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S u m m a r y .  - -  Doppler broadenings of positron annihilation radiation 
have been measured with a Li-drifted Ge-deteetor having a resolution 
of 1.76 keV FWHM for the 482 keV y-line of lSlHf. From the observed 
shapes of the photopeaks of the annihilation radiation in various metals, 
the functional form of the momentum distribution of the annihilating 
pair has been obtained. The least-square analysis of the experirnentM 
curves gives values for the FWHM of the unfolded pair momentum 
distribution curves as 2.7 keV for Cu, and 2.5 keV for Zn. These widths 
are consistent with angular correlation measurements on the annihilation 
quanta. Results obtained in the electric-field quenching in gaseous 02 
are presented. A double-subtraction method is presented and its ut i l i ty 
is discussed in determining the Doppler broadening of the radiation 
originating front the positron annihilation with bound atomic electrons. 
A search for the one-photon ( E =  (4/3)mc 2) decay has been made. The 
upper limit for the relative cross-section of the one-photon to two-photon 
free annihilation in potassium metal is < 7.0.10-L The relative merits 
of Doppler broadening and conventional techniques are compared. 

(') This research was supported by the U.S. Atomic Energy Commission, Con. 
tract AT(ll-1)-1198, through the MateriMs Research Laboratory, University of Illinois, 
and by the U.S. Atomic Encrgy Commission and the National Science Foundation 
through Carnegie-Mellon University. 

(**) This work was reported at the American Physical Society Meeting, New 
York (1967). 
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1. - I n t r o d u c t i o n .  

One of the p r i m a r y  interests  in the  s tudy  of posi t ron annihi lat ion in solids 
has been to measure  two-photon angular  correlations.  This type  of measure-  
men t  gives the  m o m e n t u m  distr ibut ion of the  center  of mass of the  annihi lat ing 
electron-posi tron pair  (~). Similarly, as a consequence of the  center-of-mass 
mot ion,  the  energies of the  annihi lat ion photons,  a l though infinitely sharp in 
the center-of-mass co-ordinate system, should be Doppler  broadened in the 
l abora to ry  system. The informat ion  obta ined b y  the  measuremen t  of this 
broadening is similar, in principle, to the  informat ion  obta ined f rom the angular  
correlation. An early measurement  of DUI~IOND, LIND, and WATSOn" in 1949 
and of LI~D and F[EDGRAN in 1951 using a ben t  crys ta l  spect rometer ,  showed 
tha t  the  effect was present  bu t  t ha t  i t  was difficult to observe (~). 

In  this paper  we repor t  a series of exper iments  to inves t iga te  the  use of 
high-resolution l i th ium-dr i f ted  ge rman ium (Ge-Li) solid-state detectors for the  
measurement  of Doppler  broadening and the  results  obta ined wi th  such tech- 
niques in the  s tudy  of posi t ron annihilation. These detectors,  in addit ion to 
a good energy resolution, have  a good t ime  resolution capabi l i ty  which is also 
a potent ia l ly  useful fea ture  in the  s tudy  of posi t ron annihi la t ion;  the  correla- 
t ion of l ife-t ime and the  m o m e n t u m  distr ibut ion can be measured  with rela- 
t ive  ease. 

A pre l iminary  s u m m a r y  of these results has been given earlier ("). Similar 
comparisons have  also been made  b y  o ther  groups (4). 

2.  - E x p e r i m e n t a l  p r o c e d u r e .  

We have  used l i th ium-dr i f ted  ge rman ium (Ge-Li) solid-state detectors for 
this work (*). The detectors  were p lanar  drif t  types  wi th  typica l  volumes 
around 3 cm". 

The detec tor  and the  preamplif ier  were cooled to l iquid-nitrogen tem- 
pera tures  in a cold-finger a r rangement .  The amplifier was a low-noise Tennelec 

(1) S. DE BENEDETTI, C. COWAN, W. KONNEKER and H. PR1MAKOFF: Phys. Rev., 
77, 205 (1950). 

(2) j .  ~V. M. DUMOND, D. A. LIND and B. B. WATSON: Phys. Rev., 75, 1226 (1949); 
A. HED(~nAN ~nd D. A. LIND: Phys. Rev., 82, 126 (1951). 

(8) K. ]{AMA •EDD¥, R.  A. CARRIGAN jr . ,  S. DE BENEDETTI a n d  I{. B.  SUTTON: 
Bull. Am. Phys. Sou., 12, 74 (1967). 

(~) H. P. HOTZ, J. M. MATHIESEN and J. P. HURLEY: Bull. Am. Phys. Sou., 12, 
74 (1967); Phys. Rev., 170, {1968); G. MURRAY: Phys..Lett., 24B, 26B (1967). 

