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ABSTRACT 

F a c t o r s  which  d c t c r m i n c  p c r f o r m a n c c  of l i th ium-dr i f ted  s e m i c o n d u c t o r  

r a t l i a t i o t ~  tf(.toc t o r s ,  p a r t i c u l a r l y  li th ium-dr i f ted  ge rmanium d c t c c t o r s  f o r  

gamma-ray s p > c t r o s c o p y ,  a r e  d i s c u s s e d  i n  t e r m s  of g e n e r a l  s c m l c o n d u c t o r  

t h e o r y  T h e  a r l a l y s i s  ~ n c l u d e s  t h e  e f f e c t s  of e l cc t ron lc .  n o i s e  and  t h c  

s t a t i s t i c a l  c f f c c t s  of radiation-lnduced ionization a n d  c h a r g e  c o l l e c t i o n  

i n  s c ~ m l c o n t l u c t o r s  . 

' 7 ' t l~  f a b r i c a t i o n  t e c h n i q u e  1s d i s c u s s c d  f o r  ob ta in ing  s m a l l  volume 

p l a n a r  G ( . ( L ~ )  tlt.tc.ctors a n d  l a r g e  volume ( t o t a l l y  c o m p e n s a t e d )  G e ( ~ i )  

c l c t t ~ c t o r s  u s i n g  t h ~  l i thium-ion d r i f t i n g  p r o c e s s .  In  t h e  c a s e  of dctt .ctorh 

of t h e  formclr  t y p e ,  d e v i c e s  have b e e n  f a b r i c a t e d  wi th  u n u s u a l  o p e r a t i n g  

charactc.r i  s t i c s  ; e x c c l l c n t  r e s o l u t i o n  h a s  been  ob ta ined  f rom s u c h  dcvic.c.s 

a t  collc.ction f i e l d s  as low as 1 5  vol ts /mm. A new t e c h n i q u e  f o r  t r e a t l n g  

t h c  ~ x p o s c d  s u r f a c e s  of G e ( ~ i )  d e t e c t o r s  by c o a t i n g  them wi th  a l a y e r  of 

C a F  which  both  l o w e r s  d ~ t c c t o r  l e a k a g e  c u r r e n t  a n d  p r o t e c t s  t h e  surfacc- 
2 

f rom exposure- t o  t h e  ambien t  is  d i s c u s s e d .  

An e s t i m a t e  of t h c  F a n o  f a c t o r  i n  ge rmanium h a s  b e e n  m a d e  u s i n g  

G e ( L i )  r i c t e c t o r s  . T h e  v a l u e  of F : 0.1 1 - + 0.05 h a s  b e e n  obtained, atid 

t h i s  r e s u l t  as w e l l  as p r e v i o u s  o n e s  is d i s c u s s e d  i n  t e r m s  of  t h c  c h a r g e  

c o l l e c t i o n  efficiency of G c ( L i )  d c t c c t o r s ,  t h e  i n t e r a c t i o n  of  g a m m a - r a y s  

wi th  m a t t e r  a n d  t h e  r a d i a t i o n - i n d u c e d  i o n i z a t i o n  p r o c e s s ,  a n d  r e c e n t  

t h e o r e t i c a l  p r e d i c t i o n s  f o r  t h e  F a n o  f a c t o r .  

T h e  c a l i b r a t i o n  a n d  u s e  of ~ e ( ~ i )  d e t e c t o r s  f o r  gamma-ray spectroscopy 

is d l s c u s s e t l .  D e t e c t o r s  f a b r i c a t e d  i n  t h i s  l a b o r a t o r y  h a v e  b e e n  u s e d  as 

gamma-ray s p c ~ c t r o r n c ~ t c r s  in  h igh rc3solution n u c l e a r  d e c a y  s t u d i e s .  

In  thv s t u d y  of t h e  dera .y  o f  and ~n~~ two  p r e v i o u s l y  u n o b s e r v c i l  

gamma-rays  Ilavc b c c n  d c t c c t c d  a t  c n p r g i c s  of 31  1 9  3 ltcv a n d  7598.7 1,c.V; 



5 6  thesr. n e w  t r ans i t i ons  r e s u l t  in p1:tcing of two l e v e l s  i n  FP a t  e n e r g i e s  

of 3119.3 keV and 4 4 4 5 . 3  hclV which have bccn  prev ious ly  o b s e r v e d  only 

i n  n u c l e a r  r e a c t i o n  s t l ldies  . Tt-10 p r e s e n t  s t udy ,  which h a s  inc luded  both 

s ing l e  G e ( ~ i )  d c t e c t o r  measuremc:nts and two-parameter  co inc idence  

experiment:, us ing  x Gc(L i )  d e t e c t o r  and N ~ I ( T ~ )  d c t e c t o r ,  h a s  confirmed 

5 6 
the  ex i s t ence  of c e r t a i n  o t h e r  ene rgy  l e v e l s  i n  Fcl and h a s  provided added 

in for ma ti or^ on sp in  and par i ty  ass ignments  to  t he  l e v e l s .  

66 
Thc n u c l e a r  d e c a y  s tudy of G e  h a s  yielded new r e s u l t s  f o r  t he  

l e v e l s  i n  Ga66. A gamma-ray of e n e r g y  536 .9  keV h a s  been de t ec t ed  

f o r  the f i r s t  time r e su l t i ng  in  the  placerrlent of a new e n e r g y  l eve l  i n  G a  
66 

of t h i s  e n e r g y .  T h e  p rev ious ly  r e p o r t e d  gamma-ray of e n e r g y  185 k e  V 

h a s  been r e s o l v e d  with ~ e ( ~ i )  d e t e c t o r s  i n to  two t r a n s i t i o n s  of e n e r g i e s  

181.9 keV and  189.8 keV. The  ex i s t ence  of a gamma-ray of e n e r g y  515.0 

keV h a s  bccln pos tu la ted ;  m o r e  p r e c i s e  va lues  f o r  the  e n e r g i e s  of the  

o t h e r  gamma-rays  from the  decay  of ~e~~ have  been  obtained and  a 

r e v i s e d  decayed  scheme h a s  been  cons t ruc t ed .  

6  8 
T h e  d e c a y  of G a  h a s  been  s tudied us ing  Gc(L i )  d e t e c t o r s  and p r e -  

l iminary  gamma-ray d a t a  ob ta ined .  
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d e t e c t o r s .  In germanium the  r e l a t i ve ly  low p r e s e n t s  p roblems i n  ef- 

f ic ient  de tec t ion  of gamma--rays.  T h e  diff icul t ies  i n  producing  s ing le  c r y s t a l s  

of germanium of  su f f i c i en t  s i z e  f o r  high de tec t ion  eff ic iency with the  r e q u i r e d  

d e g r e e  of  pe r f ec t i on  have  not as ye t  been overcome.  Also  the  r equ i r emen t  

f o r  low t empera tu re  opera t ion  of Ce (L i )  d e t e c t o r s  l imi t s  t he  flexibili ty of 

t he  sys t em.  T h u s  while  optimization of ~ e ( ~ i )  d e t e c t o r  s y s t e m s  p r o c e e d s ,  

work  h a s  begun to  find o t h e r  su i tab le  m a t e r i a l s  f o r  u s e  as semiconductor  

r ad i a t i on  d e t e c t o r s  which might o f f e r  improved c h a r a c t e r i s t i c s  o v e r  p r e s e n t  

sy s t ems .  T h e  poss ib i l i ty  of using c e r t a i n  compound semiconductors  is unde r  

immediate inves t iga t ion .  
12 

I t  is the  in ten t  of t h i s  d i s s e r t a t i o n  t o  examine spec i f ica l ly  t he  lithium- 

d r i f t ed  germanium d e t e c t o r  f o r  high r e so lu t ion  gamma-ray s p e c t r o s c o p y  in  

t e r m s  of r e c e n t  t heo ry  and  exper imenta l  w o r k  under taken  t o  obtain optimum 

pe r fo rmance  from such  d e t e c t o r s .  Along with t h i s  are p r e s e n t e d  c e r t a i n  

n u c l e a r  decay  s tud i e s  which w e r e  per formed us ing  Ce (L i )  d e t e c t o r s .  In 

some cases, compar i son  is d r a w n  with p rev ious  s tud i e s  per formed with o t h e r  

de tec t ion  s y s t e m s ,  namely c r y s t a l  d i f f rac t ion ,  i n t e rna l -  and ex t e rna l -  

conve r s ion  s tud i e s  with magnet ic  s p e c t r o m e t e r s ,  and  sc in t i l l a t ion  spec-  

t r o m e t e r s .  



P a r t  One 

Lithium-Drifted Semiconductor  

Radiat ion Detec tors :  T h e o r y  



C H A P T E R  I  

IN'I'RODUCTOR Y THEORY 

1 . An unders tanding  of t he  operation of d e v i c e s  s l lch as li thium-drifted 

germanium d e t e c t o r s  must of n e c e s s i t y  begin with a desc r ip t i on  of the  

p r o p e r t i e s  of the b a s e  m a t e r i a l ,  germanium. However  c e r t a i n  a s p e c t s  of 

the  t heo ry  s e t  f o r t h  to  explain va r ious  p r o c e s s e s  in  so l id-s ta te  d e t e c t o r s  

become more  complex and of less c e r t a i n  validity as one p r o c e e d s  from 

d e s c r i b i n g  r e l a t i ve ly  s imple sys t ems  such  as c r y s t a l  conduction c o u n t e r s  

to  diffused-junction d e v i c e s  to  th ick ,  l i thium-drifted p-i-n junction de-  

t e c t o r s .  Coupled to  t h i s  is the fac t  that  the  i n t e r ac t i on  of gamma-radiation 

with ~ e ( ~ i )  d e t e c t o r s  and the subsequent  even t s  which p roduce  a n  e n t e r n a l  

s igna l  are m o r e  complex than the i n t e r ac t i on  of cha rged -pa r t i c l e s  o r  beta-  

r a y s .  

1 .1 P r o p e r t i e s  of Semiconductors  A semiconductor  is a n  i n s u l a t o r  in  which 

a t  thermal  equi l ibr ium some c h a r g e  carriers are mobile.  6' At a b s o l u ~ e  

z e r o ,  a p e r f e c t ,  p u r e  c r y s t a l  of most  semiconductors  would be  a n  i n s u l a t o r :  

the  c h a r a c t e r i s t i c  semiconducting p r o p e r t i e s  are usual ly  brought  about 

by thermal  ag i ta t ion ,  impur i t i e s ,  l a t t i c e  d e f e c t s ,  o r  non-stoichiometr ic  

composition. Conduct ivi t ies  of so l id s  can  b e  grouped  in to  t h r e e  categorie:. at 

5 -1 -1 room temperature6'  as follows: meta l s  (10 ohm cm ), semiconductor.  

-1 4 -1 -1 
( lo2  to ohm-'cm-'), and i n s u l a t o r s  (1 0 to  ohm cm ). 

1 . l .  1 Band T h e o r y  of Sol ids  Ulider a n  appl ied e l e c t r i c  f i e l d ,  conduction 111 

a c rys t a l l i ne  so l id  can  o c c u r  only i f  t h e r e  is super imposed  upon the  randont 

motion of some of the e l e c t r o n s  a compor~ent i n  the d i r ec t i on  of t he  f i ~ l d .  

If c lo se ly  spaced  e l ec t ron  e n e r g y  l eve l s  e x i s t  i n  t he  m a t e r i a l ,  the  c l cc t ron ,  



can gain the inc reased  energy requi red  for  the additional motion, but 

because  of the Paul i  exclusion principle,  e lec t ronic  t rans i t ions  to  l eve l s  

of higher energy can occur  only if such levels  are unoccupied. 
118 

Consider  the energy levels  within a single c r y s t a l .  If the  exclusion 

principle is not to be  violated, i .  e .  , if p a i r s  of e l ec t rons  a r e  not to occupy 

identical  quantum s t a t e s ,  the energy l eve l s  of the various e l ec t ron  she l l s  

must be  modified in  some way. In the simplest c a s e  where  two atoms of the 

same element a r e  in c lose  proximity, each energy level  sp l i t s  into two l eve l s  

of slightly d i f fe ren t  ene rgy ,  and the e l ec t rons  which would have original ly 

occupied two identical quantum s t a t e s  in separa te  systems now 

two levels  of slightly different  energy in  the same system. 
121 

of many atoms bound i n  a la t t ice  a r r a y  in  a c r y s t a l ,  the atomic 

l eve l s  are replaced by bands of closely-spaced energy l eve l s .  

occupy 

In the c a s e  

ene rgy  

The  total 

number of s t a t e s  with a given principle quantum number n ,  however,  re- 

mains unchanged, 109 e . g . ,  t h e r e  a r e  eight possible n = 2 s t a t e s  in  an  

atom (two 2s  and s ix  2p s t a t e s ) ;  i f  N atoms are brought together ,  t h e r e  

will  be  exactly 8N s t a t e s ,  even though the re  will  be  cons iderable  a l te ra t ion  

of the ene rg ies  of the individual l eve l s .  The spacing of these  e lec t ronic  

energy levels  becomes small fo r  l a r g e  N, and the re  may ex i s t  gaps  be- 

tween bands of levels  corresponding to different  principal quantum number 

n, the positions of the tops and bottoms of each band being independent 

of the number of atoms N. 47 

Figure  1 i l lus t r a t e s  the effect of c lose  atomic spacing on the energy 

l eve l s  of a metal of low atomic number such a s  sodium o r  magnesium. As 

the  interatomic distance R d e c r e a s e s ,  the well-defined e lec t ronic  ene rgy  

l eve l s  of the i so la ted  atoms a r e  replaced by wide bands.  The  ou te r  e lec t ron 

she l l s  a r e  f i r s t  affected,  the innermost shel l s  remaining i so la ted  sys tems 
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FIGURE 1 :  ENERGY O F  ELECTRONIC 
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ATOMIC DISTANCE R. 



down to  v e r y  small  values of  R .  At R o ,  the obse rved  l a t t i ce  cons tan t  

under  normal  conditions of t empera tu re  and p r e s s u r e ,  i t  is s e e n  that  the 

3 s  and 3p bands  have over lapped ,  thus  e l e c t r o n s  in  the 3 s  band have 

a c c e s s  to  unfil led l e v e l s  i n  the 3p band s o  tha t  conduction can  r ead i ly  

o c c u r .  121 

F o r  so l id s  which exhibit  covalent  binding, such  as germanium, s i l i con ,  

diamond, and g r a y  t i n ,  the behavior  of the e l ec t ron ic  energy  l e v e l s  with 

d e c r e a s i n g  in te ra tomic  d i s t ance  is i l l u s t r a t ed  in  F i g u r e  2 ,  f o r  germanium. 

T h e  spl i t t ing of the ou te r  s h e l l s  in to  bands of high and low ene rgy  is a 

c h a r a c t e r i s t i c  of covalently-bound s o l i d s ,  the upper  b ranch  cor responding  

to ant isymmetr ic  o r  non-bonding s t  a t e s  , and the lower  to  symmetr ic  o r  

bonding s t a t e s .  At R the bands  are s e e n  to  c r o s s  leav ing  a n  ene rgy  
0 

gap Eg r a t h e r  than to ove r l ap  as i n  the c a s e  of metal l ic  binding. 

