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The 3.23-MeV gammaday transition between the 
*. . . -I- 

- 
_ F  - \ 1' 7.6band 4.43-MeV sta tes  of c12 has been observed i n  - 

the beta decay of B~~ by r p n s  of sc int i l la t ion 

detectors and coincidence techniques. The 812 a c l M t y  

was made by the B " ( ~ , ~ ) B ~ ~  reaction using a Van de 

Graaff accelerator and a beam-chopping systen fo r  

irradiation afd delayed counting, A l l  parts of tk 

target-collimator assembly were constructed of beryl- 

l i u m  i n  order to minimize brensutrahlung production. 

Beta rays were detected i n  an 8"dianeter by 1/4* thick 

Pilot-B sc in t i l l a to t  and gamma rays were detected in 
- 

Y L '  -. , ',-- 
, .  

- . ,  . . . - tvs S n ~ *  N s t  taunters placed on opposite sides of the 

source. Gaasra-gamma coincidence measurements were 

lsde by displaying the output of each Waf detector i n  

coincidence w i t h  a channel centered on the full-energy- 

loss peak of 4.434eV gamma rays i n  the opposite NaX 

detector. The additional requirement of a coincidence 

* *Work per for rd  mder the auspices of the U.S. Atomic Energy Codr s ioa .  
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with  the  beta-ray d e t e c t o r  was imposed f o r  beta- 

gamma-gamma coincidence experiments. I n  both 

types of measurement the ful l-energy-loss and one- 

escape peaks of the  3.23-MeV gamma rays 'were  

observed. Based on the  average r e s u l t  of two 

previous nuclear r e a c t i o n  measurements of  the  

f r a c t i o n a l  decay of the  7.66-MeV s t a t e  by the  

emission of 3.23-MeV gamma rays  ' the present  ob- 

se rva t ion  of these  gamma rays  l eads  t o  a  value of 

(1.7 - + 0.5)% f o r  the  beta-ray branching o f  B~~ t o  

12 the  7.66-MeV s t a t e  of C . 

Considerable importance has been a t tached t o  the  7.66-MeV second 

exc i t ed  s t a t e  of c12 not  only because the  l e v e l  is thought t o  be involved 

i n  the  "helium-burning" mechanism i n  Red Giant s t a r s 1  but because of the 

fundamental nuclear physics i n t e r e s t  i n  the s t r u c t u r e  of the  s t a t e  and i n  

the  various rac l i i t ions  le'ading t o  and from it. A l l  t h ree  o f  the  poss ib le  

decay modes of  the 7.66-MeV s t a t e  have now been e s t a b l i s h e d  inc luding 

d i r e c t  obskrvationa of t h e  predominant a lpha-par t ic le  emission1 t o  the  

ground s t a t e  of ~e~ and the  emission of pos i t ron-e lec t ron nuclear  pa i r sa  

t o  the  ground s t a t e  o f  c12, and i n d i r e c t  measurements of  the  3.23-4.43-MeV 

1. For a background review see  C.W. Cook, WoA. Fowler, C.C. Laur i t sen ,  

arid T. Laur i t sen ,  Phys. Rev. 107, 508 (1957). 

2. D.E. Alburger, Phys. Rev. 118, ,235 (1960). 



cascade gamma-ray t h ~ o u g h  t h e  21 f i rs t  e x c i t e d  s t a t e  of  

c12 a t '  4.43-MeV. The apparcnt  absence of a ground-state gamma-ray 

t r a n s i t  ion1 taken  toge the r  w i t h  t h e  predominant a lpha -pa r t i c l e  decay 

i n d i c a t e s  t h a t  t h e  very  probable s p i n - p a r i t  y assignment t o  t h e  7*66- 

MeV s t a t e  is O+. Values f o r  t h e  v a r i o u s  p a r t i a l  widths of t h e  7.66-MeV 

s t a t e  a r e  based on the result of  an  experiment by ~ r e ~ e a u '  i n  which t h e  

l e v e l  was e x c i t e d  by the  i n e l a s t i c  s c a t t e r i n g  of high-energy e l e c t r o n s .  

From t h e  c r o s s  s e c t i o n  f o r  t h i s  p rocess  a n  abso lu t e  p a r t i a l  width rn = 

1 
5x10-' eV was c a l c u l a t e d  f o r  t h e  emiss ion  of nuc lea r  p a i r s  t o  t h e  ground 

s t a t e .  Pos i t ron-e lec t ron  p a i r s  from t h e  7.56-MeV l e v e l  were d e t e c t e d  

9 
i n  t he  Be (a ,n)c12  r e a c t i o n  by means of a magnetic p a i r  spec t rometer  

and measuretnents were made of t he  r e l a t i v e  p a i r  emiss ion  r a t e s  from 
6 

t h e  7.66-and 4.43-MeV l e v e l s .  These d a t a  t oge the r  wi th  a de t e rmina t ion  

of t h e  r e l a t i v e  popula t ions  of  t b e s e  two l e v e l s  i n  t h i s  same r e a c t i o n ,  

when using s i m i l a r  t a r g e t  and beam-energy cond i t i ons ,  were s u f f i c i e n t  t o  

c a l c u l a t e  t h e  r a t i o  $/ra. By co ib in ing  t h i s  r a t i o  w i th  t h e  va lue  f o r  

r quoted above an  exper imenta l  va lue  % = 8 e V  was obtained. 
6 

n 

The branching of t he  7.66-MeV s t a t e  by 3.23-MeV gamma-ray emission 

10 3 was f i r s t  determined3 hy us ing  t h e  B (He , p ) ~ 1 2  r e a c t i o n  t o  e x c i t e  t he  

7.66-MeV l e v e l ,  Protons leading  t o  the  7.66-MeV s t a t e  were measured i n  a 

C s I  s c i n t i l l a t i o n  d e t e c t o r  both s i n g l y  and i n  t r i p l e  coincidence wi th  two 

NaI gawra-ray coun te r s ,  each  channeled from 2,4 t o  5.0 MeV. From t h e  r a t i o  

-- 

3. DOE. Alburger,  Phys. Rev. 124, 193 (1961)-  

4. P.A. Seeger and R.W. Kavanagb, Bu l l ,  Am. Phys. Soc. 7,  471 (1962) and 

a r t i c l e  i n  course of publ ica t ion .  

5. J,F, Freeeau, Phys. Rev, 104, 225 (6956). 

6. F, A j zenbe rg4e love '  and l'.Ho S t e l s o n ,  Phys. Rev. 120, 500 (1960). 



of t r i p l e s  t o  s i n g l e s  counting r a t e s  the  3.23-MeV gamma-ray branch, 

o r  r / ~ ,  w a s  found t o  be (3.3 2 0.9)xl0-~. 
Y 

Morerecen t ly  Seeger and itavanagh4 have success fu l ly  applied 

nuclear  r e c o i l  coincidence techniques t o  the measurement of ( f + P,)/r 
Y 

The r e c o i l  method had been t r i e d  e a r l i e r  by Eccles and ~ o d a n s k ~ ~  before 

the  advent of so l id - s ta te  p a r t i c l e  detec tors .  I n  Seeger and Kavanaghts 

12 14 
work the  7.66-MeV C l e v e l  was fokmed i n  the  N (d,ct)c12 reac t ion  and 

coincidences between the  alpha p a r t i c l e s  leading t o  the  7,66-MeV l e v e l  

and the  corresponding c12 r e c o i l  nuc le i  were searched f o r  and. found. The 

observation of such 4 c12 r e c o i l  nucleus is poss ib le  only if the  7.66-MeV 

l e v e l  decays to  the ground s t a t e  of c12, r a t h e r  than breaking up by  alpha- 

p a r t i c l e  emission. Seeger and Kavanaghts r e s u l t ,  ( 1- Y + r,)/r = (2.82 - + 

0 . 2 9 ) ~ 1 0 - ~  ( i n  which t h e  contr ibut ion of \ i s  .w2% of the t o t a l )  is i n  

agreement with the  e a r l i e r  value3 f o r  r /r but it is considerably more 
Y 

accurate. 