(') These detectors were supplied by H. MAh'N of the Argonne National Laboratory 
counter development group to the Carnegie-Mellon University, Argonne National 
Laboratory joint muonic X-ray program. 
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Model TC-200. A Victoreen Model S-16 ACD-2 P (A) 3200 channel  analog to 
digital converter  was used to display the annihi lat ion peak,  typical ly,  in s ix ty  
channels. A gain stabilizer was used in conjunct ion with  radioact ive  sources 
to reduce the drifts in the  pulse amplif icat ion and analysis system. Wi th  the 
use of ga~in stabil ization,  g a m m a - r a y  peaks were broadened b y  less t han  one 
half chnnnel out of 3200 over  long count ing periods as compared to short  
counting times. 
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Fig. 1. - E n e r g y  s p e c t r u m  of t he  ~nn i h i l a t i on  r a d i a t i o n  in  va r ious  subs t ances  a long  
w i t h  t he  482 keV l ine of i s 'Hr .  F =  1.76 keV. 1 c h a n n e l =  0.217 keV. 

A carrier-free source of ~2Na of 50 microcuries was deposited on ½ m m  thick 
mylar  and sandwiched between the two pieces of the  mater ia l  under  study.  
The annihilat ion spec t rum was measured  as described previously.  Typical  
ins t rumental  resolutions in the  exper iments  have  been 1.76 keV F W H M  for 
482 keV lS~Hf g a m m a - r a y s  and 1.84 k e V F W H M  for 137Cs gamma- rays  of 
662.8 keV. In  this energy region the  line widths  and line shapes do not change 
~ppreciably; thus the  482 keV g a m m a  line is assumed to give the  ins t rumenta l  
resolution of the  annihi lat ion experiments .  Typical  exper imenta l  spectra  of 
the annihilat ion radiut, ion in various mater ia ls  and of the  calibration line t aken  
simultaneously are given in Fig. 1. Dist inct  changes are noticeable in the 
shapes of the  annihi lat ion peaks f rom one substance to another.  



108 K.  RAffIA R E D D Y  and ~ .  A. C A R R I G A N  jr. 

3.  - A n n i h i l a t i o n  i n  m e t a l s .  

I n  th i s  Sec t i on  we cons ide r  to  w h a t  e ~ t e n t  a m e a s u r e m e n t  of D o p p l e r  

b r o a d e n i n g  can  b e  u sed  in t h e  s t u d y  of t h e  e l e c t ron i c  s t r u c t u r e  of m e t a l s  a n d  

how th i s  c o m p a r e s  w i t h  t h e  a n g u l a r - c o r r e l a t i o n  m e t h o d .  The  m e a s u r e m e n t s  

of a n g u l a r  d e v i a t i o n  0 f rom 180 ° b e t w e e n  t h e  two  p h o t o n s  a n d  of t h e  f r a c t i o n a l  

change  in  t h e  p h o t o n  e n e r g y  A E / m c  2 are  r e l a t e d  b y  a f a c t o r  of two,  i.e., 

0 --  2 A E / m c  2. The  r e l a t i o n  0 = 2 A E / m c  ~ is v a l i d  on ly  when  t h e  m e a s u r e m e n t s  

a r e  m a d e  for  t h e  s a m e  c o m p o n e n t  of t h e  c e n t e r - o f - m a s s  m o m e n t u m ,  s ince  t h e  

ang le  0 is r e l a t e d  to  t h e  t r a n s v e r s e  cen t e r -o f -mass  m o m e n t u m  (0 = p . / m c ) a n d  

t h e  b r o a d e n i n g  A E  is r e l a t e d  to  t h e  l o n g i t u d i n a l  c en t e r -o f -mass  m o m e n t u m .  

The  c e n t e r  of g r a v i t y  of t h e  a n n i h i l a t i o n  r a d i a t i o n  also c o n t a i n s  i n f o r m a t i o n  

on t h e  a v e r a g e  e n e r g y  of t h e  a n n i h i l a t i n g  s y s t e m  which ,  in  t u r n ,  is r e l a t e d  

to  t h e  ef fec t ive  masses  i n v o l v e d .  H o w e v e r ,  t h e  e x p e c t e d  sh i f t  in  t h e  c e n t e r  of 

g r a v i t y  is of t h e  o r d e r  of 10 eV which  is s t i l l  b e l o w  t h e  l i m i t  of e n e r g y  de te r -  

r u i n a t i o n  w i t h  Ge(Li)  de t ec to r s .  

TABLE I. -- Comparison o/ techniques. 