1 . I  . 2  In t r in s i c  Conductivity In c e r t a i n  s u b s t a n c e s ,  e .  g. , germanium and 

s i l i con ,  the band s t r u c t u r e  is such  that  the uppermost  f i l led band is sep-  

a r a t e d  from a h ighe r  empty band by a small  ene rgy  gap  E . T h e  c h a r a c t e r  
g 

of the  eLnctronic band scheme leading t o  i n t r i n s i c  conductivity is indica ted  

in  F i g u r e  3 .  T h e  uppermost fi l led band,  the valence band,  is s e p a r a t e d  

from the conduction band by E . At OOK the conduction band is empty 
R 

of e l e c t r o n s ,  and the conductivity is z e r o .  As  the t empera tu re  is i n c r e a s e d ,  

the e l ec t rons  a r e  thermally exci ted from the  valence band in to  the conduction 

band leaving vacant  s t a t e s  o r  ho les  i n  the valence band.  Under  a n  appl ied 

e l e c t r i c  f i e ld ,  both the e l e c t r o n s  in  the conduction band and the holes  i n  

the  valence band can  cont r ibu te  to  the e l e c t r i c a l  concluctivity, the  r e l a t i v e  

d i r ec t ions  of the e lec t ron  and hole  c u r r e n t s  and  ve loc i t ies  with r e s p e c t  to 

the applied ficld being shown in  F i g u r e  3 .  T h e  in t r in s i c  t empera tu re  r a n g e  
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FIGURE 3: ENERGY BANDS FOR INTRINSIC 

CONDUCTIVITY IN A SEMICONDUCTOR A T  O'K; A T  

RIGHT THE DIRECTIONS OF THE VELOCITY AND CUR- 

RENT O F  ELECTRONS e AND HOLES h A R E  SHOWN. 



is that  in  which the  e l e c t r i c a l  p r o p e r t i e s  of a semiconductor  are not  

e s sen t i a l l y  modified by impur i t i e s  i n  the c r y s t a l .  At t e m p e r a t u r e s  below 

the  i n t r i n s i c  r a n g e ,  the e l e c t r i c a l  p r o p e r t i e s  are cont ro l led  by i m p u r i t i e s ,  

and we then speak  of impuri ty  o r  e x t r i n s i c  conduct ivi ty .  
6 0  

T h e  to ta l  conductivity 0 can be  approximated 
101 

by: 

w h e r e  E is the  value of the  e n e r g y  gap ,  k  is the  Boltzmann cons t an t ,  
g  

and T is the  abso lu te  t empera tu re .  T h u s  by  r a i s i n g  any  insu la t ing  so l id  

t o  a suff ic ient ly  high t empera tu re  (whe re  chemical ly  f ea s ib l e )  i n t r i n s i c  

conductivity may b e  expec ted  s i n c e  a l a r g e  e n e r g y  gap  may b e  overcome 

by a l a r g e  enough t empera tu re  to  r e d u c e  t he  r a t i o  E / 2 k ~  i n  the  ex- 
g  

ponent ia l  i n  equat ion 1-1 . 8 7 

During the p a s s a g e  through the c r y s t a l  of e l e c t r o n s  and  ho le s  unde r  an 

appl ied f ie ld ,  a n  e l ec t ron  may fall back  in to  the  va lence  band by recombining 

with a hole .  An equi l ibr ium is thus  e s t ab l i shed  d u e  to  the  cont inual  t he r -  

mal genera t ion  and recombinat ion of e l e c t r o n s  and holes .47  T h e  law of 

m a s s  ac t ion  can  b e  appl ied t o  t h i s  equi l ib r ium;  the  product  of the  e l e c t r o n  

concent ra t ion  n and hole  concent ra t ion  p is equa l  to  a n  equi l ibr ium 

cons tan t  which depends  only upon the  t empera tu re  T f o r  a given sol id:  60  

w h e r e  h is P l a n c k ' s  cons t an t ,  m and  m are the  e l e c t r o n  and  hole  
e h 

6 0  . m a s s e s ,  r e spec t ive ly .  At  3 0 0 ' ~  the  value of np f o r  germanium 1s 

26 -6 5 . 7  x 1 0  cm . In i n t r i n s i c  semiconductors  w h e r e  the thermal  exc i ta t ion  

of an  e l e c t r o n  from the va lence  band l e a v e s  behind a ho le ,  n  = p .  In t ro-  

duct ion of a small  amount of a su i tab le  impur i ty  in to  a c r y s t a l  to  i n c r e s e  n 



must  d e c r e a s e  p s i n c e  the  p roduc t  np i s  a cons t an t  as given in  equat ion 

1-2.  

1 . 1  . 3  T h e  F e r m i  Leve l  E l e c t r o n s  obey Fe rmi -Di rac  s t a t i s t i c s ;  t hus  

t he  probabi l i ty  a t  a given t empera tu re  that  a p a r t i c u l a r  e n e r g y  l eve l  E 

wil l  b e  occupied is given by the  Fe rmi  function f ( ~ ) :  

w h e r e  E i s  the  F e r m i  e n e r g y  o r  F e r m i  l e v e l .  T h e  g e n e r a l  behav io r  
f 

of  the  F e r m i  d i s t r ibu t ion  function is shown i n  F i g u r e  4 i n  which is plot ted 

f ( ~ )  v s  E f o r  T = O  a n d f o r  ' I Y < E / k .  At  OOK f ( E ) = l  f o r  E W f ,  f 

and  f ( ~ )  = 0 f o r  E > E ~ ~ ~ ,  i .  e .  , all e l e c t r o n s  occupy the  l owes t  e n e r g y  

0 s t a t e s  a t  0 K .  T h u s  a t  abso lu te  z e r o ,  E f  is the  e n e r g y  a s s o c i a t e d  with 

t he  h ighes t  occupied s t a t e .  At h ighe r  t e m p e r a t u r e s ,  t he  probabi l i ty  function 

f ( ~ )  r ema ins  symmetr ic  about  E s o  tha t  1 - f ( ~ )  a t  a n  e n e r g y  below f 

E f  of A E is equa l  t o  f (E)  a t  A E above  E f ;  t hus  f o r  T >  0, E f  is the  

e n e r g y  f o r  which f(E)  = 3 . 
At any  t empera tu re  above  z e r o ,  i t  is poss ib l e  t o  de t e rmine  . In an  

Ef 

i n t r i n s i c  semiconductor ,  one  hole  (empty quantum s t a t e )  is produced  i n  the  

va lence  band f o r  e a c h  e l e c t r o n  thermal ly  exc i ted  t o  the  conduction band ,  t hus  

t he  dens i ty  of s t a t e s  is equa l  i n  both the  conduction and  va lence  b a n d s ,  

and: 

By subs t i tu t ing  the  expl ic i t  e x p r e s s i o n s  f o r  t he  f ( ~ ) ' s  f rom equat ion 

1-3 in to  equat ion 1-4, one obtains:  



FIGURE 4: FERMI FACTOR f ( ~ )  vs ENERGY 



T h u s  w e  obtain the r e s u l t  t ha t  i n  a n  i n t r i n s i c  s emiconduc to r ,  t he  Fe rmi  

l eve l  E is loca ted  midway between the  top  of the  va lence  band and the 
f 

bottom of the  conduction band .  
110  

1 . 1  .4  Impurity Conductivity Of per t inen t  i n t e r e s t  to  a d i s c u s s i o n  of 

semiconductor  rad ia t ion  d e t e c t o r s  is  the c a s e  of impur i ty  s e m i c o n d ~  , t o r s  

i n  which e l e c t r i c a l  c h a r a c t e r i s t i c s  of t he  c r y s t a l  c a n  b e  a l t e r e d  d r a s t i c -  

a l ly  by t h e  addi t ion of c e r t a i n  fo re ign  a toms i n  subs t i tu t iona l  o r  i n t e r -  

s t i t i a l  pos i t ions  i n  t he  l a t t i c e .  In  a germanium c r y s t a l  e a c h  atom h a s  

f o u r  e l e c t r o n s  ava i lab le  f o r  bonding, r e s u l t i n g  i n  a n  a r r a y  of germanium 

a toms e a c h  bound to  fou r  o t h e r s  by cova len t  bonds :  Three-d imens iona l ly ,  

e a c h  atom is bound to  i t s  ne ighbor s  i n  a t e t r a h e d r a l  conf igura t ion ;  h o w e v e r ,  

f o r  t he  p u r p o s e s  of t he  p r e s e n t  d i s c u s s i o n ,  t he  l a t t i c e  can  be  r e p r e s e n t e d  

as shown i n  F i g u r e  5.  

F i g u r e  5(a) shows  the  s i tua t ion  which a r i s e s  when a n  atom of a n  e lement  

from Group  V ,  such  a s  a r s e n i c ,  r e p l a c e s  a germanium a tom.  F o u r  o f  the 

five va lence  e l e c t r o n s  i n  a r s e n i c  are s h a r e d  with f o u r  ad j acen t  germanium 

atoms to  form covalen t  bonds s i m i l a r  t o  t hose  ex i s t i ng  be tween  germanium 

a toms themse lves .  T h e  f i f t h  va lence  e l e c t r o n  is not held i n  any  chemical  

bond ,  but  mokt.- in  the  Coulomb potent ia l  of the impuri ty  a r s e n i c  subs t i tucn t .  
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(b) ACCEPTOR IMPURITY. 



Under  a n  appl ied f ie ld ,  the e x t r a  e l e c t r o n  may b e  removed to  the conduction 

band thus contr ibut ing to the e l e c t r i c a l  conductivity, and t h e  e n e r g y  r e -  

qu i r ed  to  exc i te  the  e l ec t ron  to  the h ighe r  e n e r g y  s t a t e  is te rmed the  im- 

pur i ty  ionizat ion e n e r g y .  Such Group  V impuri ty  a toms a r c  ca l l ed  "donors t '  

s i n c e  they can  donate  e l e c t r o n s  to  the  conduction band ,  and germanium 

doped with a donor  impuri ty  is "n-type" s i n c e  n >  p ;  thus  t he  major i ty  

c h a r g e  c a r r l e r s  are negat ive e l e c t r o n s .  

Lithium i n  germanium and s i l i con  e n t e r s  t he  l a t t i c e  occupying a n  i n t e r -  

s t i t i a l  pos i t ion .  T h e  s ing le  2 s  va lence  e l e c t r o n  is e a s i l y  i on i zed ,  and 

the  e l e c t r i c a l  consequences  of i n t e r s t i t i a l  d o n o r s  such  as lithium a r e  

s imi l a r  to  those  of the subst i tut ional  d o n o r s  such  as a r s e n i c .  

The  rep lacement  of a germanium atom in  a c r y s t a l  by an  atom of an  

element  from G r o u p  111 is i l l u s t r a t e d  in  F i g u r e  5(b) ,  f o r  indium. T h e  t h r e e  

ava i lab le  va lence  e l e c t r o n s  of a n  indium atom form covalen t  bonds  with 

t h r e e  of four  ad jacent  germanium a toms ,  but no  e l e c t r o n  i s  ava i l ab l e  t o  

complete the  four th  bond. T h e  t r iva len t  i m p u r i t i e s ,  t hen ,  can  a c c e p t  

e l e c t r o n s  from the  valence band leav ing  ho le s  i n  the  band .  "Acceptor"  

impur i t i es  a r e  ion ized  by br ing ing  a n  e l e c t r o n  up from the  va lence  band 

(e lec t ron  e n e r g y  i n c r e a s e s ) ,  and taking the hole  into the va lence  band 

(hole e n e r g y  a l s o  i n c r e a s e s ) ;  thus  the problem is ana logous  t o  t ha t  in- 

volving donor  a toms.  Germanium containing e x c e s s  a c c e p t o r  a toms is t e rmed  

'Ip-typeM s i n c e  p> n ,  and the  major i ty  c h a r g e  c a r r i e r s  are pos i t ive  h o l e s .  

No c a s e  of i n t e r s t i t i a l  impur i t i e s  which a c t  as a c c e p t o r s  h a s  been  found.  4 7 

Since  the  product  np is a cons t an t  a t  a given t empera tu re  from equa t io r~  

1-2,  one can  see tha t  i f  e x c e s s  donor  atoms are p r e s e n t  and a  suff ic ient  

number a r e  i on i zed ,  the  concent ra t ion  of ho les  i s  suppressed below the  

i n t r i n s i c  va111i.. Ximllarly , e x c p s s  ionized a c c e p t o r s  wil l  s u p p r e s s  thc  



e l ec t ron  concentrat ion below the ln t r in s i c  value.  

In ant icipat ion of a  more  de ta i led  d iscuss ion  to follow l a t e r ,  impurity 

"compensa t~  on" can  o c c u r  in  a suitably doped semiconductor .  T h e  e f fec ts  

of donor  ( o r  accep to r )  impuri t ieh can  be  n e u t r a l ~ z e d  by the addition of 

su i tab le  concent ra t ions  of a c c e p t o r ( o r  donor)  a toms.  N e a r  per fec t  compcn- 

sa t ion  can  be  achieved in germanium and s i l icon such  tha t  p o r t i o n s  of the 

c r y s t a l  take on the e l e c t r i c a l  c h a r a c t e r i s t i c s  of intrinsic m a t e r i a l .  

In g e n e r a l ,  the impurity semiconductor  d i f f e r s  from the l n t r i n s i c  type 

because  of the equal  numbers  of e l e c t r o n s  and holes  i n  the l a t t e r  and a n  

unequal number i n  the fo rmer .  Since no c r y s t a l  is pe r f ec t  (any macroscopic  

c r y s t a l  may be cons ide red  imperfec t  i f  only because  of the p r e s e n c e  of 

i t s  s u r f a c e ) ,  the limit of i n t r in s i c  conductivity is n e v e r  exac t ly  r e a c h e d .  

T h e  te rm i s  usual ly applied to the c a s e  in  which the number of donor  

and /o r  a c c e p t o r  s t a t e s  is of negligible impor tance  in  de te rmining  the 

e l e c t r i c a l  c h a r a c t e r i s t i c s  of the  c r y s t a l .  
101 

1 . I  . 5  E n e r g y  Leve l s  of Impurity Atoms An es t imate  of the binding ene rgy  

of a donor  impurity can  b e  made by modifying the r e s u l t  of the B o h r  theory  

f o r  an  e l ec t ron  in  atomic hydrogen to acccount  f o r  the d i e l e c t r i c  cons tan t  

of the semiconductor  and  the effect ive m a s s  of the e l ec t ron  in  the per iodic  

potential  of the c r y s t a l .  '07 T h e  r e s u l t  obtained f o r  one-electron 

donor s  is that  the leve l  of the donor  l i e s  approximately 0.01 e V  below thc 

bottom of the conduction hand.  47 

F i g u r e  6 p r e s e n t s  i n  schematic  form some exper imenta l  va lues  f o r  

donor  and a c c e p t o r  ionization e n e r g i e s  in  germanium. 45 ' T h e  indica ted  

ionization ene rgy  (in e ~ )  i s  tha t  ene rgy  r e q u i r e d  to produce  the ionic  s t a t e  
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shown,  and i s  measured  from the n e a r e s t  band edge ,  i .  e .  , bottom of the 

conduction band f o r  donor s  and top of the valence band f o r  a c c e p t o r s .  The 

r e s u l t s  f o r  the one-electron donor s  is i n  good agreement  with the modified 

hydrogen atom approximation above ,  and  such  impuzity c e n t e r s  a r e  often 

termed "hydrogen-like . " 
The  position of the Fermi  leve l  E is sh i f ted  by e x c e s s  donor  o r  a c c e p t o r  f 

concent ra t ions .  F o r  the c a s e  of e x c e s s  donor  impuri ty  c e n t e r s  p r e s e n t ,  

E f  is sh i f ted  above i t s  i n t r in s i c  value of E /2  by an amount depending 
g  

upon the ionized impurity concentrat ion.  s imi l a r ly  f o r  e x c e s s  a c c e p t o r s  

p r e s e n t ,  E f  sh i f t s  below E / 2 .  
110  

6 

1 . 1  .6 P r o p e r t i e s  of Germanium The  following table  summar izes  ce r t a in  

experimental ly  obtained values f o r  the p r o p e r t i e s  of germanium a t  room 

0 
te inpera ture  and 77 K .  

- - 

TABLE I: P r o p e r t i e s  of ~ e r m a n i u m ~  

T (OK) E ( e ~ )  Elec t ron  Mobility In t r in s i c  Res is t iv i ty  D ie l ec t r i c  
g  (cm2 j v - s e c )  (n -cm) Constant  

3 00 0 . 6 6  3800 47  1 5 . 7  

a )  from r e f .  121 unless  o therwise  noted;  b) from r e f .  91 

1 . 2  Semiconductor Junct ions It  i s  poss ib le  to fabr ica te  within a s ingle  

c r y s t a l  of germanium o r  s i l icon r eg ions  of n- and p-type ma te r i a l  having a 

common in t e rna l  boundary.  Such "p-n junction" devices  can  b e  used f o r  

the detect ion of alpha- and beta-radioact ivi ty  , examples being diffused 

junction and metal-semiconductor s u r f a c e - b a r r i e r  d e t e c t o r s .  Multiple 



junct ion d e v i c e s  may a l s o  b e  c o n s t r u c t e d  hav ing  n- type,  i n t r i n s i c ,  a n d  

p-type m a t e r i a l  wi th in  a s i n g l e  c r y s t a l .  Such  "p-i-n junct ion"  d e t e c t o r s  

of  germanium a r e  u s e d  i n  gamma-ray s p e c t r o s c o p y .  

1 . 2 . 1  p-n J u n c t i o n s  3 3  7 4 7  ' " I n  o r d e r  t o  d e s c r i b e  t h e  c h a r a c t e r i s t i c s  

of  p-i-n d e v i c e s ,  i t  n i l 1  b e  i n s t r u c t i v e  f i r s t  t o  examine  p-n j u n c t i o n s .  

F i g u r e  7 p r e s e n t s  a n  e l e c t r o n  e n e r g y  d i a g r a m  of a p-n junct ion a t  e q u i l i b r j  L l i ' i ,  

w h e r e  e l e c t r o n  e n e r g y  is p lo t t ed  a g a i n s t  d i s t a n c e  t h r o u g h  t h e  c r y s t a l .  