Table I summarizes the present information on the  branching modes 

of the 7.66-MeV c12 s t a t e .  I t  is  seen t h a t  t h e  3.23-MeV gamma-ray branch 

is ~ 4 4 5  times s t ronger  than the  ground-state nuclear  p a i r  t r a n s i t i o n  and 

therefore  is responsible f o r  p r a c t i c a l l y  a l l  of the  energy re leased i n  

s t e l l a r  helium burning, 

One of t h e  e a r l i e r  at tempts t o  d e t e c t  the  3,23-MeV gamma rays  from 

the  7.66-MeV s t a t e  of c12 was made i n  a study of 812 by ICavanaghO8 B~~ is  

9 .  
known t o  decay by beta-ray emission t o  c12 with a h a l f - l i f e  of 20.3 msec 

and with a t o t a l  energy re lease  of 13.37 MeV. 97% of the  beta rays  go t o  

7. S.F. Eccles and D. Bodansky, Phys. Rev. 113, 608 (1959) 

8. ROW. Kavanagh, Bull.  Am. Phys .  30c. 3 ,  316 (195810 

9. F. Ajzenberg-Selove and T. Laur i t sen ,  N u c ~ ,  Phys. 11, 1 (1959). 
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Table I. P a r t i a l  branches i n  the de-exci ta t ion  of the  

12 7.66-NeV s t z t e  of C . 
Decay Mode P a r t i a l  Branch P a r t i a l  Width . - (eV) 

exp.(eV) f theo. 

Alpha t o  Be 8 1 8 a 7.5(Wigner l i m i t ) .  b 

3.23-MeV y (3.3 ;c 0.3)xlO 2.5x10-~ d 1 . 4 ~ 1 0  
-3 . e  

( single.- 

-4 f p a r t i c l e  es t imate)  
3.23-MeV y p lus  (2.82 - + 0.29)xlO 2 . 1 ~ 1 0 ~ ~  

7.66-MeV n 

a. See Refs. 2 and 6. 

b. W .A, Fowler and T. Laur i t sen ,  *rivat  e communication quoted # i n  

Ref. 6. 

c. See Refs. 1 and 5. 

d. See Ref. 3. 

e. R.A. T e r r e l l ,  p r iva te  comunicat ion  quoted i n  Ref. 1. 

f .  See Ref. 4. 

t h e  ground s t a t e .  Severa l  measurements have been made on the  beta  decay 

t o  the  4.43-MeV first exc i t ed  s t a t e .  The most recent  va luelo  of (1.2 2 

0.1)% f o r  t h i s  branch is  considerably more accurate than any of the  previous 

determinations9 and i t  has the re fo re  been used throughout t h i s  paper. P r i o r  

t o  t i e  present  work t h e r e  had been only one measurement of t h e  B~~ beta- 

ray branch t o  the 7.66-KeV sts . te .  Th i s  was the  experiment by Cook et  a 1  
1 

i n  which the  a lpha-par t ic le  break-up of the  7.66-MeV l e v e l  was observed. 

10. N.N. Glass ,  R.W. Peterson and R.K. Smith, Bull. Am. Phys0 Soc, 6 ,  49 (1961). 

11. DOH. Wilkinson, DOE. Alburger, A. Gallmann, and P.F. Donovan, ~ h y s .  

Rev. ( i n  press). 



From t h e ' i n t e n s i t y  of alpha p a r t i c l e s  the  beta-ray branch was cal- 

cula ted  t o  ,be (1.3 - + 004)%. Very weak beta-ray branching9''' a l s o  

t akes  place t o  a lpha-par t ic le  emi t t ing  s t a t e s  i n  c12 above t h e  

7.66-MeV level .  

I n  Kavanaghts work8 a search was made f o r  3.23-4.43-MeV gannna- 

gamma coincidences i n  B~~ beta decay by means of s c i n t i l l a t i o n  counters. 

An upper l i m i t  of loo3 h i s  placed on the  r a t i o  y 1 3 ~ 4 , 4 3  and s ince  3 0 1 .  

the  beta-ray .branches t o  the  7.66and 4.43-ble~ s t a t e s  a r e  o f  nea r ly  

equal i n t e n s i t y  Karanaghts r e s u l t  implied t h a t  f / rb  low3 f o r  
3 0 2 3 ~  

t h e  7,66-MeV level .  This  l i m i t  i s  about t h r e e  times g r e a t e r  than the 

a c t u a l  branch found i n  the  two l a t e r  nuclear  r eac t ion  experiments (see 

Table I). 

The major d i f f i c u l t y  i n  coincidence measurements on i s  

associa ted  with the  production of bremsstrahlung by those beta  rays  of 

9-MeV end-point energy t h a t  lead t o  the  4.43-MeV f i rs t  exci ted  s t a t e ,  A 

background of bremsstrahlung-gamma coincidences makes: i t  d i f f i c u l t  t o  

observe the  3.23-4.43-MeV gamma-gamma coincidence e f f e c t .  Although the 

d e t a i l s  of Kavanagh's experiment were not known, i t  was f e l t  by t h e  

author and Dr .  R.B. Pixley s e v e r a l  years ago t h a t  the background i n  beta- 

gamma-gamma t r i p l e  coincidence measurements on ~ 1 '  might be r e l a t i v e l y  

smaller  than i n  the case of gamma-gamma coincidences:..and t h a t  the  3.23-MeV 

gamna rays  might be detec ted  more e a s i l y  b y  observing t r i p l e  coincidences, 

. I n  s p i t e  of a considerable amount of e f f o r t  i t  was not poss ib le  t o  f i n d  

these gamma rays a t  t h a t  time. A graphi te  collimator-absorber was used 

i n  t h a t  wdrko 

Because o f  recent  advances i n  both equipment and technique it was 

decided t o  mke another attempt t o  detect  the  3.23-MeV gamma rays i n  the 



be ta  decay o f  g l Z e  The gamma-gamma and beta-gamma-gamma coincidence ' . ' . 

experiments reported here include the following f ea tu r e s  which have 

contributed t o  t he  pos i t ive  observat4on of t h i s  radia t ion.  

a) Construction of the  target-coll imator assembly from beryll ium 

i n  order t o  minimize bremsstrahlung production. 

b)  The use of ampl i f iers ,  coincidence c i r c u i t s  and two RIDL 

400-~hanr!eJ p l sg -he igh t  analyzers which were t r an s i s t o r i z ed  throughout. 

C )  High-efficiency de tec t ion  of the  gamma rays by the use of 

two S"x5" Nal detectors .  

. d)  Past coincidence techniques t o  reduce random coincidence 

. , 
e f f ec t s .  

e )  The extremely r e l i ab l e  and s t ab l e  operation of the Brookhaven 

Van de Graaff accelera tor  which i n  one of the runs ope,rated w i t h  no 

in te r rup t ion  of the  beam f o r  235 hours. 

EXPERIMTAL 'METHODS 

During the  i n i t i a l  work on Bi2 i t  was found t h a t  the major source 

of d i f f i c u l t y  not  only i n  the  gamma-gamma coincidence measurements but also 

i n  the  beta-gamma-gamma coincidence measurements was associated with the  

bremsstr,ahlung produced by beta rays  leading t o  the 4.13-MeV l e v e l  of 

c~~~ I n  t r i p l e  coincidence measurements a r e a l  beta-bremsstrahlung-gamma 

coincidence background always occurs even if the  beta-ray de tec to r  is 

-removed t o  a g r ea t  enough distai ice from the socrce so  t ha t  the re  is a 

small probabi l i ty  f o r  the bremsstrahl\mg t ha t  is produced i n  the  beta-ray' 

de tec to r  i t s e l f  t o  en t e r  the gamma-ray detectors.  For such an arrange- 

ment the background is  subs t an t i a l l y  lower than i f  the small beta-ray 

dttteciur were Lu Lie located close t o  the t a rge t  and i n  bctwccn the  two 



gamma-ray detec tors .  However, even when a l a rge  beta-ray d e t e c t o r  is 

placed a t  an ample d i s t ance  from t h e  t a r g e t  such a s  i n  the  present  

experiments the re  remains a r e a l  background t h a t  r e s u l t s  from those 

beta  r ays  t h a t  e n t e r  the  collimator-absorber, produce bremsstrahlung, 

s c a t t e r  out  of t h e  coll imator  and f i n a l l y  e n t e r  the  beta-ray de tec to r .  