Conventional angular 
correlation technique 

Angular correlation 

Feature  

1) Basic measurement 

Doppler broadening 
technique 

Line broadening 

2) Resohltion Very good: } nlrad typ-  Not v c r y g o o d a t  present, best 
ieal, 4 mrad _~ 1 keV FWHM = 1.5 keV (equivalent 

to 6 mrad) bu~ might  improve 

3) Electronic circuitry High-speed coincidence Linear  pulse anMysis system 
circuitry 

4) Measured parameter  Transverse pair  momen- Longi tudinal  pair  momen- 
tum tmn 

5) Use a) Useful only for 2-pho- 
ton decay 

b) Desired portion of the 
curve can be scanned 
at  will 

Constraints on the sam- 
pie are a problem: lim- 
its the angular resolu- 
tion, counting rate,  etc. 

6) Sample constraints 

a) Useful for 2-photon, 3- 
photon and 1-photon decay 

b) Ent i re  energy speetrmn is 
obtained simultaneously 

No problem in working with 
gases, plasma, high pres- 
sures, temperature,  electric 
and magnetic fields, etc. 
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In  Doppler  broadening measuremen t s  the  resolut ion is l imited b y  the  de- 
tector and associated electronics. The expected  change in energy is AE = 
= (%/2c)  Eo = 1.5 keV for an electron wi th  Fe rmi  veloci ty  v F = 1.8.108 cm/s. 
Good resolutions are 1.5 keV corresponding to 6 m r a d  in angular  correlat ion 
measurements .  I n  angular  correlat ion exper iments  the  resolut ion is l imited b y  
t%e slit geomet ry  and the  physical  dimensions of the  source and sample.  A 
t.ypieal value is ½ mrad.  Thus the  resolut ion is more  than  a factor  of ten be t t e r  
for angular  correlation.  However ,  in Doppler  broadening measuremen t s  the  
instrumental  resolution can be determined direct ly b y  observat ion of a gamma-  
ray line, while there  is no such convenient  cal ibrat ion in angular  correlation.  
Pract ical  da ta  acquisi t ion rates  appear  to be more  t han  an order of magn i tude  
bet ter  for the  Doppler  broadening technique,  using much  weaker  sources. As 
a result the  Doppler  broadening is par t icular ly  useful for s tudying the  m o m e n t u m  
distr ibution in the  region of higher momen ta .  I n  this region the  angular  correla- 
tion measurements  suffer because aeeidental  counts become increasingly signif- 
icant. In  Table I the  re la t ive  advantages  of the  two techniques are compared.  
In spite of its m a n y  advantages ,  the  poor resolution of the  present  technique 
poses a serious prob lem for a quan t i t a t ive  in te rpre ta t ion  of the  exper imenta l  
data.  To overcome this difficulty, we have  adopted  the  following procedure  
for unfolding the  ins t rumenta l  resolution. 

The ins t rumenta l  resolution line shape was assumed to be a sum of two 
G~mssians with the  same posi t ion bu t  differing in ampl i tudes  and  widths. The 
b~wkground in the region of the peak  w~s assumed to follow a cubic polynomial .  
The assumed line shape is 

(1) / (E ,  ao ... a~) = 

3 

= ~, a~ E '  + a4 exp [ - -  as[E  - -  a6] 2] -~- a, exp [ - -  a s [ E - -  a~] ~] . . . ,  
i ~ 0  

where tile a 's  are the  fitted pa ramete r s  to be  de te rmined  f rom the  exper imenta l  
data.  The values of these pa ramete r s  are found b y  the me thod  of least-squares 
~malysis whic.h minimize the  funct ion S '2 defined as. 

(2) S~ ::  ~ [F(Ed --/(Z,,  ao... a~)p W , ,  
i - -0  

where F(E~) is the  measured  quan t i ty  referring to the  i - th  da ta  point  wi th  a 
st atistic:d weight  W~ and ;g~ S'2/number of degrees of freedom. 

The t rue  energy dis t r ibut ion in the  Doppler  broadening is assumed to be 
symmetr ic  about  the  mean  posit ion,  Eo, and to follow a funct ional  form 

4 

~ ( E )  =- $. [b, + c,(IE--E0r)'], 
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where it is assumed tha t  contr ibut ions  f rom each t e rm  [b~ + c~(IE--Eol) ~] is 
posi t ive definite. This fo rm explici t ly  contains the  t runca ted  parabo la  expected  
on the basis of the  free electron model.  Using the  analy t ic  expression for the  
ins t rumenta l  resolut ion a convolut ion funct ion is defined b y  g(E): 

g(E) =f /(E, E,) dE' .  