T h e  conven t ion  fol lowed is t h a t  i n  a r e g i o n  of n e g a t i v e  c h a r g e ,  t h e  e l e c t r o n s  

h a v e  h i g h e r  e n e r g y  than  i n  a r e g i o n  of p o s i t i v e  c h a r g e .  I f  o n e  c o n s i d e r s  t h e  

F e r m i  e n e r g y  E as the  e l e c t r o c h e m i c a l  p o t e n t i a l  o r  p a r t i a l  m o l a r  f r e e  
f 

e n e r g y  of a n  e l e c t r o n 4 7  then  w h e n  r e g i o n s  of p-type a n d  n-type m a t t i i a l  

are b r o u g h t  i n t o  c o n t a c t ,  t h e i r  F e r m i  e n e r g i e s  m u s t  b e  e q u a l  a t  e q u i l i b r i u m .  

At  equ i l ib r ium t h e  conduc t ion  e l e c t r o n s  c o n t r i b u t e d  by t h e  i o n i z e d  

d o n o r s  wi l l  be found chief ly  i n  t h e  n - reg ion  w h e r e  t h e  e l e c t r o n s  n e u t r a l i z e  

t h e  s p a c e - c h a r g e  of  t h e  d o n o r  i o n s ,  w h e r e a s  h o l e s  c o n t r i b u t e d  by  a c c e p t o r  

i o n s  wi l l  b e  found  ch ie f ly  i n  t h e  p - reg ion .  E l e c t r o n s  a n d  h o l e s  c a n n o t  

r e m a i n  s e p a r a t e d  i n  t h i s  w a y  u n l e s s  a n  e l e c t r i c  f i e l d  e x i s t s  i n  t h e  junct ion 

r e g i o n ,  s i n c e  t h e  e l e c t r o n s  a n d  h o l e s  would  i n t e r m i x  by d i f f u s i o n  i n  t h e  

a b s e n c e  of  s u c h  a f i e l d .  I f  i n i t i a l l y  t h e r e  is no  e l e c t r i c  f i e ld  a c r o s s  t h e  

junc t ion ,  h o l e s  wi l l  d i f f u s e  i n  o n e  d i r e c t i o n  l e a v i n g  beh ind  on o n e  s i d e  o f  

t h e  junct ion nega t ive ly  c h a r g e d  a c c e p t o r  i o n s ,  a n d  e l e c t r o n s  w i l l  d i f f u s e  

i n  the  o p p o s i t e  d i r e c t i o n  l e a v i n g  p o s i t i v e l y  c h a r g e d  d o n o r  i o n s .  T h i s  

i n i t i a l  d i f fus ion  of c a r r i e r s  wi l l  e s t a b l i s h  a n  e l e c t r o s t a t i c  d i p o l e  l a y e r  a t  

t h e  junct ion g iv ing  r i s e  t o  a po ten t i a l  d i f f e r e n c e  A E which  o p p o s e s  f u t h e r  

f low a c r o s s  t h e  junc t ion .  

E v e n  i n  t h c r m a l  equ i l ib r ium t h e r e  wi l l  b e  a s m a l l  flow of' e l e c t r o n s  J 
I1 r 
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FIGURE 7: p-n JUNCTION AT EQUILIBRIUM 



from the n-region into the p-region,  t hese  e l e c t r o n s  recombining with 

ho le s .  T h i s  flow wil l  be balanced by the flow J of e l e c t r o n s  thermally 
ng 

genera ted  in  the p-region and which diffuse into the n-region.  60 In the 

condition of thermal  equilibrium (V = 0)  , the recombination c u r r e n t  of 

e l ec t rons  J must be equal  and opposite to the thermal  genera t ion  e l ec t ron  
n r  

c u r r e n t  J (otherwise e l e c t r o n s  would pile up on one s ide  of the b a r r i e r )  
ng 

thus: 6 0  

J (0) + J (0) = 0 
n r  n  g  (1 -6 )  

a s  shown in F i g u r e  7 .  

T h e  c u r r e n t  rec t i f ica t ion  act ion of a p-n junction can  be  demonstrated 

assuming that  nea r ly  all of a n  applied voltage wil l  a p p e a r  a c r o s s  the  t ran-  

sit ion r eg ion .  Since the total  c a r r i e r  concentrat ion n  + p is a  minimum 

t h e r e  due to the constancy of the np product  a s  shown in  equation 1 - 2 ,  

t h i s  is a  r ea sonab le  assumption.  

If  a r e v e r s e  o r  back b i a s  (n-side pos i t ive ,  p-side negative) is appl ied 

to  a  p-n junction, the potential  d i f fe rence  between the two r eg ions  is 

i n c r e a s c d  a s  shown in  F i g u r e  8 .  The  genera t ion  c u r r e n t  of e l e c t r o n s  is 

not pa r t i cu l a r ly  affected by the r e v e r s e  b i a s  s i n c e  the genera t ion  e l e c t r o n s  

a r e  flowing down a c r o s s  the potential  anyway: 

J (V r e v e r s e )  = J ( 0 )  " g ng 

T h e  recombination c u r r e n t  is af fec ted ,  however ,  s ince  the i n c r e a s e d  

potential  b a r r i e r  will  allow l e s s  

e l e c t r o n s  which can flow a c r o s s  

mann f a c t o r ,  l o '  thus: 

J,3r(V r e v e r s e )  

e l ec t rons  to flow a c r o s s .  T h e  number of  

the b a r r i e r  i s  p ropor t iona l  to the Bolta- 
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FIGURE 8: p-n JUNCTION UNDER REVERSE BIAS 



When a fo rward  b i a s  is appl ied ,  the recombinat ion c u r r e n t  i n c r e a s e s  

by the  Boltamann f ac to r  because  the potential  b a r r i e r  is lowered  below 

the equilibrium he ight ,  enabl ing more  e l e c t r o n s  to  flow f rom the  n- to  the 

p-side: 

J (V fo rward )  = Jnr(0)exp(e IV l / k ~ )  
n r  

Again the  genera t ion  c u r r e n t  i s  unchanged: 
60  

J (V forward)  = J (0) 
ng  n g 

The  hole c u r r e n t  flowing a c r o s s  the junction can  be  obtained i n  an  

analogous manner  to  that  f o r  e l e c t r o n s  s i n c e  the  appl ied vol tage which 

l o w e r s  the b a r r i e r  height f o r  e l e c t r o n s  a l s o  l o w e r s  i t  f o r  h o l e s ,  s o  that  

l a r g e  numbers  of ho les  flow from the p-region to  the n-region unde r  the  

same condi t ions which produce  l a r g e  e l ec t ron  c u r r e n t s  i n  the opposi te  

d i r ec t i on .  'The e l e c t r i c a l  c u r r e n t  due  to  e l e c t r o n s  and holes  a d d ,  s o  tha t  

the  total  e l e c t r i c a l  c u r r e n t  I is given by: 
101 

w h e r e  I is the sum of the two genera t ion  c u r r e n t s .  Under  fo rward  b i a s  
0 

(defined f o r  posi t ive e ~ ) ~ '  a  p-n junction p a s s e s  a n  exponent ia l ly  i n c r e a s i n g  

c u r r e n t  with i n c r e a s i n g  vol tage,  

and under  r e v e r s e  b i a s  (negative e ~ )  a n  e s sen t i a l l y  cons tan t  c u r r e n t :  

Howeve r ,  whC,ri suff ic ient  b i a s  h a s  been appl ied such  that  c h a r g e  c a r r i e r  



veloc i t ies  become l a r g e  enough to  c a u s e  addi t ional  ionizat ion i n  the  so l id ,  

the  c u r r e n t  will  rap id ly  i n c r e a s e .  'This condition is te rmed "avalanche 

breakdown . 11110 

Since  unde r  a r e v e r s e  b i a s ,  the thermal  genera t ion  c u r r e n t  dominates  

the recombinat ion c u r r e n t  ( s e e  equat ions 1-6, 1-7,  and 1-8),  one would 

expec t  that  cooling a  p-n junction will  l e ad  t o  r educed  r e v e r s e  c u r r e n t .  It 

is a l s o  observed1  O' that  as the t empera tu re  is d e c r e a s e d ,  the r a t i o  of 

r e v e r s e  to f o r w a r d  c u r r e n t s  d e c r e a s e s ,  and thus  the rec t i fy ing  ac t ion  in-  

c r e a s e s .  

1 . 2 . 2  p-i-n Junc t ions  A s  s t a t ed  earlier, the l i thium-drifted germanium 

d e t e c t o r s  used i n  gamma-ray spec t ro scopy  have a p-i-n s t r u c t u r e ;  with- 

i n  a s ing le  c r y s t a l  of germanium a r e  well-defined r eg ions  of p-, " i n t r i n s i c ,  " 

and n-type ma te r i a l .  The  so-cal led i n t r i n s i c  r eg ion  is ac tua l ly  compensated 

semiconductor  i n  which ,  by means  to  be  d i s c u s s e d  l a t e r ,  e x c e s s  a c c e p t o r  

a toms are i n  e f f e c t  neu t ra l ized  by a n  equa l  number of lithium d o n o r  a toms .  

T h i s  reg ion  thus h a s  few free c h a r g e  c a r r i e r s  i n  comparison to  the  impuri ty  

r e g i o n s .  

Opera t iona l ly ,  the  p-i-n d iodes  a r e  s imi l a r  to  the  p-n junction 

dev ices  d i s c u s s e d  above ,  the  reg ion  depleted of c h a r g e  c a r r i e r s  i n  the  

former  being on the o r d e r  of cen t ime te r s  i n  maximum th i cknes s  while  i n  

the  l a t t e r ,  only ten ths  of mi l l imeters  maximum. F i g u r e  9(a)  shows  the  

e l ec t ron  potent ia ls  f o r  a p-i-n diode unde r  r e v e r s e  b i a s ;  the  convent ions 

a r e  the  same a s  f o r  the  p-n junction shown i n  F i g u r e  8 which may b e  used  

f o r  compar i son;  how e v e r ,  t h e r e  is one important  d i f f e r e n c e .  T h e  d i s t ance  

s c a l e  ( absc i s sa )  i n  F i g u r e  9(a)  is many o r d e r s  of  magnitude g r e a t e r  than 

i n  F i g u r e  8 .  T h e  potential  g r ad i en t  shown between the  n- and p-regions 
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a c r o s s  the i - region e x i s t s  s i n c e  t h e r e  is c h a r g e  i n  t r a n s i t  a c r o s s  the  

compensated reg ion  due  to  thermal  genera t ion  of c a r r i e r s  ,79  and the 

p r e s e n t  r ep re sen t a t i on  is thought to  be  more  a c c u r a t e  than that  of B u r f o r d  

and v e r n e r 1 4  which i s  shown in  the  i n s e t  of the  f i g u r e .  

I t  is in s t ruc t ive  to  examine i n  some de ta i l  the  c u r r e n t  flow in  a r e v e r s e  

b i a sed  p-i-n junction. Reca l l ing  that  eV is negat ive f o r  the  c a s e  of 

r e v e r s e  b i a s  and with r e f e r e n c e  to equation 1-1 1 , the  r e s u l t i n g  c u r r e n t  

I  may be  e x p r e s s e d  as the sum of two components s imi l a r  t o  those  i n  p-n 
0 

junctions: the c a r r i e r  diffusion c u r r e n t  I D ,  and  the  "depletion-region- 

gene ra t ed  c u r r e n t "  IDRG .79 ID arises from the  diffusion of minority 

c a r r i e r s  in to  the junction r e g i o n s ,  and f o r  the c a s e  of a heavily-doped 

n-region and lightly-doped p-region,  th i s  component of the c u r r e n t  c a n  be  

7 9 wr i t t en  as: 

w h e r e  n is the i n t r i n s i c  c a r r i e r  concent ra t ion ,  NA the  a c c e p t o r  con- 
i 

cen t r a t i on ,  D the  c a r r i e r  diffusion coeff ic ient ,  q  the  c h a r g e ,  and T 

the  ca r r i . e r  l i fe t ime;  the t empera tu re  dependence of ID arises from the 

2 
n t e rm.  i 

IDRG 
a r i s e s  from e l e c t r o n s  and holes  thermally gene ra t ed  i n  the  

deplet ion r eg ion  and swept  out by the appl ied f ie ld .  T h e  value of th i s  

component i s  given79 by: 

w h e r e  w is the  width of the compensated r eg ion .  In compar i son  to  the 

diffusion c u r r e n t ,  the  magnitude of IDRG is governed  by n and  w , and i 

is frequent ly  l a r g e r  in  magnitude than ID.  
79  



T h e r e  is a n o t h e r  s o u r c e  of  r e v e r s e  c u r r e n t  i n  p-i-n junc t ions  (as 

w e l l  as p-o d e v i c e s ) .  the  s u r f a c e  l e a k a g e  c u r r e n t  IL .  T h e  magni tude  

a n d  b e h a v i o r  of  I are s t r o n g l v  t lependent upon the  s u r f a c e  c h e m i s t r y  and  
L 

p h y s i c s  o f  t h e  d i o d e  anti wi l l  L)c. trt:ateti s p e c i f i c a l l y  i n  a l a t e r  s e c t i o n .  

A s  i n  t h e  c a s e  of p-n j u n c t i o n s ,  a l m o s t  a l l  o f  a n  a p p l i e d  po ten t i a l  

o c c u r s  a c r o s s  the  c o ~ n p e n s a t e t l  r e g i o n  as shown i n  F' igure 9 ( b ) ,  t h u s  the  

e l e c t r i c  f i e l d  call b e  \ ~ r i t t e n  as V I  \I.. A t  e l e v a t e d  t e m p e r a t u r e s ,  h o w e v e r ,  

the  n e t  s p a c e - c h a r g e  of the  mobi le  c a r r i e r s  r e s u l t s  i n  a p e r t u r b a t i o n  of 

t h e  e l e c t r i c  f ieldT9 ( d a s h e d  c u r v e  i n  F i g u r e  9 (b ) ) .  'This e f f e c t  is  of 

su f f i c i en t  irnportarlce i n  the  f a b r i c a t i o n  of p-i-n d i o d e s  by the  l i th ium 

d r i f t  me thod ,  tha t  s p e c i a l  e f f o r t  m u s t  b e  t aken  to  c o r r e c t  f o r  i m p e r f e c t  

compensa t ion  of  a c c e p t o r s  d u e  to  the  s p a c e - c h a r g e  g e n e r a t e d  c u r r e n t .  



C H A P T E R  I 1  

CHARACTERISTICS of p-i-n DETECTORS 

2 .  One of the most important  c h a r a c t e r i s t i c s  of l i thium-drifted germanium 

o r  ~ e ( L i )  d e t e c t o r s  f o r  gamma-ray spec t ro scopy  is t h e i r  exce l len t  e n e r g y  

reso lu t ion .   h he t e rms  " reso lu t ion ,  " "peak-width, " and  "line-width" as 

used  h e r e i n  refer to  the full width a t  half the  maximum he ight ,  FWHM, i n  

keV of a gamma-ray peak i n  a pulse-height spec t rum. )  T h e  rad ia t ion  

detect ion p r o c e s s  in  sol id-s ta te  d e t e c t o r s  is e s sen t i a l l y  two-staged: 

f i r s t l y ,  rad ja t ion  i n t e r a c t s  in  a c h a r a c t e r i s t i c  way  with the  d e t e c t o r  ma te r i a l  

to  produce  free c h a r g e  c a r r i e r s ,  and secondly ,  the  c h a r g e  mus t  be  co l l ec t ed ,  

i . e . ,  swept  out of the c r y s t a l  f o r  measurement  by the  e x t e r n a l  e l ec t ron i c  

equipment. Both the c h a r g e  product ion and  col lect ion p r o c e s s e s  are 

subjec t  to  f luctuat ions which can  broaden  the l ine-width; o t h e r  d e t e c t o r  

c h a r a c t e r i s t i c s  such  as e x c e s s  leakage  c u r r e n t  which d o  not  a f fec t  the 

c h a r g e  p r o c e s s e s  d i r ec t l y  can  a l s o  d e g r a d e  the  e n e r g y  r e so lu t ion  through 

no i se  contr ibut ions.  