Since e i t h e r  the  b r e m s s t r a h l ~ n ~  o r  the  4.43-MeV gamma rays  can e n t e r  

ei ther  gamma ... ray  d e t e c t o r  the  c h a r a c t e r i s t i c  backgrour~d i n  gamma-gamma 

or  beta-gamma-gamma coincidence miasurements is a spectrum cons i s t ing  

of 4.43-MeV peaks superposed on a bremsstrahlung continuum., The only 

p r a c t i c a l  way of minimizing t h i s  e f f e c t  is t o  use m a t e r i a l ' o f  low Z 

i n  the v i c i n i t y  of the source. 

Figure 1 shows t h e  experimental arrangement adopted. The deuteron 

beam from t h e  Van de Graaff f i rs t  passed through a chopper located .  12 

f e e t  from t h e  experiment a1  apparatus. Thereaf ter  i t  went through 

regu la t ing  sl i ts  (not  shown) f o r  con t ro l  of the  Van d e  Graaff te rminal  

voltage, through a 2-mnl diameter tantalum def in ing  apera ture  and, a f t e r  

passing through a 3/8" o.d. by 3/16" i.d, beryllium tube,  it s t r u c k  the  

t a rge t .  The t a r g e t  cons is ted  o f  enriched ( 7 99%) Bl1 m e t a l l i c  powder 

deposi ted from a water s l u r r y  onto a 4 mg/cm2 Be fog1  which was waxed onto 

the end of t he  t a r g e t  tube. ~ n r i c h e d  B" was used i n  order  to reduce the  

production of neutrons from the  ~ ~ ~ ( d , n ) ~ ~ ~  r e a c t i o n  which otherwise would 

have o c c 4 i f  the  t a r g e t  had been made of n a t u r a l  boron. Even though a 

s u b s t a n t i a l  number of neuttons was produced i n  t h i  ~ l l ( d . n ) ~ l ~  r e a c t i o n  

and these  a c t i v a t e d  the  Na1 ,c rys ta l s  i t  was f e l t  t h a t  unnecessary pro- 

duct ion  of neutrons should be el iminated.  Severa l  o ther  precautions i n  

2 
t h i s  respect  were taken. The 8l1 depos i t  was made t h i c k  enough ( 2  4 mg/cm ) 



and l a r g e  enough i n  diameter  so  t h a t  n e i t h e r  the  d i r e c t  deu te ron  beam 

nor  deu te rons  s c a t t e r e d  from t h e  edges of  t he  co l l ima t ing  a p e r t u r e  could 

reach  the  Be suppor t ing  f o i l .  A s  a  means of prevent ing aper ture-  

s c a t t e r e d  deu te rons  from s t r i k i n g  t h e  w a l l s  of t h e  Be t a r g e t  tube t h e  

l a t t e r  was l i n e d  wi th  a  rol led-up shee t  o f  t h i n  Ni f o i l .  

A s p e c i a l  bery l l ium col l imator-absorber  f o r  t h i s  experiment was 

f a b r i c a t e d  by the  Brush Berylliuni Co. The e x t e r n a l  stiape of  t he  

co l l ima to r  is t h a t  o f  a  t runca ted  r ec t angu la r  pyramid (base  dimensions 

3"x411). I n  the  l a r g e  end the  opening i s  a  c i r c u l a r  cone of ha l f  angle  

23.5' and i n  t h e  smal l  end the  opening i s  a  c i r c u l a r  ho le  of j u s t  t h e  

r i g h t  s i z e  t o  f i t  over t h e  Be t a r g e t  tube. The dimensions and shape 

o f  t h e  Be co l l ima to r  were chosen s o  a s  t o  o b t a i n  f avo rab le  s o l i d  angles  of 

a l l  t h r e e  d e t e c t o r s  a t  the  source  and ye t  t o  absorb a t  l e a s t  5 MeV of t h e '  

energy of be t a  rays  moving toward t h e  c e n t e r  of e i t h e r  NaI d e t e c t o r .  Beta 

r ays  e n e r g e t i c  enough t o  pass  through t h e  s i d e s  of t h e  co l l ima to r  were 

kept  o u t  of t he  gamma-ray d e t e c t o r s  by means of 1/8" t h i c k  b ra s s  p l a ~ t e s .  

I t  was a n t i c i p a t e d  t h a t  the htemsstrablung e f f e c t s  from b e t a  r a y s  reaching  

t h e  b r a s s  p l a t e s  would be n e g l i g i b l e .  Thick aluminunl cy l inde r s  surrounded 

the NaI c r y s t a l s  so  a3 t o  absorb s c a t t e r e d  beta  rays.  

Each gamma-ray d e t e c t o r  cons i s t ed  of a  S1'x5" NaI c r y s t a l .  These 

u n i t s ,  made on s p e c i a l  o rde r  by t h e  Harshaw Chemical,Co., have 2-inch 

d iameter  e x i t  windows which a l low them t o  be used toge the r  w i t h  2-irich 

diameter  photomul t ip l ie r  tubes.  RCA 6342A tubes  were a t t ached  f o r  t h i s  

work. Although t h e r e  .was a n ,  i n i t i a l  doubt a s  t o  how good t h e  pulse-height '  

r e s o l u t i o n  would be f o r  the 2-inch window (ve r sus  t h e  3-inch diameter  

window normally suppl ied  on Harshawes 5"x5l9 c r y s t a l s )  i t  was f o m d  on 



r e c e i p t  of these c r y s t a l s  t h a t  one had a reso lu t ion  of lOOIo and the  o t h e r '  

11% f o r  t h e ,  661-keV gamma rays  of C S ~ ~ ~ .  These f i g u r e s  compare Savorably 

with the performance of c r y s t a l s  w i t h  3-inch diameter windows. The NaI 

de tec to r s 'were  placed a s  shown i n  Fig. 1. 

The beta-ray de tec to r  consisted of an 8-inch dkameter by 1/4-inch 

t h i c k  Pilot-B s c i n t i l l a t o r  cemented onto a con ica l  l u c i t e  l i g h t  guide 

which was i n  t u r n  cemented onto an RCA 634% photomult ipl ier  tube. The 

thickness of t h i s  s c i n t i l l a t o r  w a s  chosen so as  t o  make the output pulse- 

height  spectrum r e l a t i v e l y  independent of the  energy of the  i n c i d e n t  beta 

rays ,  a t  l e a s t  f o r  t h e  h ighenergy  beta rays  occurring i n  t h e  decay of 

g12. Two layers  of O.$lOl-inch th ick  A 1  f o i l  covered the  f r o n t  surface  

of the Pilot-R c rys ta l .  Pulses from one of the  dynodes of the  6342A photo 

tube were f e d  t o  a l inea r  ampl i f ier  i n  order t o  mibnitor the  beta-ray , 

counting r a t e .  The pulse-height spectrum from t h i s  d e t e c t o r  due t o  the  

B~~ beta r a y s  consisted of a peak having a f u l l  width a t  ha l f  maximum of 

~4~ and a long high-energy t a i l  of  low in tens i ty .  

The posi t ion  of the  beta-ray de tec to r  indica ted  i n  Fig. 1 was such 

' t h a t  it subtended a s o l i d  angle of 5.5% bf 4n a t  the source. I n  t h i s  

pos i t ion  the  s o l i d  angle subtended by e i t h e r  of the NaI counters a t  a 

given point  on the  beta-detecting c r y s t a l  was ~ ~ ~ 5 %  of 4n. Because of 

t h i s  small  s o l i d  angle and the  f a c t  t h a t  bremsstrahlung tends t o  be emitted 

i n  the  forward d i r e c t i o n  with respect  t o  t h e  inc ident  beta  rays i t  was 

expected t h a t  the  contr ibut ion t o  t h e  background i n  t h e  t r i p l e  coincidence 

c~cpcrimcnts duc t o  brcmmtrahlung from thc  bcta--ray dc tcc to r  would be 

small  i n  comparison w i t h  the e f f e c t  of bremsstrahlung produced i n  the  col- 

limator-absorber, a s  discussed e a r l i e r .  Nevertheless, t he NaI counters  



were p a r t i a l l y  sh ie lded from the  p i lo t -B  c r y s t a l  by means of  tapered  

lead 'br icks.  Addi t ional  lead b r i cks  (not indica ted  i n  Fig. 1 )  were 

placed on. t h e  opposi te  s i d e s  of t k k I  c r y s t a l s  i n  order  t o  s h i e l d  these  

counters  from background r a d i a t i o n s  s u c h . a s  a n n i h i l a t i o n  gamma rays  from 

a c t i v i t y  produced i n  both t h e  beam col l imator  and the  r egu la t ion  

slits and prompt gamma rad ia t ion  from t h e  beam chopper. 