The funct ion g(E) is compared  wi th  the  exper imenta l  data ,  po in t  b y  point ,  
in the  same manner  as the  resolut ion line shape. 
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In  Fig. 2 the  continuous curves represent  the  calculated least-squares fit 
to the  exper imenta l  da ta  (denoted b y  circles). The abcissa is the  energy and 
the  ordinate  is the  counts per  uni t  energy in terva l  per  uni t  t ime.  The nor- 
malized Z2 is greater  t han  one, reflecting the  fact  t ha t  i t  is not  a perfect  fit. 
Similar %~ were obta ined in fi t t ing the  cal ibrat ion line, indicat ing t h a t  mos t  
of the  difficulties in obtaining a good fit involve reproducing the  cal ibrat ion 
line. In  this connection it  should be noted  t h a t  the  lines contain ten to one 
hundred t imes as m a n y  counts as the  lines employed in mesic X - r a y  spec- 
t roscopy and consequent ly  the  fi t t ing problem is correspondingly more  difficult. 
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l~esults obtained for momentum distributions ~fter unfolding the instru- 

mental  resolution are given in Fig. 3. In  the same Figure corresponding angular- 

correlation results (5) are given for com- 
parison purposes and the agreement 

enn be seen to be good with no system- 
~tic difference appearing ~s a func- 

t ion of ,~ngle. We have also used a 
Fourier- t ransform method (~) for unfold- 
ing the instrumental  resolution. Error  

estimates were not made for the Fou- 
rier-trnnsform method.  However,  the 

agreement between the two unfolding 
techniques is reasonnble if not  perfect. 

02 

0.5 

8 
~o 

o 

0.2 

Fig. 3. - Comparison of the pair-momen- 
tl~m distribution spectrum obtained from 
the Doppler broadening technique and the 
angular correlation (5) technique; points (o) 
represent the result of the Fourier trans- 
form method (.) are from the polynom- 
inal method, and (A), angular correlation 

result (~). 
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4 .  - A n n i h i l a t i o n  i n  g a s e s .  

There are two competing processes for positron ~nnihilation in gases; forma- 
t ion of posi tronium which decays by  two or three photons with negligible 
Doppler broadening (sharp component) and direct annihilation with the bound 
atomic electrons having a measuruble Doppler broadening (broad component).  

A change in the relative rates of the two processes induced by  external condi- 
tions will change the shape of the annihilation line and consequently the 
(~ moments  of the line ~) will also change. Observations of such shifts offer direct 

evidence tha t  the line broadening is properly interpreted. 
Following Deutsch's  (:) observation tha t  an electric field can enhance the 

formation of positronium, there have been a number  of a t tempts  to s tudy this 
phenomenon with v~rying degrees of success ("). I n  the  presence of an electric 

(5) A. T. STEW~T: Can. Jour~. Phys., 35, 168 (1957). 
(~) P. M. MORSE and H. FESHnAC~: Methods o/ Theoretical Physics, part I (New 

York, 1953), p. 465. 
(7) M. D):UTSCH and S. C. BROWN: Phys. Rev., 85, 1047 (1952). 
(8) S. MARDER, V. W. HUGHES, C. S. WU and W. BENNEI': Phys. Rev., 103, 1258 

(1956), 
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field the quali tat ive description of the phenomenon is tha t  the positrons below 
the Ore gap gain sufficient energy to enter the Ore gap, where they  have the 
possibility of forming positronium. Thus, the increase in the sharp component ,  

~) 2: L 

7)~ 

81, 
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3) 
4e--- 

i S )  

9) 

Fig. 4. - Experimental arrangement for 
the study of positron ~nnihilation in gases. 
1) Gas outlet; 2) high voltage; 3) gas inlet; 
4) 0 ring; 5) gas under study; 6) plastic; 
7) brass condenser plates; 8) ½ mil Mylar; 
9) detector; 10) source; 11) f in.  alumi- 

nium cylinder. 

in the presence of an electric field, 
should be equal to the decrease in 
the broad component ,  and the frac- 
t ional  transfer can be expected to 

be a monotonic  funct ion of the elec- 
tric field. This effect has been stu- 
died by  PAGE and B ~ I ~ A L L  (9) in 
greater detail. I n  particular,  they  

a t t empted  to separate the sharp and 
broad components with an instru- 
mental  resolution of ~ 10 keV com- 
pared to the 1.7 keV now available. 

We have used oxygen gas in our 
experiments. The positron source, 
2~N~, was deposited on a ½ m m  thick 

Mylar film and suspended rigidly 
between the polished rectangular  
brass plates forming a condenser. 

The assembly was enclosed in a 
pressure chamber with the potent ia l  
across the condenser plates arranged 

so tha t  it could be varied externally. 
The details of the experimentM ar- 
rangement  are il lustrated in Fig. 4. 
The entire annihilation T-ray spec- 
trum, including the 3-photon radia- 

tion, was measured for each value of the electric field under identical con- 

ditions. 
To obtain the transfer rates of the broad component  to the sharp component  

and the Doppler broadening of the broad components,  the data  on oxygen was 

analysed by  the following procedure: 

a) Single subtract ion method.  The difference in count  rate with electric 

field on and electric field off was obtained at each energy interval. The resulting 
<~ differences in count rate >) vs.  the channel number  (energy) are given in Fig. 5 
for various values of the electric field. From these curves the transfer of the 
broad to the sharp component  as a function of electric field is clearly seen. 