Thus  the f a c t o r s  which r e s u l t  i n  less than optimum re so lu t ion  f o r  

~ e ( L i )  d e t e c t o r s  can  be  d i s c u s s e d  i n  t e r m s  of t h r e e  g e n e r a l  ca t ego r i e s :  

c h a r g e  product ion ,  c h a r g e  co l lec t ion ,  and noise  e f fec t s .  F a c t o r s  which 

a f fec t  the f i r s t  top ic ,  c h a r g e  product ion,  a r e  funct ions only of the  d e t e c t o r  

m a t e r i a l ,  and the na tu re  and e n e r g y  of the inc ident  r ad i a t i on ,  and  cannot  b e  

manipulated. T h e  l a t t e r  two top ics  can  be  dependent  upon f ab r i ca t i on  technique,  

amd some improvement in  c h a r g e  col lect ion and noise  can  be  ach ieved  by 

p r o p e r  t rea tment  of the  d e t e c t o r .  



2.1 Product ion  of C h a r g e  In d i s cus s ing  radiat ion-induced ionizat ion i n  

semiconductors ,  one needs  t o  d i f f e r en t i a t e  between the i n t e r ac t i ons  of 

gamma-rays and  of dense ly  ionizing r ad i a t i ons  with t he  de tec t ion  

medium. A dense ly  ionizing p a r t i c l e  is brought  t o  r e s t  within the medium 

-1 2 r e l a t i ve ly  rap id ly  i n  1 0  t o  10-I s econds ,  l o s ing  a lmos t  all i t s  e n e r g y  

in  the  product ion of low e n e r g y  e l e c t r o n s  by impact  ionizat ion.  Gamma-rays 

produce  a t  e a c h  in t e r ac t i on  ene rge t i c  e l e c t r o n s ,  by p r o c e s s e s  which wil l  

b e  de ta i led  l a t e r ,  which may then be  cons ide red  i n  the same way as a 

p r imary  bombarding p a r t i c l e ,  though not o r ig ina t ing  a t  the  s u r f a c e  of 

the  d e t e c t o r .  31 T h e  seconda ry  e l e c t r o n s ,  i n  t u r n ,  l o s e  t h e i r  e n e r g y  

v e r y  r ap id ly  by f u r t h e r  impact  ionizat ion until  they are of insuf f ic ien t  

kinet ic  e n e r g y  to  produce  electron-hole  p a i r s .  

W e  now de f ine  two quant i t i es  used i n  d e s c r i b i n g  radiat ion-induced 

ionizat ion i n  semiconductors .  T h e  radiat ion-ionizat ion e n e r g y  s is 

the  a v e r a g e  e n e r g y  given up by the  inc ident  rad ia t ion  i n  the  p r o c e s s  of 

genera t ing  a s ing le  e lectron-hole  pair. T h e  minimum e n e r g y  r e q u i r e d  

f o r  p a i r  product ion by impact  ionizat ion of va lence  e l e c t r o n s  i n  the  semi- 

conductor  by inc ident  rad ia t ion  is the  ion iza t ian  t h r e sho ld  e n e r g y  E and  i '  

h a s  been shown24 to  b e  approximately equa l  t o  1 . 5 E  ( the band gap) f o r  a 
g 

va r i e ty  of e lemental  and compound semiconductors .  

~ l e i n ~ '  i n  de r iv ing  the  r e l a t i onsh ip  between band gap  and  rad ia t ion-  

ionizat ion e n e r g y  deve lops  a qual i ta t ive p i c tu re  of the va r ious  l o s s  p r o c e s s e s  

i n  ionizat ion induced by rad ia t ion  i n  semiconductors .  T h e  b a s i s  f o r  the  

phenomenological approach  is the  t rea tment  of e a c h  electron-hole  p a i r  

as the  r e s u l t  of some t 'e lementary p r o c e s s "  which d o e s  not  involve t he  

ac tua l  phys ics  of' the  i n t e r ac t i on  between the  medium and r ad i a t i on .  T h e  



a v e r a g e  e n e r g y  f o r  producing a n  electron-hole  p a i r  c an  be  wr i t t en  as 

w h e r e  ( WL) r e p r e s e n t s  ene rgy  spen t  f o r  pu rposes  o t h e r  than ion iza t ion ,  

i .e .  , l o s t  to  the  l a t t i c e .  Data  on yield of p a i r s ,  which wil l  b e  d i s c u s s e d  

l a t e r ,  ind ica te  that  t h e s e  l o s s e s  play a cons ide rab l e  r o l e ,  and thus  the  

p r o c e s s  of phonon genera t ion  i n  the  sol id  i n  the  c o u r s e  of p a i r  product ion 

and  therrnalization must b e  accounted  f o r  in  a c c o r d a n c e  with the  d a t a .  

K le in t  s model6' c o n s i d e r s  l o s s  phenomena to  o c c u r  i n  two consecut ive  

s t eps :  f i r s t l y ,  the  kinet ic  e n e r g y  r e l e a s e d  in to  the  sys tem c r e a t e s  a non- 

equi l ibr ium d is t r ibu t ion  of mobile c a r r i e r s  by inducing t r a n s i t i o n s  from 

the  va lence  band in to  the  conduction band;  t h i s  phase  is completed a lmos t  

ins tan taneous ly  although i t  is probable  tha t  impact  ionizat ion competes  

with phonon gene ra t i on .  T h e  second phase  involves  the  thermal iza t ion ,  

o r  t r a n s f e r r i n g  of e x c e s s  k ine t ic  ene rgy  to  the  l a t t i c e ,  a p r o c e s s  which 

deve lops  e s sen t i a l l y  a f t e r  terminat ion of the c a r r i e r  generation-multipli-  

cat ion "cascade .  tt94 f i g u r e  10 is intended to  b e  a schemat ic  r e p r e s e n t a t i o n  

of the r e l evan t  e v e n t s .  T h e  l o s s  te rm (WL) inc ludes  a cont r ibu t ion  d u e  

to  "opt ical t f  phonons in  addition to  one due  to  therrnalization l o s s e s :  

w h e r e  t he  phonon l o s s  te rm (ER) r e f l e c t s  the  observat ion6 '  t ha t  c h a r g e  

c a r r i e r s  of  pa i r -producing  impacts  are coupled to  opt ical  modes  and  may 

emit Haman phonons.  Therrnal izat ion l o s s e s  (EK) a r i s e  from the  f a c t  

tha t  the  culmination of the e n e r g y  l o s s  p r o c e s s  i n  so l id s  i s  t he  product ion of  

s e c o n d a r i e s  incapable  of p roducing  f u r t h e r  ion iza t ion ,  and thus  must  conve r t  



FIGURE 10: ENERGY LOSS PROCESSES IN RADIATION- 

INDUCED IONIZATION IN SEMICONDUCTORS. 



2 . 1  . 1 In te rac t ion  of Gamma-rags with Matter  2 8 7 5 4  We now wish  to outline 

the t h r e e  major  i n t e rac t ions  of gamma-rays with ma t t e r  which produce  the 

pr imary  ionizing p a r t i c l e s .  T h e  p r o c e s s e s  with which we sha l l  be conce rned  

a r e  the photoe lec t r ic  e f f c c t ,  Compton s c a t t e r i n g ,  and pos i t ron-e lec t ron  

p a i r  product ion.  

a )  Photoe lec t r ic  effect:  In this  type of i n t e rac t ion ,  the incident  photon 

c a u s e s  an  e l ec t ron  to be e jec ted  from one of the atomic s h e l l s ,  the  K-shc.11 

contr ibut ing most s ince  absorp t ion  i n c r e a s e 5  with i n c r e a s i n g  e l ec t ron  binding 

T h e  ene rgy  of the e jec ted  photoelectron E e  i s  given by 

w h e r e  E js the  ene rgy  of the incident  photon and 1 "  the binding ene rgy  
Y ' b 

of the e l e c t r o n .  From F i g u r e  1 1  , i n  which the m a s s  at tenuat ion coeff icients  

of  germanium f o r  the t h r e e  major  gamma-ray in t e rac t ions  a r e  plotted v s  

gamma-ray e n e r g y ,  i t  c an  be  s e e n  tha t  below about  0.15 MeV,  the photo- 

e l e c t r i c  in te rac t ion  i s  dominant.  F o r  a  cons tan t  Z , the angle  of emiss ion  

of a photoelectron sh i f t s  to  the fo rward  d i r ec t ion  with i n c r e a s i n g  gzmma-ray 

e n e r g y ,  e . g .  , the half-angle of the cone within which one-half of  all the  

0 
photoe lec t rons  a p p e a r  (the bipart i t ion angle)  v a r i e s  from 90 f o r  the 

0 
limiting c a s e  of E ,, = 0 to  10 f o r  I+ = 6 MeV. 

5  4 
I 

54 
b) Compton sca t t e r ing :  T h i s  in te rac t ion  i s  genera l ly  def ined as 

the ine las t ic  incoherent  s c a t t e r i n g  of photons by atomic e l e c t r o n s .  'The 

p r o c e s s  r e s u l t s  i n  a  s c a t t e r e d  photon of ene rgy  E '  a t  an  angle  0 to 
Y 

the inc ident  photon anr l  a17 c-lectron of ene rgy  E a t  a n  angle  of cp. e  

T h e  kinet ic  e n e r g i e s  of the Compton s c a t t e r e d  photon and e l e c t r o n  a r e  
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dependent on the sca t t e r ing  angle ,  and a r e  given by the following f o r  the 

photon and e l e c t r o n ,  respec t ive ly :  
5 4 

Z 
w h e r e  a - E y/moc . As s e e n  in  F i g u r e  11 , the  Compton in te rac t ion  

is dominant between about 0 .15  and 8 MeV. 

L 
c )  Pair Product ion:  At incident  photon e n e r g i e s  g r e a t e r  than 2m c = 

0 

1 .022  MeV, the production of e lectron-posi t ron p a i r s  can  be  ini t ia ted in  

the Coulomb f ie ld  of the nucleus of the a b s o r b e r .  T h e  kinet ic  ene rgy  of 

C 
the p a i r  E- is given by: 

T h e  subsequent  annihilation of the pos i t ron  r e s u l t s  in  two photons each  

of energy  m c 2  = 0.51 1 MeV which may i n t e r a c t  f u r t h e r  with the atoms 
0 

in  the a b s o r b e r  by p r o c e s s e s  a) and b) o r  e s c a p e  the c r y s t a l .  F i g u r e  11 

shows tha t  the p a i r  production p r o c e s s  d o e s  not become dominant until 

photon e n e r g i e s  exceed about 8 MeV. 

With r e s p e c t  to  the radiation-induced ionizat ion p r o c e s s  i n  a so l id ,  

the t h r e e  major  in te rac t ion  p r o c e s s e s  of gamma-rays with ma t t e r  r e s u l t  

i n  high energy  e l ec t rons  or iginat ing within the sol id  which may be  t r e a t e d  

as pr imary  ionizing p a r t i c l e s .  

2.1 . 2  S t a t i s t i c s  of Cha rge  Product ion T h e  a v e r a g e  ene rgy  expended in  

3 
producing an  electron-hole p a i r  8 i n  germanium is 2.98 e V ,  and  is 

l a r g e r  than the forbidden gap  ene rgy  E b e c a u s e ,  i n  the impact  ionizat ion 
g 



p r o c e s s  by which the p r imary  ene rge t i c  e l e c t r o n s  l o s e  e n e r g y ,  some e n e r g y  

is l o s t  i n  heat ing t h e  c r y s t a l  l a t t i c e .  T h i s  divis ion of e n e r g y  between 

ionization and phonon production r e s u l t s  in  s t a t i s t i c a l  f luctuat ions i n  

the  number of ion p a i r s  produced by photons of a given e n e r g y .  

The  a v e r a g e  number of ion p a i r s  N produced by rad ia t ion  of 

ene rgy  E i s  given by 

If e a c h  ionizat ion event  w e r e  independent and N w e r e  l a r g e ,  the  s t a -  

t i s t i c a l  f luctuat ion i n  N would be  jus t  p. ~ a n o ~ '  showed,  howeve r ,  

tha t  the  ionizat ion events  are not  completely independent  s i n c e  the  p r imary  

p a r t i c l e  h a s  to  l o s e  exac t ly  i t s  in i t i a l  kinet ic  e n e r g y  du r ing  the  s lowing 

down p r o c e s s .  The  Fano  f ac to r  F is thus defined as the  r a t i o  of the  

va r i ance  i n  the  yield of ion p a i r s  t o  that  yield: 
1 5 , 3 0  

I t  wil l  a l s o  b e  convenient t o  def ine a t  th i s  time the  e n e r g y  r e so lu t ion  of a 

semiconductor  rad ia t ion  d e t e c t o r  i n  t e r m s  of the  following: the  e n e r g y  of 

rad ia t ion  which will  produce a c h a r g e  equivalent  to  the s t a n d a r d  deviat ion 

is given by 
3 2 

and  th i s  is r e l a t e d  to  the e n e r g y  reso lu t ion  i n  keV (FWHM) as obtained 

from a pulse-height spec t rum by 

FWHM = 2.355 $7' (2-1 0) 

T h u s  a  knowledge of the magnitude of F i n  germanium wil l  yield informatiorl 



as to  the ultimate reso lu t jon  of ~ e ( ~ i )  d e t e c t o r s .  Also  any  theo ry  which 

at tempts  to  explain the ionization p r o c e s s  in  semiconductors  mus t  s u c c e s s -  

ful ly  account  f o r  the Fano  f a c t o r ,  and experimental  measurements  of F 

could yield ins igh t  into the ionizat ion p r o c e s s .  

B i l g e r  and ~ a n n "  proposed  a simple i n t e rp re t a t i on  of the F a n o  f ac to r  

i n  t e rms  of  F a n o ' s  o r ig ina l  s t a t i s t i c a l  theory  f o r  g a s e s ,  assuming  that  only 

the final ionizat ion domina tes ,  w h e r e  an  e l ec t ron  jumps from the  ground 

s t a t e  to  some l eve l  in  a band above the ground s t a t e .  T h i s  y i e ld s  an  es t imate  

of the l o w e r  l imit  of F of approximately 0.04. 

T h e r e  are a t  p r e s e n t  two t h e o r i e s  which attempt to  explain ionizat ion 

p r o c e s s e s  i n  semiconductors  and which take  in to  account  the  r o l e  of phoqon 

l o s s e s .  T h e  mos t  r e c e n t  is due  to  ~ l e i n ~ '  i n  which a theo re t i ca l  r e l a t i onsh ip  

is de r ived  between the Fano  f ac to r  I? and  two d imens ionless  p a r a m e t e r s ,  

Y ,  the radiation-ionization eff ic iency,  and K ,  the r e l a t i v e  phonon l o s s ,  

w h e r e  

and K = (ER) /Eg 

Evaluat ing F i n  t e r m s  of Shockley ' s or ig ina l  p a i r  product ion model 2 ,107  

Klein obtains  the following: 

which showsd1 tha t  r e s i d u a l  e n e r g y  f luctuat ions cont ro l  the  s t a t i s t i c a l  

2 behavior  of K r - 0 . 3 ,  though F a n o  f ac to r  va r i a t i ons  are e n t i r e l y  de- 

termined by the r e l a t i ve  impor tance  of opt ical  phonon l o s s e s .  F i g u r e  12 

p r e s e n t s  K l e i n ' s  r e s u l t s  of the dependence of the ionizat ion e f f i c i ency  Y 

and Fano  f a c t o r  F on the r e l a t i v e  amount of phonon l o s s  K .  F o r  the c a s e  

0 
of i n t e r e s t ,  germanium a t  77 K ,  Y = 0 .25  us ing  equat ion 2-1 1 and 
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E = 0 .75  eV with =2.98 eV.  F o r  Y - 0 . 2 5 ,  F i g u r e  12 y ie lds  a theore t i -  
g  

c a l  value f o r  F of 0 .1  1 . 

Van ~ o o s b r o e c k '  23 proposed  a  s ta t i s t ica l  model of the ionizat ion p r o c e s s  

independent of tile de t a i l s  of the ac tua l  phys ics  involved. T h e  model is 

desc r ibed  In t e rms  of the " c r a z y  ca rpen t ry"  problem in  which the ene rgy  

of a pr imary  pa r t i c l e  i s  par t i t ioned in  the following manner .  L e t  u s  v isua l ize  

tha t  the ene rgy  of the incident  pa r t i c l e  is r e p r e s e n t e d  by a boa rd  of length 

L in  units of the ionization threshold  Ei ( s e e  F i g u r e  13). A small p iece  

i s  cu t  off the right-hand end with probabili ty r ,  r e p r e s e n t i n g  the  genera-  

t ion of a n  opt ical  phonon. Length unity ( E ~ )  is removed from the right-hand 

end with probabi l i ty  1 -r rep resen t ing  yield of a seconda ry ,  and  a r a rdom 

cut  is made (at  x).  T h e  r igh t  hand por t ion ,  the s econda ry  r ema inde r ,  

r e p r e s e n t s  the ene rgy  of the seconda ry ,  and  i n  the s imples t  assumpt ion ,  

is divided in  equal  port ions r ep re sen t ing  equal  e n e r g i e s  f o r  the  seconda ry  

e l ec t ron  and hole .  T h e s e  two por t ions  as well  as the p a r t  l abe l led  "pr imary  

remainder"  a r e  again subjected to the part i t ioning p r o c e s s  as above as 

long as lengths  g r e a t e r  that  E a r e  ava i lab le .  Po r t ions  of s econda ry  i 

r ema inde r s  which a r e  of length l e s s  that Ei thus r e p r e s e n t  s e c o n d a r i e s  

incapable of producing f u r t h e r  ionizat ion.  F o r  p a r t i c l e s  of l a r g e  inc ident  

ene rgy  (length L ) ,  t h i s  was t e  is negligible i n  the in i t ia l  s t a g e s  and  becomes 

apprec i ab le  only when the r ema inde r s  a r e  only a few uni ts  of  E i n  length . i 

I t  is th i s  cons t r a in t  a t  the end of the ionization p r o c e s s ,  w h e r e  many 

seconda r i e s  a r e  produced which cannot in i t ia te  f u r t h e r  ion iza t ion ,  which 

l a rge ly  de t e rmines  the Fano f a c t o r .  