F a s t  coincidences were iirl.tccteA by t h e  use of .conventional  .tech- 

niques, i .e., . t he  photomult ipl ier  tubes were operated a t  d l 8 0 0  v o l t s ,  

t h e i r  anodes were capac i t ive ly  coupled t o  the  g r i d s  of E280P l i m i t e r s ,  

and pulses formed by 1-meter long shor ted  s t u b s  i n  the  E280F p l a t e  c i r c u i t s  

were f e d  t o  a  diode adding c i r c u i t .  E i the r  double o r  t r i p l e  coincidences 

could be detec ted  by t h i s  c i r c u i t  and a resolv ing time of 8 q s e c  was used 
by n 

i n  a l l  of t h i s  work. Fas t  t iming adjustments were made changing t h e  
A 

l eng ths  of the  coaxia l  cables  between t h e  l i m i t e r s  and the  f a s t  coincidence 

c i r c u i t .  

Because 'of the  heavy loading of the  NaI d e t e c t o r  pho ton~ul t ip l i e r  

tubes by 'prompt gamma r a d i a t i o n  during the  i r r a d i a t i o n  pa r t  of . t h e  cycle. 

i t  was necessary t o  operate t h e i r  dynode r e s i s t o r  chains  a t  a  high current  

d r a i n  by using 25K-ohm r e s i s t o r s  together  w i t h  high-cprrent Northeast 

S c i e n t i f i c  Corp. high-voltage power supplies .  Even under these  condit ions 

and with no f u r t h e r  modificat ions the  voltage f l u c t u a t i o n  on any given 

dynode, was s u f f i c i e n t  t o  smear t h e  pulse-height' spectrum der ived a t  t h a t  

point.  This  e f f e c t  was counteracted and normal pulse-height r e s o l u t i o n  

was achieved i n  the  NaI d e t e c t o r s  by a t t ach ing  l a rge  capac i to r s  t o  t h e  

dynode chain. I n  t h e  arrangement used the  s i g n a l  f o r  pulse-height ana lys i s  . 



was, derived from dynode no. 5,  the  corresponding point  on the  dynode 

r e s i s t o r  chain was by-passed t o  ground w i t h  an 8-microfarad capaci tor  

and dynode no. 6 was by-passed t o  ground with a  4-microfarad capaci tor .  

The dynode no. 5 outputs  of the  two NaI d e t e c t o r s  and the  output  

of the  f a s t .  coincidence c i r c u i t  were f e d  t o  three  t r a n s i s t o r i z e d  double- 

delay-line-clipped l i n e a r  ampl i f ie rs .  Outputs of these  a n ~ p l i f  i e r s  were 

coilllecttd 40 a Cosmic ~ a i i  a t  ion Laboratory model 801 coincidence- c i r c u i t  

and the  output  of each NaI detec tor-ampl i f ie r  was a l s o  f e d  t o  a  sepa ra te  

R I D L  400-channel pulse-height analyzer. 

I n  order  t o  r e g i s t e r  counts only during i n t e r v a l s  between i r r a d i a t i o n s  

of the  t a r g e t  a  synchronized gat ing c i r c u i t  was constructedo A timing 

wheel was a t tached t o  the  motor s h a f t  d r iv ing  the  chopping cyl inder ,  By 

means of two narrow r a d i a l  s l o t s  machixed i n  the  wheel a t  180°, together  

w i t h  a  s n l a l l  l i g h t  bulb on one s i d e  of the wheel and a  photocel l  on the  

o thc r  s i d e  a  synchronization pulse was produced f o r  each ha l f  turn.  The 

photocel l  purse t r igge red  a  blocked mul t iv ib ra to r  which i n  t u r n  produced a  

broad ga t ing  pulse of ad jus table  width. The broad ga t ing  pulse was arranged 

t o  opera te  four  sepa ra te  input-output channels. Output pulses  from two 

coincidence channels of the  model 801 coincidence c i r c u i t  were allowed 

t o  pass through two channels of t h e  broad ga t ing  c i r c u i t  and on t o  the  

two pulse-height analyzers  only dur ing the  d e s i r e d  timing i n t e r v a l .  

The o ther  two ga t ing  channels were used t o  measure e i t h e r  the  beta-ray 

coimting r a t e  o r  the . coun t ing  r a t e s  i n  the  pulse-height channels imposed 

on the  gamma-ray d e t e c t o r  outputs.  

The beam chopper consisted of a 1-14-inch diameter s t e e l  tube having . 

two opposi te  30' s e c t o r s  cut out.   his was connected t o  a  motor by means 

of a  1/8-inch ,diameter s t e e l  s h a f t  t h a t  passed through a  lubr i ca ted  "OW-ring 



vacuum s e a l  and it was r o t a t e d  i n  the  path of the  beam a t  1725 rpm. When 

t h e  proper phasing and gat ing  adjustoierlts had been made the  fo l lowing 

sequence t o t a l i n g  17 msec resulted:  i r r a d i a t i o n  o f  the  t a r g e t  f o r  3 msec, 

de lay  of 1 msec, opening'of the  counting gate  f o r  12 msec, and 1 msec 

delay  before tile s t a r t  of the next i r r a d i a t i o n  pulse. Thus, t h e  a c t u a l  

counting time was 707" of t h e  t o t a l  time. The i r r a d i a t i o n  i n t e r v a l  

(observed a s  an in tense  group of pulses  i n  the  output of one of t h e  

gamma-ray d e t e c t o r s )  and the  r e l a t i v e  width and time pos i t ion  of the  

12-msec counting ga te  were monitored continuously by means of 'a dual- 

t r a c e  osc i l loscope,  Although t h e  regu la t ion  sl i ts  f o r  c o n t r o l  of the  

Van de  Graaff were located  beyond the  chopper and c lose  t o  the  t a r g e t  

the  chopping r a t e  was s u f f i c i e n t l y  rapid  t h a t  the  feed-back terminal-voltage 

c o n t r o l  system of the  Van de G r a a f f  operated s a t i s f a c t o r i l y .  

Coincidence d a t a  were taken by recording the  output of the North NaI 

d e t e c t o r  on 200 channels of one of the  400-chanilel pulse-height analyzers  

and by t r i g g e r i n g  t h a t  analyzer. w i t h  coincidence pulses  ( a f t e r  passage 

through the  12-msec ga te )  involving the  f a s t  coincidence c i r c u i t  output  

( e i t h e r  f a s t  doubles o r  f a s t  t r i p l e s ) ,  the  output of the south  NaI 

de tec to r  and a pulse-height channel. imposed on t h e  South c r y s t a l  spectrum. 

Generally the  single-channel pulse-height ana lyze r s  on the  coincidence 

c u r c i ~ i t  were adjus ted  s o  a s  t o  be centered on t h e  f ull-energy-loss peak 

of t h e  4.43-MeV gamma rays. The channel width included a l l  of t h e  f u l l -  

energy-loss peak and a p a r t  of the  one-escape peak. Correspondingly, t h e  

analyzer  f o r  the South ' N ~ I  d e t e c t o r  was t r iggered  by coincidences der ived 

from the  f a s t  coincidence c i r c u i t  togebher with the  North c r y s t a l  d e t e c t o r  

and a s imi la r  channel on the  4.43-MeV ful l-energy-loss peak i n  t h a t  spectrum. 



The'remaining 200 channels of each analyzer  were used t o  make pe r iod ic  

checks on t& pos i t ions  of peaks i n  t h e  gamma-ray' s i n g l e s  spectrum, 

a s  well  a s  on the  pos i t ions  of the  pulse-height channels,  and t o  adjus t  

ampl i f ie r  ga ins  when necessary, 

. Because of the  in tense  r a d i o a c t i v i t i e s  b u i l t  up i n  the  NaI c r y s t a l s  

by neutrons from the  t a r g e t  there  was a high counting r a t e  of small- 

amplitude pulses. I n  order  t o  prevent these  pulses  from con t r ibu t ing  

t o  the dead time o f  t h e  analyzer  the  s e n s i t i v i t y  c o n t r o l  on the  anal.yzer 

was adjus ted  s o  a s  t o  cut out  ttie f i r s t  55 channels, Under these  condit ions ' 

the  dead-time cor rec t ion  was neg l ig ib le .  