(~) J. E. BRIMItALL and L. A. PAGE: .Nuovo Cimento, 43 B, 119 (1966). 
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The symmetry  in the (( difference data  ~> 
reflects the stabili ty of the electronic 

system used in these experiments. The 
area under the difference data,  in the 
region of the annihilation peak, is al- 

most zero at each field except at  low 
field values (below ~ 3.0 kV/em), where 
there might  be some uncer ta in ty  in 
the experimental result. This fact leads 
us to the conclusion tha t  the fraction 
of positrons transferred fronl the broad 

component to the sharp component  de- 
cays by  two-photon radiation. This 
occurs because oxygen gas is paramag- 
netic, and spin-flip collisions at  this 

pressure lead to fast conversion of trip- 
let to singlet positronium which decays 

by the two-photon mode (10). 

The percent transfer of broad com- 

ponent to the sharp component  as a 
function of field is given in Fig. 6. 

This transfer rate at each field value 
was calculated by  summing the abso- 

lute counts of the difference data  ~ud 
taking one half of the integral counts. 
Since the actual  transfer rates are diffi- 
cult to est imate from data  taken with 

detector having a complicated resolution 
function, the method used here gives a 
lower limit to the <( fractional transfer ~. 

The annihilation spectrum obtained 
at an electric field of 15.5 kV/cm is 

still quite broad ( F W H M - - 2 . 3 2  k e y  
as compared to the instrumental  resolu- 
tion of 1.76 keV), and the transfer of 
the total broad component  to the sharp 

component is not  complete al though 
there is a tendency for saturat ion in 
the transfer at this field. 

~00 

200 F IrT~{ V = 5.5 kV/c m 

- 200 

200 { =9 .0  

 OO o, {{tt}t}ttt}}tt! 7 200k =,0.2 

I t{ '#{{{{ 

20o; ¢ 

2330 2350 2370 2390 
channel, number 

Fig. 5. - Curves illustrating the pres- 
ence of the broad component in oxy- 

gcn gas. 

(I0) M. DFVTSCH: Phys. t~ev., 82, 455 (195t). 

8 - I I  ~ ' u e n ,  o C i m e n t o  n .  



114 K .  1 4 A M A  R E D D Y  a n d  R .  A .  C A R R I G A N  jr. 

b) A ((double s u b t r a c t i o n  ~ m e t h o d  was used to e s t i m a t e  the  w i d t h  of 

2! //j 

i i 

0 5 10 15 20 
kV/cm 

Fig. 6. - Electric field quenching in 
oxygen. Percent transfer (see the text) 
from the broad component to the 
sharp component as a function of d.c. 
electric field, p ~  600 p.s.i., T ~'~ 25 °C. 

the  b r oa d  c o m p o n e n t .  I n  this  m e t h o d  

the  sharp  c o m p o n e n t  (the i n s t r u m e n t a l  

r e so lu t ion  here) was sub t r ac t ed ,  c ha nne l  

b y  channe l ,  f rom the  <( difference d a t a  ~ 

in  such a w a y  t h a t  the  t o t a l  r e s u l t a n t  

abso lu t e  coun t s  were equa l  to the  sub- 

t r a c t ed  to t a l  counts .  The  r e s u l t a n t  b r oa d  

c o m p o n e n t  s p e c t r u m  is shown in  Fig .  7. 

The  roo t  m e a n  squ~re w i d t h  of Dopp le r  

b r o a d e n i n g  is e s t i m a t e d  to be _F'_~ 4.2 keV. 

This  w i d t h  is twice as large ( ~ 1 7  m r a d  

F W H M )  as needed  to accoun t  for the  

m o m e n t u m  d i s t r i b u t i o n  of the  b o u n d  elec- 

t ron .  The  add i t i ona l  b r o a d e n i n g  ind ica tes  

t h a t  the  positron may not be thermalized 
in  the  gas before the  a n n i h i l a t i o n  takes  

place.  This conc lus ion  agrees wi th  a sire- 

i lar  conclus ion based  on the  obse r va t i on  

1200 

1 ooo 

7 0 0  

+i'J 
t ' 

~.4 2 2 0 2 2 4.4 I 
energy (keV) 

. . . .  r ~ T ~  
2.2 0 2.2 4.4. 

Fig. 7. - a) Doppler broadening in the broad components of oxygen using the (~ double 
subtraction ~ technique and b) the instrumental  resolution. The continuous curve is 

a guide to the eye. a) F_~4.7keV;  b) F ~ l . S k e V .  
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of ~ ve loc i t y -dependen t  n o n e x p o n e n t i a l  f o r m  for  the  b road  c o m p o n e n t  of the  
positron ann ih i l a t ion  in gaseous  a rgon (~). 