Van Roosbroeck  de f ines  the following t e rms  (upon which K l e i n l s  w e r e  

based)  f o r  efficiency and phonon l o s s ,  r e s p e c t j  vely: 
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Y = E . /  s and 
1 

0 F o r  germanium a t  77 K ,  a value of F = 0 . 3 2  is obtained. It  should be 

noted that  the c r a z y  ca rpen t ry  r e q u i r e s  2. = E r a t h e r  than 
1 g 

24 
the experimental ly  accepted  Ei = 1 . 5Eg. T h u s  the c r a z y  c a r p e n t r y  

model would seem to be  l e s s  acceptable  than the model proposed  by Klein. 
6 1 

2 .2 Effec ts  of Cha rge  Collection The  a d v e r s e  e f f e c t s  of incomplete 

cha rge  collection on semiconductor de t ec to r  resolut ion can  be  examined 

by cons ider ing  tw 0 f a c t o r s ,  c a r r i e r  recombination and t rapping .  We can  

define trapping1 l 8  a s  the removal of a  c a r r i e r  f rom i t s  condition of mobility 

to  a local ized l eve l  within the band gap ,  such  a leve l  being te rmed a " t rap"  

r e g a r d l e s s  of i t s  o the r  poss ib le  funct ions,  e .  g .  , as a donor  o r  a c c e p t o r .  

At equi l ibr ium, the t rapping r a t e  f o r  each  type of c a r r i e r  is equal  to a  

" r e l e a s e  r a t e .  'I Within the above definition, the recombination-generation 

p r o c e s s  a t  local ized l eve l s  might a l s o  be termed t rapping .  T h e  d i r e c t  

recombination-generation p r o c e s s ,  i . e .  , d i r ec t ly  between the valence 

and conduction bands ,  is of negligible importance i n  impure  semiconductors .  
118 

2 .2 .1  P l a sma  Recombination F o r  dense ly  ionizing r ad ia t ions ,  c h a r g e  

c a r r i e r s  may be  lo s t  through d i r e c t  e lectron-hole recombination in  the 

plasma sur rounding  the ionization t r a c k ,  espec ia l ly  if t h e r e  is insuff icient  

collection f ie ld to rap id ly  s e p a r a t e  the c a r r i e r s .  F o r  gamma-rays,  which 

a r e  not ionizing l ike  charged  p a r t i c l e s ,  plasma recombinat ion 

h a s  been found to be  insignif icant  i n  semiconductor d e t e c t o r s  under  normal  

opera t ing  condit ions.  
8 1 , 8 2  

2 . 2 . 2  C a r r i e r  Trapping  T h e  problem of c h a r g e  c a r r i e r  t rapping  and i t s  

e f fec ts  on d e t e c t o r  resolut ion has  been desc r ibed  by Day,  e t .  a1. , 29 for  a  



p l a n a r  p-i-n d e t e c t o r .  F o r  a n  e l ec t rode  s epa ra t i on  w ,  a uniform 

e l e c t r i c  f ie ld  E = V/W , and assuming  uniform c h a r g e  product ion through- 

out the volume of the  d e t e c t o r  by gamma-rays,  i t  is shown tha t  t he  total  

c h a r g e  pu l se  due  t o  e l e c t r o n s  is: 

w h e r e  N is the  a v e r a g e  number of e l e c t r o n s  produced i n  the  d e t e c t o r  
0 

by a gamma-ray, e is the e l ec t ron  c h a r g e ,  and h is the  d r i f t  length 

2 3 
of an  e l ec t ron  before  t rapping ,  defined as: 

w h e r e  p is the  e l ec t ron  mobili ty,  7 is the e l e c t r o n  l i fe t ime,  and  E 

is the  e l e c t r i c  f ie ld .  

By symmetry,  Day,  e t .  a1. , 29 show that  the  pu l se  due  t o  t he  col lect ion 

of  both e l e c t r o n s  and holes  is: 

Assuming hn  = h p  = , equation 2-16 becomes: 

- 
q = 2 ~ ~ e ( h / w ) ~ ( w h  - 1 + e - ~ h  ) (2-1 7) 

M h i c h  shows t h e  d e p e n d e n c e  of ( h e n c e  ?) o n  A (see Fig.  14). 

T h e  c h a r g e  col lect ion efficiency q can  be  thus defined as the  r a t i o  

of the  c h a r g e  col lected i n  the  e x t e r n a l  cmcu i t  q to  the  c h a r g e  l ibera ted  

i n  the  d e t e c t o r  N e: 
0 

Equation 2-17 can  then b e  wr i t t en  i n  t e rms  of q by subst i tut ion of  equation 

2-18 in to  2-1 7: 



I t  c an  be s e e n  that i n  o r d e r  to maximize cha rge  co l lec t ion ,  1 should be  

much g r e a t e r  than w , i . e .  , the ave rage  d is tance  a  c a r r i e r  t r a v e r s e s  

be fo re  being t rapped  should grea t ly  exceed the d is tance  between the d e t e c t o r  

e l ec t rodes  if the cha rge  i s  to be col lected completely.  F o r  the c a s e  of 

i n t e r e s t ,  A> w , the exponential  term in equation 2-1 9 can  be  expanded,  

and the col lect ion eff ic iency becomes 

F i g u r e  14 shows the calculated effect on T? by variat ion of the t rapping 

length pa rame te r  1 /rv .  29 If the c a r r i e r  t rapping length is a n  o r d e r  of 

magnitude g r e a t e r  than the compensated th ickness  VJ of the d e t e c t o r ,  T) 

will  be g r e a t e r  than 0 . 9 7 .  

F o r  gamma-rays impinging on p-i-n d e t e c t o r s ,  incomplete c h a r g e  

collection can  c a u s e  l ine  broadening in two ways .  One is that  c a r r i e r  

d r i f t  lengths may f luctuate  about a mean,  and the o the r  is col lect ion of 

c a r r i e r f :  t r a v e r s i n g  d i f f e r en t  d i s t ances  i n  the sens i t ive  volume of the 

de t ec to r .  The  g r e a t e s t  fluctuation o c c u r s  when ion p a i r s  a r e  c r e a t e d  

a t  randomly d is t r ibu ted  posi t ions.  
29 ,32  

The  f i r s t  f a c t o r ,  f luctuation of c a r r i e r  d r i f t  l eng ths ,  h a s  been shown 

to be  negligibleg8 s ince  in  all de t ec to r s  of p rac t i ca l  i n t e r e s t  ( A > >  w) , 

almost a l l  c a r r i e r s  r e a c h  the e l ec t rodes .  The  second ,  geometr ical  f a c t o r ,  

is important ;  the s tandard  deviation 0 in pulse  height due  to  t h i s  effect  

is: 3 2 



F I G U R E  14: C H A R G E  C O L L E C T I O N  E F F I C I E N C Y  7 v s  
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F I G U R E  15: P E R C E N . T  RESOLUTION 1000 /q vs 



2 3 Detector Noise T h e  third f a c t o r  affr-ctlng d e t e c t o r  r c s o l u t l o n  asldcl 

f r o m  t h e  s t a t ~ s t l c a l  e f f e c t s  of' c h a r g e  p r o d u c , t ~ o n  a n d  c o l l e c t i o n ,  is t h e  

e l e c t r i c a l  n o i s e  g c n p r a t e d  I n  t h e  dc.tc.ctor T h e  i o u r c e 5  of t h i s  n o i s e  a r e  

bulk l e a k a g e  c u r r e n t ,  c h a r g e  injection f rom non-ohmic c o n t a c t s ,  a n d  s u r f a c e  

l e a k a g e  c u r r c j l t s  Of  thehe  t h r c l ~ ~  g e n e r a l  s o u r c e s  of  e l e c t r o n ~ c  n o l s e ,  t h e  

e x c e s s  c u r r c \ n t  g e n e r a t e d  th rough  d e t e c t o r  b11rface j m p c r f e c t i o n s  are t h e  

m o s t  c o m ~ r l o ~ l  a n d  t r o u b l e s o m e ;  h o w e v e r ,  t h e  chemlca l  stat( .  of t h e  c)xposed 

S ~ m l c o n d u c t o r  formed d u r ~ n g  f lna l  f a b r i c a t i o n  steps 1s a m e n a b l e  

to  v a r i o u s  s u r f a c e  t r e a t m e n t s  w h ~  ch 10wt.r cxceS5 c u r r e n t  wl th  v a r y i n g  

d e g r e e s  of s u c c e s s .  We c a n  t h u s  examlnp < o u r c e s  of electrical n o ~ s e  1n 

p-1-n d e t e c t o r s  wi th  p a r t ~ c u l a r  a t tcnt lon t o  t h o s e  s o u r c e 5  \R hlch  c a n  bt, 

mlnimlzcti In s o m e  w a y  In o r d c r  t o  olstaln optmlirri de t t  c t u r  pc~rfor i r ianc~c~ 



n o i s e  c o n t r i b u t i o n  is the e n e r g y  W of a p a r t i c l e  n e c e s s a r y  to  p r o d u c e  
P  

a s i g n a l  c q u i v a l c n t  to  the. vol tage  f luc tua t ion  a t  the  d e t e c t o r  e l e c t r o d e s  d u e  t o  

3 2 
t h e  t h e r m a l  c u r r e n t :  

w h e r e  T 1s t h e  a b s o l u t e  t e m p e r a t u r e  a n d  IS  t h e  d e t e c t o r  c a p a c i t a n c e  i n  

0 
p i c o f a r a d s  ( ~ f ) .  F o r  a G e ( ~ 1 )  d d t e c t o r  o p e r a t i n g  a t  7 7  K a n d  c: -- 2 . 9 8  PV , 

T h u s  f o r  a t y p i c a l  d e t e c t o r  capacitance C = 10 p f ,  h' 1  .8 k e V .  T h e  P  

d e t e c t o r  l l n c  w ~ d t h  resulting from a p a r t i c l e  of  e n e r g y  1 .8 k e V  is a p p r o x -  

imately 0 . 1 7  kcV (FWHM) u s i n g  equa t ion  2-10 a n d  t h e  maximum v a l u e  f o r  t h e  

Farlo f a c t o r ,  F = 1 . G e n e r a l l y ,  t h e n ,  the  t h e r m a l  n o i s e  c o n t r i b u t i o n  t o  l i n e  

width  f o r  cooled ~ e ( ~ , i )  d e t e c t o r s  is negligible f o r  cornrnorl v a l u e s  of d e t e c t o r  

c a p a c i t a n c e ,  b e i n g  less than  t h e  n o i s e  con t r ibu t ion  of  t h e  b e s t  p r e a m p l i f ~ t . r s  

i n  u s e  a t  p r e s e n t .  

b)  C u r r e n t  no i se :  When a n  e l e c t r i c  f l e ld  i s  a p p l i e d  t o  a d e t e c t o r ,  ad -  

d i t ional  s o u r c e s  of  n o i s e  a r i s e ;  t h e  r e s u l t i n g  c u r r e n t  is m a d e  u p  of d i s c r e t e  

movemerlts of  c h a r g e  c a r r i e r s  which  may be  t r a p p e d  o r  t h e r m a l l y  g e n e r a t e d  

3 9 , 3 2  
a n d  c a n  c o n t r i b u t e  m e a s u r a b l y  t o  l i n e  wld th .  T w o  componen t s  of  c u r r e n t  

between c a r r i e r s  t r a v e r s i n g  the  s a m e  path  In at1 elc lc t r ic  f l c l d ,  aild "gc l i c d r - a t l ,  

recomblna t lon  n o i s e "  w h ~ c h  ari5es th rough  the  r a n d c m  breaking-up ~f 1 1 ~ [ ] 1  vl(i a 

c a r r i e r  t r a ~ e c t o r l e s  l n t o  s c p a r a t e  p a r t s  d u e  t o  t r a p p n g  a n d  r e l e a s e  

Northrop a n d  ~ l m p i o n ~ ~  h a v e  shown that  t h e  5 t a n d a r d  d c b i a t l o n  i n  l l n v  





w e r e  t o  be  formed on the  n-side of a p-i-n de t ec to r  yielding a p-1-n-p 

Configuration, r eve r se -b i a s ing  of the device  would r e s u l t  i n  in jec t ion  of 

c h a r g e  i n  the fo rward  b iased  metal-n-type germanium junction. T h e  a f f ec t s  

of e x c e s s  c u r r e n t  w e r e  d i s c u s s e d  i n  the  preceeding  sec t ion ;  howeve r ,  

degrada t ion  of r e so lu t ion  due  to  poo r  contac ts  is r a r e l y  encountered  i n  

C e ( ~ i )  d e t e c t o r  fabr ica t ion  if the  n- and p- s u r f a c e s  are d e g e n e r a t e ,  i .  e. 

of v e r y  high conductivity.  T h e  p rocedure  used49 is to  d i f f u s e  i n to  t he  n- 

and p- type s u r f a c e s  lithium and a su i tab le  a c c e p t o r  impur i ty ,  r e spec t ive ly ,  

and  l a p  o r  e t ch  the  s u r f a c e  until v e r y  low r e s i s t i v i t i e s  are obtained.  

T h u s  t h e r e  is obtained a g raded  t r ans i s t i on  between the  metal  contac t  and  

high r e s i s t i v i t y  compensated r eg ion  of the  dev ice  which pe rmi t s  t he  i r t r o -  

duct ion and  withdrawal  of a continuous flow of c u r r e n t .  T h e  configurat ion 

+ + 
of such  a dev ice  could be  te rmed p -p-i-n-n . 

2 . 3 . 3  S u r f a c e  Gene ra t ed  Noise  A t h i rd  and apparen t ly  ma jo r  s o u r c e  of 

no i se  i n  G ~ ( L ~ )  d e t e c t o r s  is the  so-called "exces s "  no i se  a s s o c i a t e d  with 

t he  f ina l  chemical t rea tment  of the c r y s t a l  s u r f a c e .  T h e  s u r f a c e  of a f ini te  

semiconductor  c r y s t a l  r e p r e s e n t s  a n  ab rup t  terminat ion of the  per iod ic i ty  

of the  c r y s t a l  l a t t i c e .  T h e  d i f fe ren t  environment of the  topmost a tomic l a y e r s  

as compared  to  tha t  of the l a y e r s  i n  the bulk dsua l ly  g ives  rise to  a re- 

a r r angemen t  of the s u r f a c e  a toms.  T h e  spec i a l  posit ion of s u c h  o u t e r  a toms 

and  the  unsa tu ra t ed  bonds a s soc i a t ed  with them promote a s t r o n g  in t e r ac t i on  

with va r ious  s p e c i e s  i n  the  su r round ing  media.  

T h e  mos t  important  effect  of the  la t t i ce  discont inui ty  on the  e l e c t r i c a l  

p r o c e s s e s  a t  the s u r f a c e  arises from the p r e s e n c e  of " s u r f a c e  s t a t e s u  

and  t h e i r  i n t e r ac t i on  with a n  underlying space-charge  r eg ion .  In c o n t r a s t  

t o  the  s i tuat ion in  the  bulk w h e r e  a valence e l ec t ron  be longs  t o  t he  e n t i r e  



c r y s t a l ,  " s u r f a c e  s t a t e s "  can  a p p e a r  a t  the s u r f a c e  w h e r e  an  e l ec t ron  

may be  loca l ized  i n  a n  atomic l a y e r .  
7 8 

In the a b s e n c e  of s u r f a c e  s t a t e s ,  the ene rgy  bands  of a  semiconductor  

Continue s t r a i g h t  up to  the s u r f a c e  provided t h e r e  is no ex t e rna l  f ie ld .  