Pe r iod ic  checks were made on the  timing i n  the  f a s t  coincidence 

c i r c u i t .  This  was done by examining the  shapes of the  beta-493-MeV-gamma 

double-coincidence pulse-overlap spec t ra  f o r  each of the  N ~ I  detectors., 

These s p e c t r a  were recorded when t h e  pulse-height channel was centered 

i n  t h r e e  d i f f e r e n t  pos i t ions ,  i.e. a t  i ts  normal pos i t ion  (channel 140 - 
see Fig. 2B)!, a t  channel 70 and a t  channel 100. From t h e  shapes of  . these  

spec t ra  and the  pos i t ion  of t h e  peak o f  t h e  pulse-overlap spectrum r e l a t i v e  

t o  a  low-level d iscr iminator  s e t t i n g  imposed on the  f a s t  coincidence pulses  

i t  was poss ib le  ' t o  show t ha t  t h e  coincidence e f f j  ciency was c lose  t o  100% 

over t h e  e n t i r e  range of pulse he igh t s  t h a t  was displayed. 

I t  was t,he ' o r i g i n a l  i n t e n t i o n  i n  t h i s  work t o  kmprove the  s t a t i s t i c s  

by adding together  the coincidence da.ta displayed i n  the  two pulse-height 

analyzers. However, during t he course of t h e  experiments one o f .  the  NaI 

d e t e c t o r s  developed comparatively poor pulse-height r e so lu t ion  c h a r a c t e r i s t i c s  

thereby making i t  undesirable t o  add the  da ta  together .  



- 15  - 
EXPERIMENTAL RES ULTS 

A 1 1  of the  812 coincidence data  were taken when using a 1.5-MeV 

deuteron beam a t  an average current  of 0.010 vamp on t h e  t h i c k  B 
11 

t a r g e t ,  This beam current  was es tab l i shed  as  the s a f e  maximum f o r  taking 

data  s ince  i t  was found t h a t  a t  cu r ren t s  of 0,315 vamp, o r  higher,  

i n s t a b i l i t i e s  began t o  appear i n  some of the c i r c u i t s  and there  was a 

not iceable  d e t e r i o r a t i o n  of r eso lu t ion  i n  t h e  displayed pulse-height 

spec t ra  of t h e  NaI detectors.  A t  0.31 vamp the  ne t  counting r a t e  i n  

the beta-ray de tec to r ,  corrected f o r  s c a l e r  dead-time and in'cluding only 

those beta  rays  wi th in  t h e  12-nsec gate ,  was 47,000 per sec ,  Separate 

measurements of t h e  beta-ray counting r a t e s  w i t h  and without t h e  Be 

collimator-absorber indica ted  t h a t  i n  the  normal arrangement 70% of 

the  beta rays  came d i r e c t l y  from the  source while the  remainder a r r ived  ; 

a t  the de tec to r  a f t e r  s c a t t e r i n g  out of the  coll imator,  Thus, although 

the  beta-ray de tec to r  subtended a s o l i d  angle of 5.fl0 of 4n a t  the  source 

i t  a c t u a l l y  counted 7.9% of a l l  b e t a  rays  emitted,.  

Figure 21% shovrs t h e  s i n g l e s  pulse-height spectrum from the  North 
' 

NaI c r y s t a l  (having the b e t t e r .  pulse-height r e so lu t ion)  taken a f t e r  

severa l  days of continuous operat ion i n  one of the  runs. The prclmi'aent 

4.43-MeV full-energy-loss and one-escape peaks and the underlying brems- 

s t rahlung continulna a re  due t o  g12. I n  add i t ion  t o  the  weak 4.434eV 

two-escape peak (not i d e n t i f i e d  i n  the  f i g u r e )  the re  is a peak a t  channel 

87 and a r i s e  i n  the y ie ld  below channel 65, These l a t t e r  f e a t u r e s  resu l t ed  

from the  a c t i v a t i o n  of the  c r y s t a l  by neutrons from t h e  ~ ~ ~ ( d , n ) ~ ~ ~  react ion.  

24 Three a c t i v i t i e s  t h a t  occurred were Na , 1128 and F ~ O .  ~a~~ has a half-  

l i f e  of 15 hours and resu l t ed  i n  the 2.75-MeV gamma-ray peak a t  channel 87. 



The r i s e  i n  the  curve below channel 65 corresponds t o  be ta  rays from 

( h a l f - l i f e  25 ;in. and end-point energy 2.12 MeV). ~a~~ and I 128 

were both caused by neutron capture. F20, having a h a l f - l i f e  of 11.4 

s e c ,  was produced i n  the  c r y s t a l  by the ~ a ~ ~ ( n , a ) ~ ~ O  react ion .  I t  was 

a much weaker a c t i v i t y  but i ts  presence was ind ica ted  by a 1.634eV 

gammk-ray peak a t  channel 5 1  i n  t h e  gamma-gamma coincidence spectrum 

' ( t h i s  por t ion  of t h e  spectrum was normally ciit out  by the  analyzer  

s e n s i t i v i t y  con$rol) .  Such coincidences occur when the  pulses  from. 

the  F20 beta  r ays  (which have an end-point energy of 5.4. MeV and a l l  

decay t o  t h e  1.63-MeV first e k c i t e d  s t a t e  of N ~ ~ O )  l i e  wi th in  t h e  channel 

(Fig. 2B) and when the  1.63-MeV gamma rays  escape and a r e ' d e t e c t e d  i n  

the  opposi te  c r y s t a l .  

One of the  main problems i n  t h i s  work was t o  achieve long-term 

s t a b i l i t y  of t h e  photomul t ip l ier  gains. An ordinary  ga in - s t ab i l i z ing  

c i r c u i t  could not be used because of the  very high i n t e n s i t y  of gamma rays  

during the  i r r a d i a t i o n  p a r t  of t h e  cycle. ~ c t u a l l y  i t  was found t h a t  

t h e  6342A photo tubes had a ga in  t h a t  was count-rate dependent, but t h a t  

a f t e r  radioact ive  equi l ibr ium had been a t t a i n e d  the  r a t e  of s h i f t  of the  

4.43-MeV peak a t  channel 140 was usual ly  l e s s  than one channel i n  e i g h t  

hours. A method th:t was used i n  some of the  f i n a l  runs f o r  reaching 

equi l ibr ium more qiiickly was t o  bmbard  the  t a r g e t  f o r  15 hours wi th  a 

beam current  of 0.02 vamp, cut  o f f  the  beam f o r  1/2 hour and t h e n ' b r i n g  

i t  back. on a t  the normal current  o f  0.01 pamp, IJndar t hese  condi t ions  

the  ~a~~ a& a c t i v i t i e s  were each i n  equil ibrium and coincidence d a t a  

could then be taken without d i f f i c u l t i e s  from gain  s h i f t s .  

Figure 2B shows t h e  s i n g l e s  spectrum when imposing the  pulse-height 



channel used f o r  the  coincidence measurements. I n  a l l  of the  work t h e  ' 

f u l l - e n e r g y ~ l o s s  peak of  the  4 , 4 3 - ~ e ~  gamma rays  was a r b i t r a r i l y  centered 

a t  channel 140 i n  each of t.he pulse-height analyzers. 