5. - S e a r c h  f o r  o n e - p h o t o n  a n n i h i l a t i o n .  

The obse rva t ion  of one -pho ton  ann ih i l a t ion  would  be qui te  s ignif icant  in 
the s t u d y  of the  decay  process of the  pos i t ron  (,2). This process can be  rep- 

resented as 

e + + e - + e  - -~ e - + y .  

Fronl the  pr inciple  of conse rva t ion  of ene rgy  and  conse rva t ion  of m o m e n t u m ,  
it follows t h a t  the  energy  of the  p h o t o n  in the  above  process should  be ~mc ~ 

( 681.2 keV). The F e y n m a n  d iagrams  for  this  process  and  for the  t w o - p h o t o n  
decay are g iven  in Fig.  8. I t  should  be no t iced  t h a t  the  one -pho ton  annihi-  

lat ion amp l i t ude  involves  an  over lap in tegra l  con ta in ing  t he  wave  func t ions  
of the  pos i t ron  and  the  two electrons.  This a m p l i t u d e  should  give i n fo rma t ion  
about  the  e lec t ron-e lec t ron cor re la t ion  in a solid. Consequent ly ,  t he  observa-  
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Fig. 8. - Feynman diagrams for a) two-photon and b) one-photon positron annihilations. 

(1~) ~V. R. FALK. ]). H. R. O~TII and G. JONES: Phys. Tfev. Lett., 14, 447 (1965). 
(12) The importance of this correlation was emphasized by J. BAI~DEEX to one of 

the authors (K.R.R.) ill a private conversation. 
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tion and utilization of the one photon decay could be significant for studying 

the electronic structure of solids where there is no other al ternative method 
to measure this correlation directly. 

We have a t tempted  to observe this process. In  this search, the energy 
spectrum of the annihilation radiation, superimposed on the background spec- 
t rum from the source, was measured a Ge(Li) detector. In  one search, potas- 

sium metal was used. 64Cu was used as a positron source in preference to 2~Na; 
in tile ener~'y region of interest the signal-to-background ratio is bet ter  with 
the ~4(!u som'ce. That  is to say the rat io of the 510.9 keV peak to the I:earby 
(~681  keV) background is significantly higher. The energy region of the 
photopeak,  due to 681.2 keV, was searched carefully and the gamnm-ruy spec- 
trunl, in this energy region, is given in Fig.9 b). The results show, after a 

considerable period of counting time, tha t  the rate for the one-photon anni- 
hilation in potassium relative to the two-photon annihilation is < 7.0.10 -5. 

~ ÷ " "  ~ +"" 

a) b) 

Fig. 9. - Energy spectrum in the region of 681.2 keV for the one-photon annihilation 
search a) in heliL1ra gas under pressure and b) in potassium. 

In  another search helium gas under pressure was investigated using 64Cu 

for a positron som'ce. Helium was selected for its high electron-electron cot- 
relations. The experimental  result, in the relevant energy region, is shown 
in Fig. 9 a). From this data  the rat io of one-photon to two-photon annihi- 
lation cross-section is ~ 1.7-10 -4. In  this est imate the statistical errors and 
the correction due to the positronium contr ibution (13) have been considered. 
()tiler possible errors, if any, are assumed to be small. A similar negative 

result has been reported recently by  MACKENZIE and McKEn with a statistical 
~ccuracy of ~ 7-10 -4 (14). In  this measurement  the authors were interested 
in detecting the one-photon unnihilation of the positron polaron state in KC1 
and Be(). 

(13) j.  WACKERLE and R. STUMP: Phys. t~ev., 106, 18 (1957). 
(14) I. K. MAcK~a~zIE and B. J. A. MCKEE: Bull. Am. Phys. Soc., 12, 687 (1967). 
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To unders tand  our exper imenta l  results,  it is useful to compare  wi th  theo- 
retical calculations. Detai led calculations are not  avai lable at  present .  How- 
ever, an order of magn i tude  es t ima te  can be made  for the  re la t ive  cross-section 
of one-photon to two-photon  decay. The s ta t i s t ica l  f~etors, energy denom- 
inators and the  anr, ihilation ampl i tudes  together  do not  differ very  much  in 
both  cases. However ,  the  ampl i tude  for the  Coulomb scat ter ing of the  pos i t ron 
by  a ~ specta tor  ~ electron (see Fig. 8) into the  proper  m o m e n t u m  s ta te  and 
the ampl i tude  for v i r tua l  emission of the  photon  in the  two-photon  decay 
differ considerably. In  the  one-photon annihi lat ion process there  is an ex t ra  
ver tex  compared  to the  two-photon  annihi la t ion;  however,  the  small overlap 
of electron-one and electron-two reduces the t rans i t ion  ampl i tude  somewhat .  
Es t im~t ion  of these ampl i tudes  shows t h a t  the  ra t io  of cross-sections for one- 
photon  to two-photon  processes, in a solid, is of the  order of ~4 (~ = e2/hc) 
- - w h i c h  is ex t r eme ly  small. Thus our negat ive  result  is in agreement  wi th  
theoretical  expectat ions.  I t  also shows tha t  such an ex t r eme ly  small cross- 
section for one-photon annihilat ion,  even if it is observed in the  present  manner ,  
makes it an imprac t ica l  research tool in solid-state physics.  

