-X-Ray and/or 

X-ray-gamma ray  coincidences, if not in the singles gamma spectrum. 

An odd-odd nucleus can be looked upon a s  made up of a superposi- 

tion of two odd A nuclei, one of them with an odd number: of neutrons and 

the other with an odd number of protons. Since the angular momentum ac -  

cording to the shell model seems to be carr ied  entirely by the last odd nu- 

cleon, the study of the spins of odd-odd nuclei throws light on the nature of 

the nuclear force between the odd proton and the odd neutron. By assuming 

various forms for the neutron-proton interaction the energy levels of an  

odd-odd nucleus can be theoretically predicted. The experimental verifica- 

tion of such theoretical predictions i s  rather hard, since odd-odd nuclei as 

a rule a r e  unstable. Therefore it  w o d d  be of interest to study the energy 



jebels of as many odd-odd nuclei as possible. F r o m  this point of view the  

sea rch  fo r  a low-lying 0' s ta te  in  Ga-68 seemed m o r e  meaningful. 

B. Experimental 

A Ge-68 source in  equilibrium with Ga-68 was produced as described 

under Ga-68 in  P a r t  A of this report .  The region (0 to 30 KeV) was studied 

using ve ry  thin ( 4 1 m m  thick and 1 cm square) NaI(T1) c rys ta l s .  The c r y s -  

ta l  was mounted with silicone on a DuMont 6292 phototube and sealed with an 

0. 0001" aluminum foil. The foil beeides ensuring a high t ransmiss ion  for  the 

soft  radiations,  a l so  served as light ref lector .  Fig.  15 (curve a) shows a 

typical spectrum. The resolution fo r  9 KeV K-X-ray varied f r o m  60 to 60 o /o .  

depending on the crystal .  The 5 . 8  KeV K-X-ray of Fe-55  served  as energy 

standard. Clear ly the re  is no indication of any gamma ray .  It i s  fur ther  ap- 

parent that the contribution of high energy pulses to  the X-ray  is appreciable.  

The region 30 KeV to 1. 2 MeV was  investihkted by a l b "  x 1". NaI(T1) crystal .  

Besides the annihilation radiation and the known gamma r a y  whose energy was 

measured  to be 1.067 t 0.035 MeV, no other gamma r a y  was observed ( ( 8  010 - 
of 1.07 MeV gamma ray) .  To study X-ray X-ray coincidences the Ge-68 source  

was sandwiched between two DuMont 6292 phototubes on which thin NaI(T1) 

c rys ta l s  were  mounted, covered with aluminum foil, and sealed with a light 

shield. Fig. 15 ( c u ~ v e  c)  shows the coincidence spectrum (0 to  30 KeV). 

Most of the counts above accidentals a r e  due to  c rys t a l  t o  c rys t a l  scattering 

of higher energy pulses. This was confirmed by attenuating the K-X-ray in 

one of the channels and repeating the spectrum. The 1. 07 MeV gamma r a y  is 

too feebly converted to give any noticeable coincidences. The X-ray high en- 

ergy gamma r a y  (up to 750 KeV) coincidences were  performed by replacing one 

of the counters  by a 1;" x l r O  NaI(T1) counter. The r e su l t s  w e r e  negative. The 

region beyond 750 KeV was  not studied, since the Ge-68 - Ga-68 decay energy 
2 2 can a t  most  be 750 KeV . 

A m o r e  rigorous sea rch  for  the 0' s ta te  was attempted by separa t -  

ing Ge f r o m  Ga chemically, using successive ether  extractions f r o m  6N HCl. 

Since an  appreciable pa r t  of Ge (40-60 o/o)  i s  a l so  extracted45 into the ether 

l aye r ,  and since the number of extractions could not be done m o r e  than twice 

owing to the fas t  growth of 68 minute Ge-68, an efficiency of 50 010 or l e s s  

was  all that could be attained f o r  Ge. The Ge thus separated was converted 



into the sulphide and rapidly Lsa~ns%erred Lo the cousting system. Thc region 

0-30 KeV was studied a s  a function of t ime with the 20-channel analyzer using 

a thin freshly cleaved NaI crystal .  At the same  t ime  a second counter,  15" 

x 1 " (NaI(T1) was se t  on the photopeak corresponding to the annihilation rad ia-  

tion and i t s  growth in  Ga-68 was followed a s  a function of t ime. Fig. 15 

(curve b) shows the pulse height spectrum taken immediately af ter  the chemi- 

ca l  separation. Clear ly the re  is no gamma ray  ( < 1 o / o  of K-X-ray). F r o m  

the growth curve of annihilation radiation which corresponded to a 70 minute 

half-life, an upper l imit  of 0 .4  o / o  per  decay could be s e t  on positron emis - 
s ion  by Ge-68.   or en'^ a r r ived  a t  an  upper l imi t  of 0. 9 o /o  by comparing 

the gamma spectrum of Ge-68 + Ga-68 with that  of Ga-68 alone. 