When, f o r  example,  acceptor- l ike s u r f a c e  s t a t e s  a r e  in t roduced  below the 

Fe rmi  l e v e l ,  they will  not b e  i n  equilibrium with the ene rgy  bands  as long 

as they remain unoccupied.77 T h i s  s i tuat ion is i l l u s t r a t ed  in  F i g u r e  16(a)  

w h e r e  acceptor - l ike  s u r f a c e  s t a t e s  have been in t roduced  a t  an  ene rgy  l eve l  

Et  in  an  n-type semiconductor .  Since t he se  s t a t e s  a r e  empty and below the 

F e r m i  l eve l  E f ,  some of  the e l e c t r o n s  in  the conduction band fall in to  

them. In t h i s  p r o c e s s ,  the  s u r f a c e  becomes negatively cha rged  while a 

posi t ive space-charge  l a y e r  forms  below i t .  Consequent ly ,  the  energy  

bands  a t  the s u r f a c e  bend upwards  with r e s p e c t  t o  the  Fe rmi  l eve l .  The  

p r o c e s s  of c h a r g e  t r a n s f e r  cont inues until equilibrium is r e a c h e d ,  as shown 

i n  F i g u r e  16(b).  In the p a r t i c u l a r  c a s e  shown,  the  s u r f a c e  s t a t e s  a t  thermal  

equilibrium are somewhat above the Fe rmi  l eve l  and s o  are only par t ia l ly  

f i l l ed .  The ac tua l  posit ion of the  s u r f a c e  s t a t e s  with r e s p e c t  to  the Fe rmi  

l eve l  is determined by the condition that  the posi t ive c h a r g e  in  the  space -  

c h a r g e  reg ion  jus t  ba lances  the negat ive equilibrium c h a r g e  in  the  s u r f a c e  

Thus  the l a r g e r  the s u r f a c e  s t a t e  dens i ty ,  the h ighe r  the bend- 

ing  of the bands  a t  the s u r f a c e .  The  s i tuat ion f o r  donor-like s u r f a c e  s t a t e s  

placed above the  Fe rmi  l eve l  is completely analogous.  

Once a space-charge  reg ion  e x i s t s  a t  the s u r f a c e  i n  a given semiconductor ,  

i t s  c h a r a c t e r i s t i c s  a r e  uniquely determined by the height of the  potent ia l  

ba r r i e r  a t  the  s u r f a c e  p r o p e r .  77 The  potential  @ is defined by the  

equation: 



FIGURE 16: ENERGY L E V E L  DIAGRAM FOR AN n - T Y P E  
f 3 - * ,  ( 

SEMICONDUCTOR WITH DBWBR-LIKE S U R F A C E  S T A T E S ,  

(a) IMMEDIATELY A F T E R  INTRODUCTION OF' T H E  SUR- 

F A C E  S T A T E S ,  AND (b) A F T E R  THERMAL EQUILIBRIUM 

HAS B E E N  REACHED.  



w h e r e  E. is p a r a l l e l  to  the  va lence  and  conduct ion band t - d g t s  a n d  i n  
1 

t h e  bulk co inc ides  with the. i n t r i n s i c  Ferrni  l e - v i  1 ( ~ i ~ l l r t :  ? 7) T h e  value, 

of  4 i n  the  bulk is c a l l e d  the  bulk potent ia l  g b  and  i t s  value. a t  t h e  

s u r f a c e ,  t h e  s u r f a c e  potent ia l  @ . 55 T h e  potent ia l  b a r r l e r  V 1 s  d e f i n e d  
S 

as: 

a n d  r e p r e s e n t s  t h e  potent ia l  a t  any point  i n  t h e  \ p a c e - c h a r g e  r e g i o n  wi th  

r e s p e c t  t o  i t s  va lue  i n  the  bu lk .  In particular t h e  b a r r i e r  height  V - 
S 

IS t h e  to ta l  potentla1 d i f f e r e n c e  between t h e  s u r f a c e  and  t h e  b ~ l k .  
7 7 

Qs -3 b 

When t h e  m a j o r i t y  c a r r i e r  d e n s i t y  i n  t h e  s p a c e - c h a r g e  r t g i o n  is  g r e a t e r .  

than i n  t h e  b u l k ,  t h e  s p a c e - c h a r g e  r e g i o n  1s t e r m e d  a n  accumula t ion  l ay t . r ,  

v - 9  
s - 'b  

< 0 ;  when V =- $s - Qb > 0 ,  w e  h a v e  a n  i n v e r s i o n  l a y e r .  
S s 

F i g u r e  1 7 ( ~ )  i l l u s t r a t e s  t h e  v a r i o u s  p a r a m e t e r s  u s e d  t o  c h a r a c t e r i z e  the  

s p a c e - c h a r g e  r e g i o n  f o r  a p-type semiconduc tor  w i t h  a n  accumula t ion  l a y e r ,  

a n d  i n  (b ) ,  wi th  a n  inver3 ion  l a y e r '  

In  s t u d i e s  on th ick p-1 -n s i l i con  d e t e c t o r s ,  L l a c e r  7i' ' and  Montelth 86 

found t h a t  t h e  l eakdge  c u r r e n t  d u e  t o  s u r f a c e  effc-CIS rt suit- 111 t w v  m a i n  

s o u r c e s  of no i se :  a) s u r f a c e  g e n r r a t i o n  of ( -arr ic . rs  wllh t -hnrd ,  t e r l s t l ,  ,- 

s i m i l a r  t o  s h o t  n o i s e  , and  b)  

h i g h e r  b i a s e s  than s o u r c e  a) .  

o r i g i n  of  l e a k a g e  c u r r e n t  d u e  

s u r f a c t .  breakdown which ha-  i t  ; on>-et at 

L l a c e r  70.71 h a s  p ropo .  ed a model f o r  ttle 

t o  s u r f a c e  generation i n  ..illcon p i  -n dlodt-. 



FIGURE 17: ENERGY LEVEL DIAGRAM INDICATING THE VARIOUS 

ENERGY PARAMETERS USED TO CHARACTERIZE THE SPACE- 

CHARGE REGION FOR A p-TYPE SEMICONDUCTOR WITH (a) AN 

ACCUMULATION LAYER, AND (b) AN INVERSION LAYER. 



mate r i a l .  T h i s  may be i l l u s t r a t ed  schematical ly  in  F i g u r e  18, in  which a 

plot of potential  v s  d i s t ance  through the bulk of a p-i-n diode is shown. 

T h e  dotted l i nes  plot the s u r f a c e  potential  v s  d is tance  when the n-type 

s u r f a c e  inve r s ion  l a y e r  e x i s t s ;  the l a r g e  potential  d r o p  n e a r  the s u r f a c e  

of the p-region is shown and is expected to r e s u l t  in  low breakdown vol tage.  
70.71 



DISTANCE x- 

FIGURE 18: ELECTRON ENERGY vs  DISTANCE x THROUGH 

A p-i-n JUNCTION DEVICE. DASHED LINES REPRESENT THE 

ELECTRON POTENTIAL A T  THE SURFACE DUE TO THE PRE- 

SENCE O F  AN n-TYPE INVERSION LAYER. 



P a r t  T w o  

Fab r i ca t i on  of Lithium-Drifted 

Germanium Radiat ion Detec tors :  Exper iment  



C H A P T E R  I 1 1  

EXPERIMENTAL TECHNIQUE 

3 .  During the c o u r s e  of the  p r e s e n t  w o r k ,  p l a n a r  G e ( ~ i )  d e t e c t o r s  of 

3 3  from less than 1 cm to 8 cm i n  ac t i ve  volume w e r e  f ab r i ca t ed .  Two 

fabr ica t ion  techniques  have been used  which d i f fe red  e s sen t i a l l y  i n  the 

l i thium-drift ing p rocedure :  small-volume dev ices  w e r e  made using a 

p r o c e s s  based  upon the  method outlined by Tavendale  O3 7 l 4  and l a r g e -  

volume ( total ly  compensated)  d e t e c t o r s  w e r e  fabr ica ted  us ing  the  AC-drift  

method of Jamini.  5 6  

Germanium ingots  from two s u p p l i e r s ,  sy lvan ia l  * and Hoboken 5 2  

w e r e  u s e d ,  and the  following tab le  l i s t s  the spec i f ica t ions  of each  ingot 

( a s  suppl ied by the  manufac turer ) .  

Ingot 

Type  

T A B L E  11: Specif icat ions of p-type Germanium 
Ingots  

Sylvania  Sylvania  Hoboken 
#5 9 7 ~ - 6  #564G-1 #71 D 
Hor izonta l  G a  Hor izonta l  G a  Ver t i ca l  In 

Cros s - sec t ion  3 . 5  x 2 . 5  cm 3 . 5  x 2.5 cm 3 . 5  - 4 cm diam. 

Res i s t i v i t y  I I - 1 6 . 5  a -cm 1 2 . 9  - 1 5 . 5  R-cm 35 - 3 7 ~  -cm 

Dis loca t ions  1 600- 1  900/cm 2 21 00-2200/cm2 800/cm 2 

Lifet ime 100 y ~ e c  100 psec  6501.1 s e c  

Date  of 
P u r c h a s e  8 /6 5 



In th i s  c h a p t e r ,  the ~ e ( ~ i )  de t ec to r  fabricat ion p r o c e s s  based  on Taven- 

da l e  ' s DC-drift p rocedure  ' will be de t a i l ed ,  followed by a  d e s c r i p -  

5 6 tion of the AC-drift  method where  i t  d i f f e r s  from the f o r m e r  p r o c e s s .  

3.1 DC-Drift T h e  name of this  p rocedure  is de r ived  from the u s e  of a 

DC e l e c t r i c  f ie ld to  c a u s e  thermally diffused lithium atoms to d r i f t ,  i n  a 

cont ro l led  manne r ,  in to  the bulk of the germanium c r y s t a l  as lithium ions .  

In the p r e s e n t  w o r k ,  lithium diffused in to  one face  of a germanium c r y s t a l  

w a s  dr i f ted  towards  the opposite face f o r  a c e r t a i n  d is tance  s o  that  a 

p l ana r  device  r e su l t ed  having the requi redp- i -n  configurat ion:  an  n-type 

reg ion  due to the p r e s e n c e  of e x c e s s  lithium (donor)  a toms,  an  " in t r ins ic"  

reg ion  w h e r e  lithium donor s  have compensated the a c c e p t o r  impur i t i e s ,  

and  a p-type reg ion  (the or ig ina l  p-type ma te r i a l ) .  It is a l s o  poss ib le  to  

f ab r i ca t e  so-cal led "coaxial t t  ~ e ( ~ i )  d e t e c t o r s  i n  which lithium i s  dr i f ted  

from the e n t i r e  ou te r  s u r f a c e  of a cy l indr ica l  c r y s t a l  towards  the c e n t e r ,  

leaving a  c o r e  of or ig ina l  p-type ma te r i a l  sur rounded by a cy l inde r  of 

compensated ma te r i a l  and an  ou te r  l a y e r  of n-type germanium; t h i s  d e t e c t o r  

configurat ion w a s  not invest igated in  the p r e s e n t  work  and will  not be  

d i s c u s s e d  f u r t h e r .  

3 . 1 . 1  Sawing and Lapping T h e  germanium ingot as r ece ived  from the 

supp l i e r  w a s  mounted on a n  unglazed porce la in  plate  with a cement  con- 

s i s t i ng  of equal  p a r t s  by weight of r o s i n  and beeswax ,  heated to a  sy rupy  

cons i s t ency .  When cooled to  room t empera tu re ,  the cement provided a 

firm ye t  s l ight ly flexible bond between the ingot and mounting p l a t e .  

T h e  ingot and mounting plate  w e r e  clamped tightly in  a  v i se  which 

w a s  magnetically held on the bed of a  gr inding machine upon which the 

diamond cutting-wheel89 w a s  mounted. S l i ce s  of germanium of the r e q u i r e d  



t h i c k n e s s  w e r e  c u t  f rom the  s i n g l e - c r y s t a l  ingo t  wi th  t h e  d iamond w h e e l  

r o t a t i n g  a t  a p p r o x i m a t e l y  3500 rpm ; c u t s  of a p p r o x i m a t e l y  0 .002-0 .005  

i n  d e p t h  w e r e  m a d e  a t  a s i n g l e  p a s s a g e  of t h e  c u t t i n g  w h e e l  to  l e s s e n  t h e  

c h a n c e  of m e c h a n i c a l  d a m a g e  t o  t h e  c r y s t a l .  A f t e r  c u t t i n g ,  t h e  ge rmanium 

s l i c e s  w e r e  r e m o v e d  f rom t h e  mount ing p l a t e  by h e a t i n g  t h e  c e m e n t  unt i l  

t h e  s l i c e s  could  b e  pu l l ed  free. E x c e s s  c e m e n t  w a s  r e m o v e d  f rom t h e  

c r y s t a l  wi th  a r a z o r  b l a d e .  

In o r d e r  t o  r e m o v e  saw m a r k s  a n d  o t h e r  i m p e r f e c t i o n s ,  t h e  ge rmanium 

c r y s t a l  w a s  l a p p e d  us ing  a thin  p a s t e  of #600 g r i t  s i l i c o n  c a r b i d e  i n  w a t e r  

on a f l a t  g l a s s  p l a t e .  A minimum amount  of p r e s s u r e  w a s  u s e d  on t h e  

c r y s t a l  d u r i n g  l a p p i n g  to  i n s u r e  a f l a t ,  e v e n  f i n i s h .  A b r a s i v e  r e s i d u e  

a n d  ge rmanium p a r t i c l e s  w e r e  r e m o v e d  f rom t h e  c r y s t a l  by w a s h i n g  i n  

de - ion ized  , d i s t i l l e d  w a t e r  wi th  u l t r a s o n i c  a g i t a t i o n  a n d  d e c a n t a t i o n .  

3 . 1  . 2  Li th ium Di f fus ion  A th in  c o a t i n g  of a l i thium-in-oil  s u s p e n s i o n  69 

w a s  a p p l i e d  t o  o n e  f a c e  of t h e  c r y s t a l  which  w a s  then  h e a t e d  u n d e r  a n  a r g o n  

0 a t m o s p h e r e  t o  250 C f o r  a p p r o x i m a t e l y  2 0  m i n u t e s  i n  o r d e r  t o  r e m o v e  

0 
t h e  o i l .  T h e  t e m p e r a t u r e  w a s  then  r a i s e d  t o  4 0 0  C f o r  1 0  m i n u t e s  re- 

s u l t i n g  i n  a t h e r m a l  d i f f u s i o n  of l i th ium a t o m s  i n t o  t h e  ge rmanium t o  a 

d e p t h  of s e v e r a l  h u n d r e d  m i c r o n s .  T h e  c r y s t a l  w a s  then  c o o l e d  f a i r l y  

r a p i d l y  ( o v e r  a p e r i o d  of 1 - 2 h o u r s ) ,  u n d e r  a r g o n ,  i n  o r d e r  t o  minimize  

t h e  r e p r e c i p i t a t i o n  of t h e  d i s s o l v e d  l i th ium.  

In  t h e  a b s e n c e  of a c c e p t o r  i m p u r i t i e s ,  l i th ium h a s  a maximum s o l u b i l i t y  

i n  ge rmanium of  6 . 6  x 10'  3/cm3 a t  3 0 0 ' ~ .  96 T h e  p r e s e n c e  of a c c e p t o r s  

i n c r e a s e s  t h e  room t e m p e r a t u r e  s o l u b i l i t y ,  d u e  to i o n  p a i r i n g ;  h o w e v e r ,  

t h e  r e l a t i o n s h i p  bc~ tween  a c c e p t o r  c o n c e n t r a t i o n  a n d  l i th ium s o l u b i l i t y  

i s  s u c h  t h a t  i t  is i m p o s s i b l e  t o  p e r m a n e n t l y  main ta in  enough  i o n i z e d  



lithium i n  the  l a t t i c e  to  conve r t  the germanium to n-type under  equi l ibr ium 

condi t ions a t  room t empera tu re  un l e s s  the a c c e p t o r  concent ra t ion  is l e s s  

3 49  
than about  5 x  I 014/cm . I t  i s ,  of c o u r s e ,  poss ib le  f o r  germanium to 

be  s u p e r s a t u r a t e d  with lithium and remain  n-type f o r  f a i r l y  long p e r i o d s  

of time even in  the p r e s e n c e  of l a r g e  a c c e p t o r  concen t r a t i ons .  49 T h e  

time-constant a s s o c i a t e d  with prec ip i ta t ion  of supe r - sa tu ra t ed  lithium 

i n  germanium is influenced by the d e g r e e  of supe r - sa tu ra t i on ,  the  time 

and t empera tu re  of s a t u r a t i o n ,  and by the p r e s e n c e  of c e r t a i n  impur i t i e s .  