The spectrum from t h i s  same NaI de tec to r  taken i n  coincidence with 

the beta-ray de tec to r  is shown i n  Fig .  3, That t h i s  spectrum has very 

near ly  the  shape expected f o r  monoenergetic gamma rays  of 4.43-MeV was 

demonstrated by  separa te  experiments i n  which a t a r g e t  of was placed 

i n  the  norma1:so urce pos i t ion  and bombarded w i t h  1.3-;deV protoils. Tl~t: 

1s. 
N ( p , a ) ~ 1 2  reac t ion ,  which r e s u l t s  almost e n t i r e l y  i n  4.45-McV gamma 

rays ,  was used t o  examine the  shapes of the  spec t ra  w i t h  and without the  

Be coll imator and brass  absorber, t o  check the absorption f a c t o r s  used in  
A 

the ca lcu la t ions ,  t o  f i n d  t h a t  the  f r a c t i o n  of pure 4.43-MeV gamma-ray 
A 

spectrum ly ing  wi th in  t h e  pulse-height channel as  defined i n  Fig. 2B 

was 0.295 and t o  ob ta in  a value of 0.256 f o r  t h e  photo-peak t o  t o t a l  r a t i o .  

The coincidence spectrum of Fig. 3 served a number of purposes, one of which 

was a consistency check on some of the.  gamma-ray e f f i c i e n c y -  f a a t o r s  used. ' 

i n  the  ca lcu la t ions  a s  wel l  as v e r i f i c a t i o n  t h a t  possible cor rec t ions  f o r  

coincidence ef f ic iency and analyzer dead-time were indeed small enough ' . 

t o  neglect.  This  check. consisted of comparing the measured coincidence 

r a t e  i n  Fig. 3 under the full-energy-loss peak (15.1 counts per sec a f t e r  

making a 2.590 cor rec t ion  f o r  random coincidences - see  below) with the r a t e  

expected according t a  the  beta-ray counting r a t e ,  the  known beta-ray branch 

o f  1.3% t o  t h e  4.43-MeV l e v e l ,  and the  o v e r a l l  photo-pkik ef f ic iency.  ' The 

l a s t  of these  f a c t o r s  was derived from the  peak-to-total value of  0.256 

given above together w i t h  the t o t a l  e f f i c i ency  and absorption f a c t o r s  

discussed i n  the next, sec t ion.  An expected coincidence r a t e  of 16.0 counts 



per  s e c  under the fu l l -energy- loss  peak was obta ined  from t h i s  ca l cu la t ion .  

Although the  agreement w i th  t h e  observed r a t e  is very good i t  must be 

pointed o u t  t h a t  the e s t ima ted  probable e r r o r  i n  the  p red ic t ed  r a t e  is 

15-2070. 

The coincidence r a t e  obtained from Fig. 3 was a l s o  used, t oge the r  

w i t h  t he  two s i n g l e s  r a t e s  and the  r e s o l v i n g  t ime of  8xl0-? s e c  t o  

c a l c u l a t e  the  tell-to-random r a t i o  f o r  beta-gamma coincidendes. In t h a t  

p a r t  of t h e  spec.trum corresponding t o  t h e  channel shown i n  Fig. 2B t h e  

c a l c u l a t e d  real-to-random r a t i o  was 38. T h i s  was v e r i f i e d  roughly by 

observing t h e  r a t e  when a long de lay  cable  was i n s e r t e d  i n  one branch of  

t h e  coincidence c i r c u i t .  I n  t h i s  c a l c u l a t i o n  a s  w e l l  a s  i n  t he  random 

coincidence c a l c u l a t i o n s  d iscussed  l a t e r  t h e  70% duty-cycle f o r  count ing  

was taken i n t o  account ,  but r a t h e r  t h a n  c o r r e c t i n g  f o r  t he  33% decrease  

i n  the  BI* i n t e n s i t y  du r ing  t h e  1 L m s e c  g a t e  t h e  a c t i v i t y  was approximated 

a s  having a cons tan t  average r a t e  w i t h i n  t h e  counting i n t e r v a l .  

By comparing Fig. 3 wi th  Fig. 2A it was poss ib le  t o  e s t a b l i s h  t h e  

l e v e l  of  t he  bremsstrahlung continuum l y i n g  under t h e  4.43-MeV peaks i n  

Fig. 2. The dashed l i n e  i n  Fig. 2A has been drawn s o  t h a t  it e x t r a p o l a t e s  

smoothly from the  bremsstrahlung a n t i n u u m  above channel 160 and such t h a t  

when i t  was s u b t r a c t e d  from t h e  t o t a l  curve t h e  remainder had the  same shape 

a s  the  4.43-MeV gamma-ray spectrum i n  Fig. 3 between channels  100 and 150. 

Having obta ined  the  l e v e l  of t h e  b r e r n s s t r a h l ~ n ~  i t  was c a l c u l a t e d  t h a t ,  of 

t he  t o t a l  number of counts  w i t h i n  the channel  given in 'F ig .  2B, 59% r e s u l t e d  

from 4.43-MeV gamma rays  whi le  the  remainder was .due t o  bremsstrahlung. 

A t  t h i s  po in t  i t  may be mentioned t h a t  t h e  channel  cond i t i on  on t h e  

gama-ray d e t e c t o r  ou tpu t s  was s e l e c t e d  s o  a s  t o  give a f a v o r a b l e  r a t i o  of 



counts  due t o  t h e  4,43-MeV gamma r a y s  r e l a t i v e  t o  counts  a s s o c i a t e d  

w i t h  t h e  underlying bremsstrahlung continuum, ye t  t o  r e s u l t  i n  a 

reasonable  y ie ld .  Had t h e  channel  been widened on the  low-energy s i d e ,  

t o  inc lude  a l l  of the  one-escape peak f o r  example, t h e  coincidence 

y i z l d  of 3.23-MeV gamma-ray counts  would have been g r e a t e r  bu t  t h e r e  would 

have. been a p ropor t iona te ly  l a r g e r  i nc rease  i n  t h e  background, a s  may be 

e a s i l y  seen  i n  Fig. 2 from t h e  way i n  which t h e  bremsstrahlung y i e l d  

i n c r e a s e s  w i t h  decreas ing  energy. In the  case o f  gamma-ganma coincidences 

another  concern was t h a t  i f  t h e  channel  were made t o o  wide i t  might inc lude  

counts  due t o  t he  sumning of t h e  1.39-MeV be ta  r a y s  and the  1.374leV gamma 

24 
r ays  of N a  . The escape  and coincidence d e t e c t i o n  o f  the  2.75-hiev gamma 

ray  i n  the oppos i te  c r y s t a l  might then r e s u l t  i n  a bothersome background 

peak. 

The best r e s u l t  on 1312 gamma-gamma coincidences is shown i n  Fig.  4. 

Th i s  is t h e  spectrum f o r  t he  North c r y s t a l  ob ta ined  in  a 75-hour run  i n  

which t h e  d a t a  were read  out  about e v e r y  10 hours. During ' t h i s  same 

per iod  the s c a l e r  t h a t  recorded t h e  South c r y s t a l  channel ou tput  r e g i s t e r e d  

8 1.17~10 counts.  I t  is seen  t h a t  i n  a d d i t i o n  t o  t h e  4.43-MeV peaks and 

t h e  bremsstrahlung continuum t h e r e  a r e  two a d d i t i o n a l  weak, b u t  s t a t i s t i c a l l y  

well-defined peaks which correspond c l o s e l y  t o  t h e  expected p o s i t i o n s  of 

t h e  f ull-energy-loss md one-escape peaks of t h e  3.234eV cascade g a m a  rays.  

The s t a t i s t i c a l  e r r o r  is i n d i c a t e d  f o r  one of  t h e  p o i n t s  on the  3.23-MeV 

fu l l -energy- loss  peak. The dashed li.ne r e p r e s e n t s  t h e  b e s t  ed t ima te  f o r  

t h e  background l e v e l  under tk  3.23-MeV peaks. I t  has been drawn s o  a s  t o  

inc lude  a 4.43-MeV two-escape peak centered  a t  channel 110, which according . 

t o  Fig. 3,  should have a n e t  amplitude about 10% a s  g r e a t  a s  t h a t  of t he  

4.43-MeV ful l -energy-loss  peak. 'The n e t  a r ea  i n  Pig. 4 between the  t o t a l  



smooth curve and the dashed background curve .amounts t o  896 counts i n  

the 3.23-UeV full-energy-loss peak, o r  12 counts per hour. Because t he  

shape of t'he background -is not known accurately the  est imated e r r o r  i n  

the area of the  photo-peak is  20%. .The net  amplitude of the  one-escape 

peak is  about half a s  great  a s  t ha t  of the full-energy-loss peak.,  This . 

is  the r a t i o  expected frsm separate experiments on the  c ~ ~ ( ~ , ~ ) c ~ ~  r eac t i on '  

i n  which it had been .shown previously t h a t  the amplitude r a t i o  of the 

full-energ$-loss t o  one-escape peaks . for  gamma rays of 3.1MeV is close  

t o  2 f o r  t h i s  s i z e  NaI detector .  