C. Discussion: 

The fai lure  to observe any K X-ray ~ : - . ~ - r a ~ ,  low -energy gamma r a y  - 
o r  K-X-ray high energy gamma r a y  (.up to  750 KeV) coincidences suggests that 

t the 0 s ta te  l ies  either ve ry  close to the ground s tate  a t  an  energy l e s s  than 

the K-binding energy, or  ve ry  high -- higher than the Ge-Ga decay energy. 

The absence of transit ions to  any of the known excited s ta tes  in Ga-68 confirms 

that the spins of these s ta tes  must  be  2 2  if of even parity.  

A sea rch  fo r  a possible low-lying 0' s ta te  i n  Ga-68 has been made 

through the decay of Ge-68 using NaI(T1) c rys ta l s .  The r e su l t s  were  negative. 

The fa i lu te  to find the 0'; s ta te  implies that the analogy of Cu-62 does not hold 

in this case.  The absence of positrons in the decay of Ge-68 i s  consistent 

with the decay proceeding purely by electron-capture.  
2 7 Results of this investigation have been published in  Nuclear Physics . 

2. Search for  EO Trans i  ion f r o m  the 2. 3 MeV Level i n  Zn-68 f 1 

18 The decay of Ga-68 has  been. recently reinvestigated by Horen , 
who found evidence fo r  levels  in  Zn-68 a t  1.07, 1. 88 and 2 .3  Mev. The decay 

scheme as given by Horen is reproduced i n  Fig.  16. The branching percent- 



ages  to the various levels a r e  indicated, together with the gamma-ray  

branchings. The leveis  were  a s  signed the following spi i~s  and pari t ics  r el. 

spectively: (1.07 (2'1, 1. 88 (1' o r  z'), and 2. 3 (2').  No cross-over  gamma 
+ r a y  transit ion f r o m  the 2. 3 MeV level to the 0 g,round s tate  was observed. 

This fac t  together with the r e su l t  of angular correlat ion studies on the 1.07-  

1. 24 MeV gamma cascade led Horen to suggest 2' for the 2 . 3  Mev level. 

Since the e r r o r s  on the angular correlat ion data w e r e  ra ther  large,  this spin 

assignment was  considered to be f a r  f r o m  unambiguous. It seemed a t t r ac -  

tive to assign 0' for this state.  Such an assignment would indeed be consist-  

ent with all the observed data. Since 0-0, No transit ions throw light on the 

nuclear stxuctur e involved, i t  seemed worthwhile to look fo r  additional evi- 

dence i n  support of this  hypothesis. 

0-0, No gamma transit ions a r e  stric,tly forbidden because of the 

t r ansve r se  nature of the photon. Hence the de-excitation of the s tate  in  gues - 
t ion can proceed only through internal  conversion. If, however, the energy 

of the transit ion exceeds 2m cZ, an  alternative mode of decay is  possible.  
0 

n a q e l y  internal  pa i r  formation. The transit ion probability fo r  a n  EO t rans i -  

tion can  be expressed a s  a product of electronic and nuclear wave functions a s  

in  the c a s e  of internal  conversion for  higher rnultipoles.  horna as^^ has  given 

expressions for  the processes  of K-conversion and internal  pair-creation. The 

nuclear  ma t r ix  element is expressed a s  

where the summation extends over all ,the protons i n  the nucleus. M can be 

convenieqtly wr i t ten  a s  M = f It2 where  R i s  the nuclear radius  and p is 

a measure  of the s t rength of the EO transit ion, a quantity analogous to  the 

rec iproca l  of the ft value i n  be$a-decay. The theoretical transit ion r a t e s  for  
K-conversion and pair formation according to   horn as^^ a r e  given by 

and 



f i.s the F e r m i  function a s  tabulated i n  the NBS tables19, E is the  transit ion 
t -13 *1/3 

exergy. All the units a r e  relativistic.  R = 1. 3 x 10 cm. Church 

and weneser4' l  have given, graphs of W a s  a function of the atomic number,  K 
2, and transit ion energy E. 