6 .  - C o n c l u s i o n s .  

We have  under taken  these invest igat ions to explore the use of high-resolu- 
t ion g a m m a - r ' t y  detectors for inves t igat ing Doppler  broadening of annihila- 
tion radiat ion.  Such an inves t igat ion necessarily requires a comparison to the  
highly successful angular  coi 'relation technique which measures  essential ly the  
s~me quant i ty .  At the present  stage of deve lopment  the  effective resolut ion 
of the  Doppler  broadening teehr_.ique af ter  compute r  analysis is about  equal  
to m a n y  of the  exper imenta l ly  measured quant i t ies  obta ined with  angular  
correlation. However ,  the  da ta  acquisi t ion ra te  is typical ly  more than  an 
order of magn i tude  fas ter  wi th  the  Doppler  broadening  technique.  Angular  
correlation is much  be t t e r  suited to mos t  convent ional  measuremen t s  where 
resolution is mos t  impor t an t  and a certain por t ion  of the  m o m e n t u m  spec t rum 
can be scanned at  will. However ,  the  Doppler  broadening technique m a y  
ba re  grea ter  u t i l i ty  for measu remen t s  of cer tain effects, such as the  wings 
of the  annihi la t ion dis t r ibut ion,  where resolut ion is no longer as impor t an t  
and ra te  is increasingly so. In  addit ion,  it m a y  be useful in s i tuat ions requiring 
cumbersome ta rge t  constraints .  

We have  examined several eases, such as annihi la t ion in solids and in gases, 
where changes in external  pa ramete r s  cause a change in the  annihi la t ion line 
shape. In  this connection a double subt rac t ion  me thod  has been used to detect  
line shape changes and to de te rmine  Doppler  broadening  of the  b road  c o r n -  
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ponent  annihi lat ion radia t ion  in gases. Here  the  high count  ra te  and very  
stable intrinsic line shape of the  Doppler  broadening technique are useful 
features.  

We have  also searched for one-photon annihi lat ion (Ey (4/3) mc"). Our 
exper imenta l  l imit  for the  re la t ive  cross-section of one-photon annihi lat ion 
is less than  a2. Consequently,  this potent ia l ly  useful technique for m e a s m i n g  
electron-electron correlat ion does not  seem feasible using only a Ge-Lidetec tor .  

We would like to acknowledge the  co-operat ion and assistance of S. DE 
BENED:ETTI and R. B. S~-TT0X in m a n y  phases  of this work. 

We would like to t h a n k  F. DE S. :BARROS~ D. I:[AFEMEISTER and M. KING 
for helpful discussions. R. ]~RASIER~ A. ~K. :RAY and P. F. SCHULTZ provided 
helpful advice in the  least-squares analysis program.  

One of us (K. RA~A REDDY) expresses sincere thanks  to P. DEBRUS=NER~ 

1:[. G.  DRICKA~IEg and H. FRAL~ENFELDER fo r  valuable  comment s  on the  man-  
uscr ipt  and for thei r  interest  and encouragement  in this work. 

R I A S S U N T 0  (*) 