C a r t e r  and swal in18 have shown tha t  oxygen and l a t t i c e  d e f e c t s  wil l  a c c e l e r a t e  

lithium p rec ip i t a t i on ,  while  c o p p e r  will  r e t a r d  i t .  They  have  a l s o  shown 

tha t  c o p p e r  (an i n t e r s t i t i a l  impuri ty  i n  germanium) wil l  p r ec ip i t a t e  m o r e  

r e ~ d i l y  in  t r a p s  than wil l  l i thium, i n  e f f e c t  l ower ing  the  c r o s s - s e c t i o n  of 

a t r a p  f o r  lithium prec ip i ta t ion .  T h u s  a pre l iminary  diffusion of coppe r  

h a s  been sugges ted  by some w o r k e r s  l8 7 51 to  minimize prec ip i ta t ion  e f f ec t s  

i n  f ab r i ca t i ng  G e ( ~ i )  d e t e c t o r s .  The  germanium used i n  the p r e s e n t  w c r k  

which had the  l owes t  r e s i s t i v i t y  (i. e .  , the  maximum a c c e p t o r  concent ra t ion)  

of the t h r e e  samples  w a s  Sylvania  ingot # 5 9 7 ~ - 6 ,  1 1-1 6 .50  -cm . From 

ava i lab le  d a t a  on a c c e p t o r  impuri ty  concent ra t ion  as a function of resis- 

t ivi ty  in  germanium, 
26 ,124  the  a c c e p t o r  concent ra t ion  f o r  a  sample of 

1 4  3 
11 fl -cm is approximately 3 x 1 0  /cm . T h u s  one would not expec t  lithiuln 

prec ip i ta t ion  t o  be  a major  problem in  the samples  used  i n  the  p r e s e n t  

14  3 . 
w o r k ,  s i n c e  t h i s  concent ra t ion  is below the 5 x  1 0  /cm limit d i s c u s s e d  

above .  'This probably expla ins  the r e s u l t  we  have  obta ined ,  i n  ag reemen t  

with o t h e r s  1 7 9 5 1  that  a diffusion of coppe r  p r i o r  to  the  l i thium diffusion 

made no not icable  d i f fe rence  i n  e a s e  of d e t e c t o r  fabr ica t ion .  

A f t e r  the  c r y s t a l  w a s  a t  room t e m p e r a t u r e ,  the e x c e s s  lithiurn s t i l l  

remain ing  on i t s  s u r f a c e  w a s  removed i n  95% e thanol .  T h e  e d g e s  w e r e  



lapped to  remove any  lithium which might have r u n  onto an  edge du r ing  

the diffusion p r o c e s s ;  the f a c e s  w e r e  a l s o  lightly lapped.  E l e c t r o l e s s  

nickel  contac ts  w e r e  then applied to 

and E i g l c r .  1 1  1 

3.1 . 3  Etch ing  Following a  lapping 

the c r y s t a l  using the method of Sullivan 

operat ion the s u r f a c e  of any sample 

wil l  be  damaged to some extent  resu l t ing  in  poor  e l ec t r i ca l  c h a r a c t e r i s t i c s :  
0 0 

t h e r e f o r e ,  the c r y s t a l  must be  etched in  o r d e r  to remove the damaged 

s u r f a c e  l a y e r  and to obtain a c lean  s u r f a c e .  (N . B .  S t r i c t l y  speaking ,  a  

"clean" semiconductor  s u r f a c e  can  only be  obtained with cons ide rab le  

c a r e  and e f fo r t ,  e . g . ,  by c leavage  of the c r y s t a l  under  ultra-high vacuum 

o r  ion-bombardment. Under  normal experimental  conditons one obtains  a  

" r ea l "  s u r f a c e ;  t h e r e f o r e ,  the designat ion "clean" in  the p r e s e n t  work  

is to be taken to  mean " f r ee  from whatever  s u l l i e s  o r  de f i l e s ;  p u r e ;  

unsoiled" 26 in  o r d e r  to avoid the use  of the term " r e a l  c l ean .  1 1 )  

All of the ac id  based  e t chan t s  f o r  germanium and s i l icon contain a t  

l e a s t  two ma jo r  components ,  a n  ac id  in  which the oxide of the semiconductor  

is  so luble ,  and a n  oxidizing agent  capable  of re-oxidizing the s u r f a c e  in  

a uniform manner .  F o r  germanium the ac id  is a lways  H F  and the oxidiz- 

i ng  agent  HNO o r ,  l e s s  f requent ly ,  
3 H2•‹2- 

'To a mixture  of  vary ing  

propor t ions  of t h e s e  components may be  added o the r  chemica ls  to  con t ro l  

the  r a t e  of chemical a t t ack ,  such  as ace t i c  ac id  which r e t a r d s  the r eac t ion  

r a t e ,  o r  bromine to  a c c e l e r a t e  i t .  T h e  chemical r e a c t i o n s  involved (in 

the  idea l  s i tuat ion)  a r e :  



In  t h e  e x p e r i m e n t a l l y  obta ined s u r f a c e ,  t h e  o x i d e  is undoubtedly  o f  t h e  

f o r m  G e O x  , a n d  t h e  non-s to ich iomet r i c  compos i t ion  of  t h e  o x i d e  l a y c r  

c o n t r i b u t e s  t o  t h e  s u r f a c e  p r o b l e m s .  

In t h e  p r e s e n t  w o r k ,  t h e  n i c k e l  c o n t a c t s  w e r e  m a s k e d  wi th  a c i d - r e s i s t a n t  

t a p e , 8 5  a n d  t h e  c r y s t a l  e t c h e d  i n  a 2:l volume m i x t u r e  o f  c o n c e n t r a t e d  

H N 0 3  a n d  48% H F  f o r  3  m i n u t e s  wi th  c o n s t a n t  a g i t a t i o n  to  i n s u r e  c o n t a c t  

of  f r e s h  s o l u t i o n  wi th  t h e  c r y s t a l .  T h e  e t c h  w a s  t t y u e n c h e d ,  " i  . e .  , d i l u t c d  

s l o w l y  wi th  de - ion ized  d i s t i l l e d  w a t e r  ( >  25 MQ -cm r e s i s t i v i t y ) ,  p a r t i a l l y  

d e c a n t e d ,  a n d  d i l u t e d  a g a i n  unt i l  t h e  w a s h  is n e u t r a l  t o  i n d i c a t o r  p a p e r .  

T h e  t a p e  m a s k s  w e r e  r e m o v e d  u n d e r  w a t e r ,  a n d  t h e  c r y s t a l  r i n s e d  t o  re- 

move  a n y  m a t e r i a l  l e f t  by t h e  t a p e .  T h i s  w a s  fo l lowed by  a 15  minute  u l t r a -  

s o n i c  w a s h  i n  de- ionized d i s t i l l e d  w a t e r ;  t h e  c r y s t a l  w a s  d r i e d  i n  a j e t  

of d r y  n i t r o g e n  g a s .  

3 . 1 . 4  Lithium-ion D r i f t  T h e  p r o c e s s  u s e d  t o  p r o d u c e  th ick  c o m p e n s a t e d  

r e g i o n s  i n  ge rmanium is d u e  t o  pel19* i n  which  p-type s t a r t i n g  m a t e r i a l  is 

c o m p e n s a t e d  wi th  l i th ium d o n o r  i o n s .  A f t e r  t h e r m a l  d i f fus ion  of l i th ium 

i n t o  t h e  p-type s t a r t i n g  m a t e r i a l  a s s u m e d  t o  h a v e  a un i fo rm c o n c e n t r a t i o n  

of i o n i z e d  a c c e p t o r s  NA,  a p-n junct ion is p r o d u c e d  n e a r  t h e  s u r f a c e .  

F i g u r e  1 9 ( a )  s h o w s  t h e  c o n c e n t r a t i o n  g r a d i e n t  of l i th ium d o n o r  i o n s  

a f t e r  t h e  d i f f u s i o n ;  i m p u r i t y  atom c o n c e n t r a t i o n s  are p lo t t ed  v s  distance. 

f rom t h e  s u r f a c e  i n t o  t h e  c r y s t a l .  T h e  p-n junc t ion  i n t e r f a c e  is a t  x - c  

w h e r e  t h e  c o n c e n t r a t i o n  of i o n i z e d  a c c e p t o r s  NA is e q u a l  t o  t h e  con-  

c e n t r a t i o n  of i o n i z e d  d o n o r s  N D '  

I f  t h e  junct ion is then r e v e r s e - b i a s e d  a t  a n  c l c v a t e d  t e m p e r a t u r e  ( to  

i n c r t l a s e  t h e  l i th ium mobi l i ty ) ,  l i th ium i o n s  w i l l ,  u n d e r  t he  i n f l u e n c e  of  

t h e  a p p l i e d  f i e l d ,  d r i f t  f rom t h c  d o n o r  r i c h  r e g i o n  x S c  t o  + c .  N,, c a n n o t  



compensated 

FIGURE 19: CONCENTRATION O F  LITHIUM DONOR 

ATOMS vs DISTANCE FROM T H E  SURFACE O F  A SEMI- 

CONDUCTOR CRYSTAL (a) A F T E R  THERMAL DIFFUSION 



become l e s s  than N f o r  x< c  because  the e x c e s s  a c c e p t o r s  i n  such  a 
A 

reg ion  would affect  the space-charge  s o  as to i n c r e a s e  the f ie ld  on the s i d e  

of e x c e s s  lithium ions  and d e c r e a s e  the field on the opposite s i d e .  T h u s  the 

donor  ion flow would be i n c r e a s e d  into the defici t  reg ion  until the  deficiency 

i n  donor s  d i sappea red .  Similar ly ND cannot become g r e a t e r  than NA. A 

Compensated reg ion  (N N ) is produced as shown in  F i g u r e  19(b) ;  the 
D -  A 

applied field will  be extended o v e r  the compensated reg ion  as dr i f t ing  proceed  -, . 

In the p r e s e n t  w o r k ,  the diode w a s  clamped between the e l e c t r o d e s  

of the dr i f t ing  bath as shown in F i g u r e  20 .  Chloroform (b.  p.  -- 61 . ~ O C )  

w a s  used as the coolant ,  and all metal p a r t s  within the v e s s e l  w e r e  n icke l ;  

w e  had found that  in a l loys  containing c o p p e r ,  e  . g .  , phosphor-bronze , 

the r e v e r s e  b ias  voltage applied to the diode caused  coppe r  to be  leached  

out of the al loy anddepos i ted  onto the diode.  T h e  u s e  of a liquid coolant  

i n  the d r i f t i ng  bath h a s  an  advantage o v e r  air o r  o the r  convection cooled 

set-ups bes ides  i n c r e a s e d  d r i f t  r a t e ;  l iquid coolants  remove hea t  from the 

c r y s t a l  by nuc lea te  boiling. 8 3  Thus  dur ing  the  d r i f t ,  bubbles  form about  

the s u r f a c e  of  the diode.  An imperfect ion in  the p-n junction formed because  

of thermal  o r  mechanical  damage to the c r y s t a l  may manifest  i t se l f  as a 

"hot spo t ,  It  i .  e .  , more  power  is d iss ipa ted  in  the damaged reg ion  and d e n s e r  

bubbling o c c u r s  t h e r e .  We have  found a convenient  method1 O3 f o r  ac t i -  

vating dormant  hot spo t s  s o  that they can  be  ident i f ied f o r  subsequent  removal :  

i f  a small  spot  of i n t ense  white  l ight  i s  shone on the edge of the  diode while  

unde r  r e v e r s e  b i a s ,  the sudden i n c r e a s e  in  c u r r e n t  due to photo-generation 

of c a r r i e r s  wil l  c a u s e  a potential  hot spot  to f l a r e  up. T h e  l ight  s o u r c e  

is pulsed on and off s o  a s  not to in i t ia te  breakdown of the diode due  to 

e x c e s s  c u r r e n t  flow. T h i s  method is to be  compared to that  i n  which a  
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o 
diode i s  r e v e r s e - b i a s e d ,  cooled to 0 C ,  allowed to warm up in air under  

sufficient b i a s  s o  that the f r o s t  formed on the cold c r y s t a l  s u r f a c e s  will  

melt  f i r s t  a t  a hot spot .  
5  7 

T h e  chloroform w a s  heated to boiling via the ex t e rna l  h e a t e r ,  and a  

r e v e r s e  D C  b i a s  applied to the germanium c r y s t a l  a f t e r  i t  h a s  r e a c h e d  

thermal  equilibrium with the boiling l iquid.  T h e  b i a s  w a s  i n c r e a s e d  to as 

high a  leve l  as permitted by the conditions of the c r y s t a l ,  i .  e .  , f a i r l y  

cons tan t  c u r r e n t  l eve l .  Since the thermal  diffusion of lithium d o e s  not 

yield a uniform p-n junction, the ini t ia l  b i a s  l eve l  may have to be  kept  

low until thc qual i ty  of the junction h a s  improved.  A s  the width of the 

compensated reg ion  i n c r e a s e s  with t ime, the c u r r e n t  d rawn  by the d r i f t -  

ing  diode wil l  i n c r e a s e .  An ab rup t  i n c r e a s e  in  r e v e r s e  c u r r e n t  may 

s ignify a d r o p  in  the lithium ion concentrat ion due  to diffusion to the s u r -  

face5 '  o r  prec ip i ta t ion  to the e l ec t r i ca l ly  inact ive elemental  s t a t e ,  and 

f u r t h e r  d r ~ f t  will  not o c c u r  un le s s  more  lithium is thermally diffused in to  

the c r y s t a l .  

Henck ,  pt .  a1. , 51 in  a s tudy of diffusion,  d r i f t  r a t e ,  and prec ip i ta t ion  

of lithium in germanium found that  f o r  thermal  diffusions c a r r i e d  out a t  

t empera tu re s  and times s imi l a r  to  those used in  the p r e s e n t  w o r k ,  approxi-  

mately 6 n lithium atorns/cm2 a r e  ini t ia l ly  introduced in to  the c r y s t a l .  

T h i s  should be suf f ic ien t  to  compensate germanium of g r e a t e r  than 10 P c m  

r e s i s t i v i t i e s  to a depth in  e x c e s s  of 1 cm. Th i s  w a s  found to be  cons is ten t  

with the r c ~ s u l t s  obtained with the Sylvania germanium, w h e r e  a s ingle  

lithium di f fus ion  w a s  sufficient to yield compensated depths  of up to 8 mm. 

The d r i f t  r a t e s  from diodes  cut  from both Sylvania irigots h a s  been found 

to  be cons js tc .~~t  with the re la t ionship  
113 ,116 



w h e r e  w is the compensated depth ,  p the lithium mobility,  V the b i a s  

vol tage ,  t  the d r i f t  t ime, and T the tempera ture  a t  which the d r i f t  is 

c a r r i e d  out .  T h e  p r o g r e s s  of the d r i f t  w a s  monitored through the p o s i t i o ~ ~  

of a l ine  of chloroform decomposition products  4 7  which forms a t  the 

16 
i-p boundary.  Copper  plating of the uncompensated ma te r i a l  w a s  a l s o  

used to de te rmine  the depth of the d r i f t .  

The  s t c p s  following the dr i f t ing  of the diode to the d e s i r e d  compensated 

depth de termine  the final performance of the device  as a s p e c t r o m e t e r .  We 

wil l  t h e r e f o r e  outline the production of thick compcnsated r e g i o n s  in  yer -  

manium by the AC-drift method of Jamini ,56 followed by a de ta i led  d iscuss ion  

of  the post-dr if t  p r o c e d u r e s  which a r e  e s sen t i a l l y  the same f o r  germanium 

p-i-n d i o d e s ,  i r r e s p e c t i v e  of thc dr i f t ing  p rocedure  used .  

3 . 2  ~ C - ~ r i f t ? ~  In th i s  p r o c e d u r e ,  lithium which h a s  been thermally 

d i f fused  into both f a c e s  of germanium c r y s t a l  w a s  d r i f t ed ,  from both f a c e s ,  

in to  the c r y s t a l  via  an  AC b i a s  voltage. T h i s  s imultaneous dr i f t ing  of 

what is essentially a dual-diode s t r u c t u r e  r e s u l t s  i n  the product ion of 

a thick compcnsatcd reg ion  in  l e s s  time than the samp th ickness  would 

r e q u i r e  using the DC-drift de sc r ibed  above .  