t 16 0 f i r s t  excited s.tates a r e  known in  the doubly magic nuclei - ,O , - 
40 0 

20Ca , and 4 0 ~ r 9 0  with the neutrons i n  z r 9 0  completely filling the p 
t 112 

shell. 0 second excited s tates  occur i n  6' l 2  ' 32 ~e~~ and tpqPd106. 0-0 

transit ions f r o m  higher excited levels  a r e  observed in  8 4 P ~  . u ~ ~ ~ ,  P u  23 8 

and 48 
cd114. It has  been suggested that the 0' excited s tate  in  doubly magic 

nuclei may  be due to two part ic le  excitation. A similar  explanation has been 
12  advanced for the second excited s tate  of C . 

b. Experimental 

Since the internal, pair positron spec t rum f r o m  the 2. 3 MeV level i n  

Zn-68 would be superposed on a ra the r  high background of positrons f rom the 

beta-decay of Ga-68, it was decided to  look for  internal  conversion electrons 

of 2. 3 MeV which would appear a s  a monoenergetic line well  beyond the posi- 

t ron  end-point of 1. 88 MeV. h orde r  to  observe the smal l  Veak expected due 

to the conversion electrons,  i t  was necessa ry  to reduce the background to a 

minimum. In the present  investigation this  has  been accomplished by the use 

of an  anti-coin cidenc e arrangement .  

A block diagram of the experimental arrangement  i s  shown in Fig.  

17. The Ga-68 source  was sandwiched between two plastic scint i l la tors  each 

1$ c m  high and 3 c m  i n  diameter  (thus ensuring 4n geometry) and mounted on 

the face  of a Dubfont 6292 photomultiplieag tube. A second plastic scinti l lator 

surrounding the f i r s t  one was mounted on another phototube ans  served  a s  the  

anti-coincidence counter. The sensit ive volume of the counters  was  surrounded 

by 4 inches of lead. Pulses  i n  counter 1 not accompanied by pulses  in counter 

2 operated a gate which admitted to  the 20 channel analyzer any pulse in  the 

beta counter (counter 2 ) occurr ing i n  an interval of 3. 5 microseconds. The 

anti-coincidence circui t  used he re  was the s a m e  a s  employed by Tilley 48 



with s n m e  slight modification. The modification consisted in  reducing the 

dtirition of the univibrator pulse f rom 12 to 3 microseconds. 

c.  Results: 

The positron spectrum observed in this system is shown in Fig. 18. 

The end-point of the spectrum was determined to be 1/89 - t o .  06 MeV by com- 

parison with the beta-spectrom of P-32 of end-point 1. 71 MeV, also shown 

in the figure. The resolution of the counter was  18 010 for the Csr137 624 KeV 

conversion iine. The search  fo r  internal conversion electrons was made by 

setting the pulse height a t  2. 1 MeV. The search  lasted 105 hours,  during 

which t ime the apparatus was pe.riodically checked. F r o m  the total number 

of counts observed in  the region where the conversion elecfrons were expected 

with and without the source, and the total number of counts in  the beta spec- 

t rum, a n  upper l imit of (5 + 25) x conversion electrons per decay of Ga 
68 

- 
(assuming that the positrons account for  88 o /o  of the transitions) could be set. 

The resul t s  a r e  summarized in  Table 5. 

d. Discussion and  conclusion,^ 

One can calculate the expected yield of 2. 3 MeV internal conversion 
t 

electrons a s  follows (assuming that the s tate  is 0 ). On thp basis of the single 

particle model, the tpansition probability for an  electr ic  quadrupole (E2) 

gamma transition is given by Moszkow ski  49 ' 8 113 5 a s  WI/ = 1.6 x 10 A Ea * 

For  the 1. 24 MeV gamma r a y  f r o m  the 2. 3 MeV level to the 1.07 MeV level 
11 - 1 this is calculi ted to be W1. 24 = 10 sec . Now the K-conversion probab- 

ability for  the EO transijdon to the 0' bround state  is expressed by Church 
47 8 - 1 and Weneser a s  wK/t2  = 7 x 10 sec  where P a s  already defined is a 

measure  of the strength of the EO matr ix  element. In Table 6 ,  taken f rom 

~ e u t s c h ~ ~  a r e  l isted the values of y2measured for several  EO transitions 

(0 - 0). 