A ca l cu l i t i on  of the randon' coincidence r a t e  was made f o r  the  gamma- 

gamma coincidence run of Fig, 4. Over the region of the spectrum defined 

by the channel given i n  Pig. 2B the calcula ted real-to-random r a t i o  was 

6.6. There seemed t o  be no need f o r  checking t h i s .  r a t i o  experimentally, -7  

I n  the  gamma-gamma coincidence spectrum of the  South c r y s t a l  recorded 

during t h i s  same run the  3.23-MeV peaks were present ,  but s ince  they were 

not nearly so  wel l  defined as  i n  Fig, 4.(because of the  poorer pulse-height 

resolut ion) ,  the  da ta  could not be used f o r  ca lcula t ions .  several '  previous 

gamma-gamma coincidence runs of 30 . t o  70 hours durat ion had been made i n  

which the 3.23-MeV peaks had appeared with varying degrees of c r ed ib i l i t y .  
. . 

Figure 5 shows the  beta-gwuna-gamma t r i p l e  coincidence spectrum f o r  

the  North c r y s t a l  obtained by t o t a l i ng  2.69 hours of data. The dashed l i n e  

represents  t h e  bes t  est imate of the  shape of the spectrum lying under 

the 3.23-MeV peaks and i t  incrudes a 4a43-MeV. two-escape peak centered a t  

channel 110. I n  s p i t e  of the poorer s t a t i s t i c s  (as  indicated f o r  one of 

the points)  than i n  the .gamma-gamma coincidence data of  Fig. 4 the  f u l l -  
. . 

energy-loss and one-escape peaks of the 3.23-MeV gamma rays stand out more 

c l ea r l y  i n  the t r i p l e  coincidence. run.. Thus, i n  the  double coincidence 



spectrum the net  height of the full-energy-loss peak i s  18% above the  

estimated background whereas i n  ' the  t r i p l e  coincidence spectrum i t  i s  

44% above the background. It may be noted t ha t  except f o r  the  3.23-MeV 

peaks the  shape of the t r i p l e  coincidence spectrum rather  c losely  ap- 

proximates the shape of the s ing les  spectrum (Pig. 2A). 

The t r i p l e  coincidence spectrum of the South c rys t a l  obtained during 
' 

t h i s  aamc ceries of runs a l s o  dcf i.ned the 3.23-MeV peaks well  enough s o  . 

t ha t  the data.could be used for  calculations.  The separate r e s u l t s  based 

on the North and South c rys t a l  da ta  di f fered by lao Their average was 

245 counts under the  3.23-MeV full-energy-loss peak, o r  an average r a t e  of 

0.91 count's per hour. Here again the amplitude r a t i o  af the 3e23-MeV 

full-energy-loss t o  one-escape peaks was found t o  be about 2 i n  both of 

the t r i p l e  codncidence spectra. 

  and om coincidence calculations were made f o r  the North c rys t a l  

t r i p l e  coincidence spectrum. Tn t h i s  case there wese three  contributions,  

including (a) r e a l  b e t a - g a m  coincidences (North c rys ta l )  i.n random 

coincidence w i t h  the  channel on the South c rys t a l ,  (b) r e a l  gamma-gamma 
C 

coincidengles (with the channel on  t he  South c rys ta l )  i n  rancloy coincidence 

with the beta-ray detector,  and ( c )  uncorrelated random t r i p l e  coincidences 

involving the  North c rys ta l ,  the  channel on the South c rys t a l  and the beta- 

ray detector.  By summing these contributions the  real-to-random r a t i o  over 

the region defined by the channel given i n  Fig,' 2B was calculated t o  be 4.6. 

O f  the t o t a l  random coincident= r a t e  the f r ac t i uua l  coatributiono of 

e f f e c t s  (a),(b) and (c) were. 83X, 16%, a ~ d  1% respeetivcly.  

ANALYSIS AND DISCUSSION 

During the e a r l i e s t  s tages  of the present work no measurements had 

been nade on the 3.23-MeV-gamma-ray branching from the c12 7.66-MeV s t a t e .  



I t  'had been hoped t ha t  the  observation of t h i s  gamma ray i n  B12 decay 

would lead t o  a value f o r  the  gamma-ray branching based on the  reported 

beta-ray branching i n t e n s i t i e s  t o  the  4.43- and 7.66-MeV s t a t e s .  If t h i s  

approach. were s t i l l  t o  be followed the  observed 3.23-MeV gamma-ray 

i n t ens i t y ,  taken.  together Y i t h  t h e  (1.3 - + 0.4)9. beta-ray branch1 t o  the  

7.66-MeV l e v e l ,  would correspond t o  P /r = (3.8 2 1.5)x104, a value 
Y 

having a probable e r r o r  of 40%. (This calculati.on was s imi la r  t o  those 

described below), However, there  have now been two nuclear reac t ion  

de terminations3 '4 of the 3.23-MeV gamma-ray branch which have a weighted 

mean value of (2.9 2 0.3)x104. Since t h i s  number is already known with 

an accuracy of 10% the  usefulness of the present work, as ide  from the  

d i r e c t  observation of the  3.23-MeV gamma rays ,  is  tha t  i t  permits an independent,:, . : ,  

determination t o  be made of the B~~ beta-ray branch t o  the 7 . 6 6 - ~ e ~  s t a t e .  It .:: .. .-, ~ 

has of course been assumed tha t  the 3.23-MeV peaks found i n  these  experi- , . :.I . .., . 

ments were r e a l  and t ha t  they were ac tua l ly  associated with B~~ and no t  with \ .:., 
',!.. :,. 

background react ions  o r  a c t i v i t i e s  t h a t  were overlooked. I n  the calcula t ions  
:. .. ... . .  . . .. . I 

t h a t  fol low the y ie lds  have been t r e a t ed  a s  having resu l t ed  e n t i r e l y  from , ,. . .. - .  . . . . 

ordinary beta-gamma-gamma coincidence e f f e c t s  i n  B12 decay, although a l t e r n a t e  

processes were considered. Thus, i t  was estimated from the magnitude of the  

bremsstrahlung-4.43-MeV-gama coincidence yie ld  i n  Fig. 4 t h a t  there  was a 

completely negl ig ible  contr ibut ion t o  t he  3.23-MeV peaks i n  Figs. 4 and 5 

a r i s i n g  from coincidences between the 3.23-MeV ganuna rays and the  brems- 
- 

8trahltmg associated with beta rays feeding the 7.66-MeV s t a t e .  

By using the gamma-gamma coincidence data  of Fige 4 the  beta-ray 

branching B7, 66 t o  the 7.66-MeV s t? . te  was calcula ted according t o  t he  

re la t ionsh ip ,  



where N i s  the  number of counts i n  the 3.23-MeV full-energy-loss peak, 
YY 

i s  0.59 times the t o t a l  number of s ca l e r  counts recorded f o r  the  
N4.43 

channel of the South c rys ta l  spectrum, B4* 43 is  the  known beta-ray 

branch of (1.3 - + 0.1)% t o  the 4.43-MeV leve l ,  r / P  has the  value 
3 m23Y 

2 . 9 ~ 1 0 ~ ~  as  discussed above, 
'3.23 

i s  the ove ra l l  photo-peak e f f ic iency  

f o r  the 3.23-MeV gamma rays  and Ce is a correct ion f a c t o r  allowing f o r  

the  effect  of the 0-2-0 angular cor re la t ion  between the 3.23- and 4,..43-MeV 

gamma rays,, C has been estimated t o  be 1.10 or s l i g h t l y  l e s s  than the 
8 

fac tor  given i n  Ref. 3 because o f . t h e  somewhat d i f f e r en t  geometry used 

i n  t h i s  case. The e f f ic iency  E3a23 was found by multiplying the  t o t a l  

efficiencg12 of 0.132, f o r  a 5'tx511 NaI c r y s t a l  a t  a gamma-ray energy of 

3.23 MeV and a t  the  source-to-crystal.distance of 3.15 cm used i n  t h i s  

experiment, by a peak-to-total r a t i o  of 0.30 and a l s o  multiplying by a 

correct i  on . factor  of 0.77 t o  allow 101 Ll~e absorprion of the gamma rays 

i n  the Be and brass. Data given by May and ~ a r i n e l l i l ~  were used a s  the  

hasis fo r  deriving the peak-te. tota1 r a t i o  of 0.30 f o r  3.23-MeV gamma rays. 