Si 6 m i s u r a t a  la  d i l a t az ione  D opp l e r  del la  r ad iaz ione  di ann ieh i l az ione  del pos i t rone  
con un  r ive l a to re  al Ge d roga to  con Li  a v e n t e  r i sohtz ione  di 1.76 keV F~VHM per  la 
l inea  7 da  482 keV del lSlHf. Dagl i  a n d a m e n t i  os se rva t i  dei fo top ieeh i  della r ad iaz ione  
di  ann ich i l az ione  in v a r i  meta l l i ,  si ~ o t t e n u t a  la f o r m a  funz iona le  della d i s t r ibuz ione  
degli  impuls i  del la  coppia  che si ann ich i l a .  L ' ana l i s i  col m e t o d o  dei  m i n i m i  q u a d r a t i  delle 
cu rve  spe r imen t a l i  fornisce  va lo r i  pe r  la  F W H M  delle curve  di d i s t r i buz ione  degli  i inplflsi  
del la  coppia  r i ve l a t a  di 2.7 keV pe r  Cu, e 2.5 keV pe r  Zn.  Queste  ampiezze  sono coe- 
r e n t i  con le misure  di corre laz ione  ango la re  dei q u a n t i  di  ann ich i laz ione .  Si presen~ano 
i r i s u l t a t i  o t t e n u t i  nello s m o r z a m e n t o  del campo  e le t t r ico  in 02 gassoso. Si p r e s e n t a  
u n  m e t o d o  di so t t r az ione  dopp ia  e si d i scu te  la sua  utilit '~ nel la  d e t e r m i n a z i o n e  
della d i l a t az ione  Dopp le r  del la  r ad iaz ione  d e r i v a t a  d a l l ' a n n i c h i l a m e n t o  del pos i tone  
con e l e t t ron i  a tomie i  legat i .  Si ~+ cerca to  il d e c a d i m e n t o  di u n  fo tone  (E = ( 4 / 3 ) m c ~ ) .  

I1 l imi te  s u p e r i o w  pe r  la  sezione d ' u r t o  r e l a t i v a  de l l ' ann ieh i l az tone  d a  uno  a due  fo ton i  
nel  potass io  meta l l i co  6 < 7.0-10 -5. Si e e n f r o n t a n o  i m e r i t i  r e la t iv i  della, d i l a t az ione  
Dopp le r  e le t ecn iche  eonvenz iona l i .  

(°) T r a d u z i o ~ e  a cura  de l la  R e d a z i o n e .  
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O ~IOnn.rlepoBCKOM ymHpeHHH U3:~yqeHHH 

npH ~ByX-~I~oTOHHOH aHHUrH:mmm nO3nTpOHa. 

Pe3IoMe (*). - -  EbIJIH H3MepeHbI ~IOrlIIaepoBcKne ym~peHHa ilpn a a r m r a n n m m  r~o3~4- 
TpOHa C HOMOIL(bIO repMaHHeBoro ~eTeKropa c ~peRqby~oumM aHTI4eM, KOTOpbt~ HMeeT 
pa3pemenHe 1.76 K3B F W H ~  ~aa y ymmm 181I-If 482 K3B. I/Icxo~n rI3 aa6n~o~ermbrx 
~OpM qbOTO-IIHKOB n3YlyqeHHn aHHHFHY]~LrHH B pa3anqHblX MeTaylyiax, 6blaa ~oyiyqeHa 
~byHKtmoHaasnan qbopMa rIMnyabc~ioro pacnpe)xeneHnn aHH~rnanpy~ottte~ ~ap~L Anaaa3  
Ha~MeHbmHx xaaztpaTOB nOayaeHnbLX 3KcnepHMeaTanmtSlX KpHBbIX ~aeT 3HaaeHrm ayta 
F W H M  KpriBO~ HMrtym, cHoro pacrtpe~eneHrIa nap,  Kar HartpHMep, 2.7KaB ~n~ Cu 
a 2.5 KaB ~a~l Zn. ~T//I ILrHpI4HbI cornacyrorca  c /43MepeltH~IMI~ yraoBo~ Koppeaamm 
aHHHFHa~LtHOHHblX KBaHTOB. I-[pHBO~tTC~I pe3yabTaTbI, 1-Ioay~eHH/,ie ilpH 3aeKTpI4~IeCKOM 
Fto~Ie, HO~aBa~IeMOM B Fa3oo6paBHOM 0~. lrlpe~aaraeTca MeTO~ ~BO~xHOFO BbIq~ITaHH~[ 

o 6 c y ~ a e r c n  ero  I'[oae3HOCTb IIpH ortpe~eneHn~ ~OIII3f2IepOBCKOFO ymHpeHnn Ha~tyqerm~, 
o6paayromeroca npri aHHI4THa~IIIHH IIO3HTpOHOB CO CB~IBaHHbIMH aTOMHI~IMH 3nerrporlarvm. 
BriAn npoae~enJ, I IlOrlCI<rI OZmo-qboToHHoro paclla~a ( E =  (4/3)meZ). BepxHrI~ rtpe~eJI ~ym 
OTnOCnXea~HOrO IlOrlepe~moro ce~emla O~Ho-qboTormoA r )XByx-qboToHHO~ CBO60~HO~ 
aHHrlrrlaaIinrt B MeTaaaI~IeCKOM Ka~II4ri COCTaBa~IeT ~-~ 7.0" 10 ~. I-[poBo~HTC~I cpaBnenrie 
OTHOCHTeabHblX ~[OCTOHHCTB ~OrltlaepoBcKoro yliiHpeHvla rI O6I/~eIIpHH~ITO~ TeXHHKH. 

(*) l-[epeeeOe.o pedal~que~t. 