If the assumption is made that, the EO matr ix  element fo r  -68 is 

not much different f rom that for Ge-70, we can take = 0. 11, which is the 
5 1 value recently mcaourcd by Alburger 

P 
Now the conversion. yield is. expreqsed . . a s  



Table 5. Summary of Results on Search for  EO Transit ion,  

No. of cts.  above 2. 1 Mev with source  in  105 hours  15  t 3 .7  - 
No. of c t s .  above 2. 1 MeV without source  i n  105 hours 1 4  t 3 . 6  - 
Total no. of cts.  due to conversion electrons i f  $ny , 

in 105 hours  1 t 5  

Est imated no. of positrons in  the beta spec t rum ' IJ 450 cps  

No. of disintegrations of positrons /J 450 x 105 x 3600 

No. of disintegrations of ~a~~ & 450 x 105 x 360,O 1.9 

as suming 8 90 9 1.9  r 10 e t s /105  hr.  
0 

No. of conv. e lectrons per  disintegration 
1 t 5  - 

w (0. 5 - + 2. 5) x 
1 .9  x lo8 

9 o r  (.5 + 25) x 1.0- per  decay. - 

Table 6. Transi t ion Probabili t ies for  0-0 Trans i t ions  

Nucleus Transi t ion 
Energy, MeV f 2  

c 1 2  7 . 6 8 ,  0. 06 

o1 6 .  06 0. 06 

Ge 7 0 
1. 21 0.015 

Ge 
72 

0.  6 9  0.014 

Z r  90 1. 75 0. 036 

p d l  O 1. 14  0 .02  

P o  21 4 
1. 41 0.00257 



f M  

where  N is the and f i s  the fract ion of decays 

leading to the 2. 3 MeV level. F r o m  the data of Horen, f is taken to be 

Nf estimated f r o m  the positron spectrum is 2 x l o5  i n  105 hours.  Substitut- 

ing these numbers ,  the computed yield i s  N = 8. 4 x conversion elec- K - 9 trons per decay, to  be compared with the measured  value of (5 - + 25) x 10 

If these est imates  a r e  indeed c o r r e c t ,  then one can  conclude that 0 t 

i s  an unlikely assignment for  the 2. 3 MeV level. This would give r i s e  to the 

interesting possibility of the existence of a succession of 2' levels ,  if i t  is 
52 

assumed on the bas is  of sys temat icd~ of even-even nuclei in  this region that 

the 1. 88 M e V  level i s  2'. The measured  ufiper l imi t  for  the internal con- 

vers ion  electrons i s  indeed consistent with the expected yield of < 10- lo  con- 

version electrons per decay for a n  E2 transit ion of 2.3 MeV. 

We have assumed ra ther  tacitly that the single par t ic le  model de -  

scription is valid in  describing the gamma transition. It has  been pointed out 

by ~ c h a r f f - ~ o l d h a b e r ~ ~  that the 1. 24 MeV gamma r a y  transit ion in Ge-70 i s  

ten t imes  f a s t e r  than expected on the basis  of the single par t ic le  model. If, 

by analogy with this,  i t  turns  out that the 1. 24 MeV gamma r a y  is equally f a s t .  

then our conclusions a r e  somewhat weakened. It is therefore of obvious in- 

t e r e s t  to pe r fo rm a careful angular correlat ion of the 1.07 - 1. 24 MeV gamma 

cascade. 

3. Conclusions to  P a r t  B 

A sea rch  for a possible low-lying 0' s ta te  i n  Ga-68 has been made 

through the decay of 270-day ~ e - 6 8  using NaI(T1) crystals .  The resu l t s  were 

negative. An upper l imit  of 1 o / o  could be se t  on the gamma r a y  emission in  

Ge.68 decay. The fai lure  to find the 0' s ta te  implies  that the analogy of Cu- 

6 2  does not hold in this  case.  The absence of gamma r a y s  i n  Ge-68 decay 

means  that the levels in Ga-68 known f r o m  Zn-68 (p, n)Ga-68 reaction must  
a .  

have spins of a t  leas t  2 if o f  even parity. 

An upper l imi t  of 0 . 4  010 per decay could be se t  on the amount of 

positron emission by ~ e - 6 8 .  This is consistent with the decay proceeding 

purely by electron-capture as predi t ted  by the beta energy systematics  of 
20 Way and Wood . 