This r a t i o  and the experimental r a t i o  of 0.256 fo r  the 4.43-MeV gamma rays 

obtained i n  the  present work are consis tent  i n  t h e i r  r e l a t i v e  values with 

the expected var ia t ion  of the peak-to-total r a t i o  with gamma-ray energy. 

12. S.H. Vegors, L.L. Marsden and R.L. Heath, Calculated Ef f ic ienc ies  of 

Cyl indr ical  R a d i a t b n  Detecto'rs, Ph i l l i p s  Petroleum Co. Report IDO, 

16370 (1958) (unpublished). 

13. Proceedinzs of Total Absorption Gamma Ray Spectrometry Symposium, Gatlinburg, 

Tennessee, U.S. Atomic Energy Commission Report, TID 7594 (1960) (unpublished). 



-2 The. o v e r a l l  3.23-MeV photopeak e f f i c i e n c y  obta ined  was = 3.05~10 
3.23 

When a l l  o f  . t h e  n u c t ~ e r s  a r e  i n s e r t e d  i n t o  Eq. (1) t h e  r e s u l t i n g  value 

for B7.66 
i s  1.73x10-~ wi th  an es t imated  probable e r r o r  of about  30%. 

A c a l c u l a t i o n  of B 7 -66 was made from the  average of t h e  two t r i p l e  

coincidence s p e c t r a ,  one of  which i s  shown i n  Fig. 5, by us ing  t h e  

r c l a t  i onsh ip  

where N i s  the  average n e t  a r e a  of 245 counts  under t h e  3.23-MeV 
9 Y v  

10 
fu l l -energy- loss  peak, N i s  t h e  t o t a l  number o f  beta-ray counts  ( 4 . 9 ~ 1 0  1, 8 
and t h e  remaining f a c t o r s ,  o t h e r  t han  E4043, a r e  the . same a s  i n  Eq. (1). 

4.43 i s  the  e f f i c i e n c y  f o r  d e t e c t i n g  4.43-MeV ganma rays  wi th in  t h e  

- 2 
channel a s  shown i n  Fig. 28. A value  of 3 .03~10 f o r  E4e,3 was obta ined  

. - 

by mul t ip ly ing  the  t b t a l  4.43-1~ev gamma-ray e f f  ic iency12 of 0.129 by t h e  
. .., . . . . 

f r a c t i o n  (0.295) o f  the  t o t a l  spectrum l y i n g  w i t h i n  t h e  channel  (der ived  
. . .  

15 12  
from t h e  N - (p,n)C spectrum a s  mentioned previous ly)  and by an abso rp t ion  

f a c t o r  o f  0.79. When all of t h e s e  numbers a r e  i n s e r t e d  i n t o  Eq. (2) t h e  

r e s u l t i n g  v a l t p  for R i s  1.6m1f: w i t h  an es t imated  probable e r r o r  
7.66 

of a bout ' 30%. 

An assumption t h a t  has been made i n  t h e  t r i p l e  coincidence c a l c u l a t i o n s  , 

i s  t h a t  t h e  c o n t r i b u t i o n s  of t h e  v a r i o u s  beta-ray branches t o  t he  r a t e  N B 
were i n  t r u e  p ropor t ion  t o  t he  a c t u a l  branching . i n t e n s i t i e s ,  Th i s  is  

a l ~ a o s t  c e r t a i n l y  . t r u e  f o r  t h e  70% of t h e  be t a  r a y s  t h a t  passed d i r e c t l y  

from t h e  source t o  t he  de t ec to r .  For t h e  30% c o n t r i b u t i ~ ~ j n  of be t a  rays  t h a t  

. s c a t t e r e d  out  of  t h e  Be col l imator-absorber  and then  en te red  the  d e t e c t o r  



i t  has been assumed t h a t  the  f r a c t i o n  o f  those beta  rays  leading t o  the  

- 
7.561deV lev91 (end-point energy 5.7 MeV) t h a t  s c a t t e r e d  out  was the same 

as  the f r a c t i o n  of t h e  ground-state beta rays  (end-point energy 13.37 MeV) 

t h a t  s c a t t e r e d  out. , A1thou:~h t h i s  approximat ion i s  uncer ta in  it i s  not ' l i ke ly  

t h a t  a l a rge  e r r o r  was introduced i n t o  the r e s u l t  by the d i f fe rences  i n  

s c a t t e r i n g  f o r  these  two beta-ray groups s ince  only 30% of the  beta-ray 

counts were involved. 

The separa te  measurements of B from the gamma-gamma and beta- 
7.66 

gamma-gamma coincidence work a re  i n  acc iden t ly  good agreement and the  

average value of (1.7 - + 0.5)% i s  adopted. A check on the  consistency of  

the  separa te  r e s u l t s  can be made by comparing t h e  ne t  y ie ld  of 12 counts  

per hour under the  3.23-MeV full-energy-loss peak i n  the  gamma-gamma coincidence 

run wi th  the r a t e  of 0091 counts per hour f o r  the t r i p l e  coincidences. The 

r a t i o  of these  y ie lds  is 13.2. Based on the  e f f e c t i v e  s o l i d  angle of 7.9% 

of 4n f o r  the  beta-ray de tec to r  t h e  y ie ld  r a t i o  of double coincidences t o  

t r i p l e  coincidences was expected t o  be 12.6. This  is i n  good agreement 

wi,th ,the ueasured ratio. 

The g12 beta-ray branch of  (1.7 + 0.5)% t o  the  7.66-MeV l e v e l  of C 
12 - 

fourld i n  the  present  work is s l i g h t l y  higher than the  branch of (1.3 2 0.4)% 

determined by Cook e t  a l ,  although the  e r r o r s  overlap. If these  separa te  

r e s u l t s  a r e  averaged the  branch becomes (1.5 2 0.3)X. The previously 

accqipted9 log f t  value of 4.2 f o r  this branch would thus  decrease by only 

0.05 as  a r e s u l t  of t h e  :present work. 



The author is indebted t o  Dr. D.1;. Wilkinson f o r  valuable d i scuss ions  

and t o  Drs, Seeger and Kavanagh f o r  furnishing  t h e i r  f i n a l  r e s u l t s  prior 

t o  publication,  Dr. R.E. P ix l ey  part ic ipated  in  the development o f  some 

of the techniques and collaborated on some of  the preliminary experiments. 



Fig. 1 . Experimental arrangement f o r  gamma-gama and beta-gamma-gama 
12 

coincidence measurements on B 

Fig. 2. Curve A ,  s ingles  spectrum i'n the  North NaI c rys ta l  showing the 

4.43-MeV gamma-ray peaks superposed on a bremsstrahlung continurn 

and a peak due t o  ~a~~ gamma rays. The dashed extrapolat ion of 

the bremsstrahlung curve lying under the 4.43-MeV peaks was made 

as described i n  the  text .  Curve B, s ing les  spectr~lpl when imposing 

the pulse-height channel condition used i n  the coincidence 

experinents. 

Pig. 3. Spectrum of B~~ gamma rays i n  coincidence w i t h  beta rays recozded 

i n  a 34-nin run. 

Pig. 4. B~~ gamma-gamma coincidence spectrum obtained i n  a 75-hour run. 

The da t a  represent the  spe.ctrurn of the North c rys t a l  i n  coincidence 

w i t h  a channel (as  i n  Pig. 2B) on the 4.43-MeV full-energy--loss- 

peak i n  the  South crysta l .  

Fig. 5. B~~ beta-gamma-gamma coincidence spectrum. The output of the 

North NaI detec.tor was disp.ltiyed i n  coincidence with a l l  beta 

rays and w i t h  a channel (as  i n  Pig. ,231 imposed on the South c r y s t a l  

output. ~ h e s e  da ta  represent the sum 'of runs t o t a l i ng  269 hours. 
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