A search  for an e lec t r ic  monopole (EO) t ransi t ion f rom the 2. 3 MeV 

level in 211.768 to the ground s tate  has  been made, using plastic scinti l lators 

and a shielded anti-coincidence arrangement .  Internal conversion electrons 

of 2. 3 MeV aris ing f rom the EO modes of de-excitation were  sought. An up- 

per l imit  of (5 f 25) x low9 conversion electrons per decay of Ga-68 could be  - 
set.  Assuming a value of 0. 1 1 for f) , the EO strength parameter ,  and the 

single par t ic le  model to  apply i n  describing gamma transit ions,  the theoreti-  
- 9 ca l ly  expected yield was  84 x 10 conversion electrons pe r  decay. The mea-  

t sured upper l imi t  i s  interpreted as evidence against a possible 0 assignment 

for  the 2 .  3 MeV level,  but the interpretation must  be viewed with reserva t ion  

owing to the assumptions made in  computing the theoretical yield. It is sug- 

gested that an  angular correlat ion of the 1 .07  MeV - 1. 24 MeV gamma c a s -  
t cade be made with a strong source  to decide between the 0' and 2 spin a s -  

signments. 
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Lis t  of F igures  

1. Gabs decay scheme a s  given by Crasemann et al. 

2. Schematic of counter se t  -up for K/ f measurements  B 
3. S h g l e s  gamma ray  spectrum (0. 3 to 1, 2 MeV) of Gabs in 2" cube NaI(T1) 

c rys ta l  

4. Decay scheme of ~0~~ according to  Frauenfelder et  a1 

5. Typical singles gamma spectrum of Go 58y 60 taken in  2.1t cube NaI(T1) 

crystal .  The dotted curve  i s  the spectrum of Cob' only normalized to 

G O  5 8 ~  60 s ~ e c t r u m  a. 

6. 0, 511 - 0. 810 Mev coincidences in  Co 
58 

7. Beta spectrum of N~~ in NaI(T1) sandwich. Also shown is the energy 

calibration using external gamma sources.  

8. F e r m i  plot of N~~ beta spectrum showing the end-point a t  1. 16 MeV 

9. a) Portion of beta spectrum of N~~ and (b) the beta spectrum coincident 

with annihilation radiation 

10. Decav.scheme of Na 
22 

11. F e r m i  plot of P~~ spectrum taken in 4n plastic scintillator. Note that 

the end-point occurs  a t  1 .72  MeV 

12. a )  dashed line,  beta spectrum of ~ a "  in  4n plastic scinti l lator,  in  

coincidence with 1. 28 MeV gamma r a y  

b) dotted curve: Beta spectrum of NaZ2 in  t r ip le  coincidence with the 

twp annihilation quanta and 1. 28 MeV gamma r a y  normalized to  the 

doubles spectrum (beta - 1. 28) above 50 keV 

c)  Energy calibration of the 4rr scinti l lator with Compton edges of 

internal gamma sources  of PlaZ2 (0. 51 1 MeV) and c s1 37 (0.66 1 MeV) 
-a -, 

ci) Compton distribution of ~a~~ gamma r a y s  in 4n plastic scinti l lator 

(with positrons stopped in  just enough lucite) coincident with annihila- 

tion radiation and 1. 28 MeV gamma r a y  

13. Block diagram of experimental set-up for  ~ a "  experiments 

14. Study of systematic e r r o r s  in ~a~~ experiment. P lo t  of h t / h  as a 

function of cut-off energy h mine The dashed line corresponds to ideal 

F e r m i  distribution dis tor ted for resolution 

15. Curve a. Low energy (0 to  30 keV) gamma spectrum in thin NaI(T1) 

c rys ta l  taken with ~e~~ + Ga68 in equilibrium 



15. Curve b. Pulse  height spectrum of the s a m e  energy taken immediately 

afte; chemical separation of (3ab8 from Ge 68 

Gurve c. P ~ l s e  height. spectrurn (0 - 30 keV)  coinciden,t,with K X-ray 

16. Decay scheme of ~a~~ a s  given by Horen 

17. Block diagram of anti-coincidence arrangement  used in  the s,earch fo r  

E O  transit ion in zn6  Shielding not, shown 

18. Posi t ron spectrum of (3a6' observed i n  the anti-coincidence system. 
32 Also shown fo r  re ference  is the beta-spec$,rum of P (singles) 
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