After a c r y s t a l  of germanium of the r e q u i r e d  s i z e  w a s  cut  from the 

ingot ( ~ o b o l ~ e n  #71D in  the p r e s e n t  work)  by the p rocedure  a s  p rev ious lv  

descr ibe( ] ,  lithium-in-oil w a s  painted onto the two f aces  of thc  c r y s t a l ,  

and the thermal  diffusion w a s  c a r r i e d  out under  the same condit ions used 

5 6  
f o r  d t v i c c s  p r e p a r c d  f o r  the IIC-drift .  Jamini ' s method c a l l s  f o r  corltacts 

to  be  applicd to the f aces  using a gallium-indium eutec t ic  mixture  (76% Ga 

and 2.1% In by wcight)L?8 Since good ohmic contac ts  to germanium can  bi- 



obta lned  ~ 1 1 t h  Ga-In only ~f the sc3mlconductor s u r f a c e  1s d e g e n e r a t e  ( s e e  

earher) ,  l t  w a s  found n e c e s s a r y  to  c o n s t r u c t  a s lmple  four -po ln t  p r o b e  

f o r  measuring s u r f a c e  r e s ~ s t l v l t y  of t h e  s a m p l e s  ( s e e  Appendlx  A ) .  In 

a p p l y ~ r i g  thv p robe  to the  p rob lem of a s s u r l n g  good ohmlc  c o n t a c t s  wl th  t h c  

Ga-In e1ltc\ct1c, t h c  n - s u r f a c e s  of the  c r y s t a l  w e r e  a l t e r n a t e l y  l apped  

and  p r o b e d  unti l  a uniforrn r e s i s t i v i t y  of l e s s  than  0 . 1  R-cm w a s  o b t a i n e d ;  

C a p p e l l a n i  , c t .  a l .  , found t h a t  l f  t h e  s u r f a c e  r e s l s t i v i t y  a e r e  g r e a t e r  

than  abou t  0 . 5  R -cm,  e x c e s s i v e  c a r r i e r  i n j e c t i o n  wi l l  o c c u r  a t  t h e  con-  

t a c t  wi th  Ca- In .  

A f t e r  the  r e q u i r e t i  r e s i s t i v i t y  w a s  ob ta ined  f o r  both  f a c e s  of t h e  

c r y s t a l  ( add i t iona l  l i th ium d i f fused  i n t o  t h e  c r y s t a l  j f  t h e  r e s i s t i v i t y  c a n n o t  

b e  o b t a i n e d ) ,  the  c r y s t a l  w a s  e t c h e d  unmasked i n  a 3:1 volume m i x t u r e  of 

H F  a n d  FINO to  which  h a s  b e e n  a d d e d  a few d r o p s  of b r o m i n e ,  56 f o r  90 
3 

s e c o n d s .  A f t e r  w a s h i n g  i n  de - ion ized  d i s t i l l e d  w a t e r ,  t h e  c r y s t a l  w a s  

d r i e d  i n  a a i m  a i - r ,  a n d  t h e  Ga-In c o n t a c t s  w e r e  r u b b e d  on to  t h e  f a c e s  of  t h e  

w a r m  c r y s t a l .  

T h e  d r i f t i n g  b a t h  u s e d  i n  t h e  AC-method is shown i n  F i g u r e  21 . 'The 

l iqu id  c o o l a n t  w a s  F r e o n  1  1 3  (1 , 1  , 2 - t r i c h l o r o - I  , 2 , 2 - t r i f l u o r o e t h a n e ,  

0 
b  . p .  = 47.7 c), a n d  t h e  p o w e r  s u p p l y  w a s  c a p a b l e  of d e l i v e r i n g  a maximum 

of 6 0 0  v o l t s  r m s  a t  1 . 5  a m p s ;  p r o v i s i o n  w a s  m a d e  f o r  o b s e r v i n g ,  on a n  

o s c i l l o s c o p e ,  t h e  t ime v a r i a t i o n  of  t h e  c u r r e n t / v o l t a g e  of t h e  d r i f t i n g  

dual-diode . 56 A s  d r i f t i n g  p r o c e e d s ,  the  need  f o r  f u r t h e r  t h e r m a l  d i f fus ion  

of l i th ium b e c o m e s  a p p a r e n t  w h e n  the  c u r r e n t  d r a w n  by t h e  c r y s t a l  b e c o m e s  

e x c e s s i v e  (1 amp a t  1 0 0  v o l t s ) .  56 In  d r i f t i n g  a c r y s t a l  t o  a Compensated 

d e p t h  o f  8 rnrn (approx imate ly  4 mm from e a c h  f a c e ) ,  t h r e e  d i f f u s i o n s  of  

l i thium MjCTC' required. F o r  t h c  m a t e r i a l  u s e d  (35-370 -an), t h e  yuan t j  ty 

of lithiurn d i f f ' u ~ t x l  In to  each f a c e  of t h e  c r y s t a l  should  h a v e  b e e n  su f f i c i en t  
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t o  c o m p e n s a t e  m o r e  than >O mrn 01 germanium i n  e a c h  d ~ r e c t i o n  a l l o ~ l n g  

f o r  diffuhion t o  t h e  s u r f a c e  d u r i n g  drifting. 5 '  T h r  e x c e s s i v e  c u r r e n t ,  

t h e n ,  w a s  trndoubtedly d u c  t o  d c p l c t i o n  of l i th lum f r o m  t h e  c o n t a c t s  of  

Ga-In cutc.ct ic r c i t h ~ r  tha r i  f r o m  l o s s  of l i thium i n  the  bulk of t h e  c r y s t a l  

i t se l f ' .  

D u r l n g  t h e  A(;-drift, l i th ium f r o m  t h e  two n - s u r f a c e s  wi l l  d r i f t  towar r l s  

t h e  c e n t e r  o f  tlie c r y s t a l  c o m p e n s a t i n g  a c c e p t o r  impurit jr  i o n s  s o  t h a t  t h e  

c r y s t a l  h a s  tlie c o n f i g u r a t i o n  n-i-p-i-n , i  . p.  , a  dual-diode . T h e  two 

c o m p e n s a t r d  r e g i o n s  n i l 1  eventually m e r g e  ( a t  l e a s t  p r t i a l l ~ ) ;  c o p p e r -  

l,lnllrlCr10 of the. s u r f a c e  of t h e  c r y s t a l  wi l l  then show a th in  l i n e  of uncom- 

pc:~~\atr;.d p - m a t e r i a l  r e m a i n i n g .  O n e  of t h e  n -con tac t s  w a s  r e m o v e d  by  l a p p l n g  

un t i l  t h e  r e s i s t i v i t y  as m e a s u r e d  by t h e  four -po in t  p r o b e  i n d i c a t e s  r e m o v a l  

of t h e  l i th ium r i c h  r e g i o n .  Gal l ium w a s  t h e r m a l l y  d i f f u s e d  i n t o  t h i s  r e g i o n  

t o  obta in  a p--type c o n t a c t ;  s i m u l t a n e o u s l y  t h e  n -con tac t  on t h e  o p p o s i t e  

f a c e  w a s  r e n e w e d  by  l i th ium d i f fus ion .  T h i s  s i m u l t a n e o u s  d i f fus ion  w a s  

0 
c a r r i e d  ou t  u n d e r  a r g o n  a t  375 C f o r  1 5  m i n u t e s .  A f t e r  c o o l i n g  a n d  r e m o v a l  

of t h e  e x c e s s  d i f f u s a n t s ,  the  s u r f a c e s  w e r e  l a p p e d  a n d  p r o b e d ,  a n d  Ga-In 

e u t e c t i c  w a s  r u b b e d  onto  bo th  f a c e s .  T h e  c r y s t a l ,  now wi th  a p-i-p-i-n 

c o n f i g u r a t i o n  ( the  c e n t r a l  p-type r e g i o n  b e i n g  t h e  o r i g i n a l  u n c o m p e n s a t e d  

m a t e r i a l  l e f t  a f t e r  t h e  AC-dr i f t )  w a s  r e p l a c e d  i n  the  d r i f t i n g  b a t h ;  t h e  

p o w e r  supp ly  wi th  t h e  add i t ion  of a r e c t i f y i n g  b r i d g e  w a s  u s e d  t o  r e v e r s e -  

b i a s  t h e  d e v i c e  s o  tha t  t h e  r e m a i n i n g  p-type r e g i o n  wi l l  b e  c o m p e n s a t e d .  

B e c a u s e  of  t h e  p -con tac t  may a l s o  b e  c o m p e n s a t e d  d u r i n g  t h e  p r o c e s s ,  i t  

w a s  found  n e c e s s a r y  t o  r e n e w  t h e  c o n t a c t  wi th  G a  d i f f u s i o n s  s e v e r a l  t i m e s .  

C ~ ~ ~ t ~ r - ~ l a t i n g  w a s  u s c d  t o  c h e c k  t h e  p r o g r e s s  of t h e  m e r g i n g  o f  t h e  

compcknsatcd rc.gions.  When t h e  p r o c e s s  has b e e n  c o m p l e t e d ,  t h e  r c s u l t i l l g  

tliotle h a s  t h c  r e q u i r e d  p-i-n c o n f i g u r a t i o n  as w a s  ob ta ined  using the 



3 . 3 .  1 Clean-11p h i f t  I f ,  dur ing  the d r i f t  p r o c e s s ,  t h e r e  w e r e  no r ev r r scx  

l eakage  c u r r ~ r ~ t ,  the negat ive \pace-charge  In the ion  d r i f t  reg ion  dur. to 

fi l led a c c e p t o r s  would be neut ra l ized  by the posi t ive space-charge  of the 

1 2 0  
driftlriy t l ~ ~ ~ ~ , r ~ ,  and an exac t  compensation of  a c c e p t o r s  by lithlum dollor 

lotis wou1t.l rc.su]t. At the e leva ted  t empera tu re s  used to ~ n c r e a s e  the 

11th1uni mobility, a l a r g e  bulk c u r r e n t  r e s u l t s ,  m a n l y  from c a r r l e r  genera t ion  

in  the compensated r eg ion ;  79 under  the d r i f t i ng  f i e l d ,  t h r s e  c a r r i e r s  

coritributc to t h e  net  space -cha rge ,  s o  that  i nexac t  compensation 1s a c h i c ~ ~ ~ ~ d  

by thc lithium d o n o r s .  

Irlexact compensatiorl of a  p-i-n dlode will  cont r ibu te  to the ove ra l l  

system noise ln  two ways .  F i r h t l y ,  the p r e s e n c e  of uncornpcnsated a c c e p t o r 5  

wil l  r e s u l t  in Inc reased  no i se  due  to thermal  c a r r i e r  generation, arl(i 

seconc1ly, the. c a p a c ~ t a n c c  of the device  will  be  h g h .  %nee  p-I-n 

11-n ~ u ~ l c t l o n s  \ lave region.; of space-charge  sepa ra t ed  by a reg ion  t ] e l ) ~ c t t ~ t i  

of  cl1argc\ r . ; lrric,rs,  thcy  m a y  bc thought of as p a r a l l e l  - pla te  capacitors 

M h t ' r c '  t h ( >  cal),i( I tancc C. i \  glven by: 



w h e r e  K i s  the d i e l e c t r i c  cons t an t ,  A the a r e a  of the junct ion,  and 

w is thc width of the compensated r eg ion .  F o r  ge raan ium th i s  becomes: 

3 

w h e r e  A ih in  cm- and w i n  mm. The  capac i t ance  should be  independpnt  

of the b i a s  voltage V ;  howeve r ,  i n  p-i-n dev ices  C is usua l ly  found to 

v-l /3 v a r y  as a f t e r  the high t empera tu re  d r i f t .  79 S ince  the no i se  of the  

pre-ampl i f ie r  depcnds  upon input  capac i t ance ,  the  l o w e r  the  d e t e c t o r  

capac i t ance ,  the l o w e r  the pre-amplif ier  n o i s e .  

'Thus in  o r d e r  to  improve  the d e g r e e  of compensation i n  a l i t h i u m - d r i f t d  

germanium diode>, a l lc lean-up" d r i f t  3 9 9 8 3  is c a r r i e d  ou t .  In t h i s  p r o c e s s ,  

a  l a r g e r  r e v e r s e  b i a s  is appl ied t o  the device  a t  a l o w e r  t empera tu re  than 

the  f i r s t  i on -d r i f t ;  the  bulk-generated space -cha rge  is r e d u c e d ,  but the  

h ighe r  b i a s  is r e q u i r e d  to  make up f o r  the  d e c r e a s e d  lithium mobili ty.  

3 . 3 . 2  S u r f a c e  T rea tmen t  Measurements  of s u r f a c e  po ten t ia l s  by Davies  

and ~ e b b ~ ~ a n d  A rmant rout4  have  ind ica ted  e i t h e r  n -  o r  p-type s u r f a c e  

l a y e r s  can  be  formed o v e r  the i - region a f t e r  the  ac id  e tch ing  p r o c e d u r e .  

T h e  presence of t h e s e  s u r f a c e  l a y e r s  which r e s u l t  i n  t h e r e  be ing  a marked  

d i f f e r ence  between the s u r f a c e  and bulk po ten t ia l s  l e ad  to  a low value of 

the  r e v e r s e  b i a s  a t  which diode breakdown o c c u r s ;  thus  a t  the  high b i a s  

1t:vcls which are normally r e q u i r e d  to  i n s u r e  complete  c h a r g e  collectiorl  

i n  the d e v i c e ,  the leakage  c u r r e n t  is too high to  yield good d e t e c t o r  rcsolut lol l .  

In the  w o r k  by ~ r m n n t r o u ?  an  exhaus t ive  s tudy w a s  c a r r i e d  out  to  deterlnll ie 

the effcctivellc.ss of va r ious  chemical  agen t s  i n  modifying the  s u r f a c e  

po ten t ia l s  of ~ e ( ~ i )  d e t e c t o r s  s o  that  the  l eve l  a t  which breakdown occurpcl  



hydl-oxldp M prt. 111c.ahul-ed. 'The  c.l~ernlcal tl-c.atment a p p a r e n t l y  u s e d  by tnariy 

? 7 , 4 9 , 7 6  
r e s e a r c h e r * : ,  ha5  been  t h e  h y d r o g e n  p e r o x i d e  d i p .  since it  h a s  bet111 

known that  f'or gerrnaniurn,  H ,O,  p r o d u c e s  a p-type \ u r f a c c  lnvc.r.\lon 
L k 

7 9 
l a y e r  a n d  w et  a i r  yields a n  11-type s u r f a c e  l a y e r ,  the  e f f e c t  nottld on 

~ e ( ~ 1 )  dc tc . c to r s  c a n  b e  pxplaincrl  as f o l l o w s .  T h e  e x p o s u r e  of t h e  diode 

to w a t e r  arid a i r  d u r i n g  the  q u e n c h i n g  of t h e  e t c h  a n d  w a s h i n g  s t e p s  p rodr lcc5  

a n  n-type s u r f a c e  l a y e r  on the  c r y s t a l ;  s u b s e q u e n t  s o a k i n g  i n  H 0 c a u s e s  
2  2  

a r e v e r s i o n ,  o r  compensation i f  you v i l l ,  o f  the 11-type l a y e r  s o  t h a t  t h e  

s u r f a c e  p o t e n t i a l  a p p r o a c h e s  t h e  l e v e l  of tlte bulk po ten t i a l  i n  t h e  i - r e g i o n .  

T h e  c h a ~ l g e  i n  s u r f a c e  p o t e n t i a l  p r o d u c e d  wi th  H2O2 is s t r o n g l y  d e p e n d e n t  

upon t h e  t ime o f  e x p o s u r e  t o  t h e  ox id iz ing  a g e n t :  l a c k  of  r e p r o d u c i b i l i t y  

of r e s u l t s  llas b e e n  r e p o r t e d .  , , 49 ' 76 P a r t  of the  p r o b l e m ,  as pointed 

o u t  by Webb and  L lav ies ,  27 is t h a t ,  f o r  r e a s o n s  as y e t  unknown,  s o m e  s a m p l e s  

of ge rmanium y ie ld  d i o d e s  wi th  h igh v a l u e s  of  b i a s  b e f o r e  b r e a k d o w n  o c c u r s ,  

w h i l e  o t h e r  s a m p l e s  y i e l d  no  u s a b l e  d i o d e s  u n d e r  t h e  s a m e  c o n d i t i o n s  of 

t r e a t m e n t .  T h i s  i n c o n s i s t e n c y  i n  t h e  qua l i ty  o f  ge rmanium i n g o t s  a v a i l a b l e  

wi l l  b e  d i s c u s s e d  a t  a l a t e r  t ime a s  i t  a p p l i e s  t o  t h e  p r e s e n t  w o r k .  

1 
R e c e n t l y  Adams  s t u d i e d  t h e  e f f e c t s  of p r o l o n g e d  e x p o s u r e  of a ~ e ( L i )  

d e t e c t o r  t.o H 0 a n d  the  l c n g t h  of e x p o s u r e  to  m o i s t  a ir  t o  t h e  r a i s i n g  
2 2  

of  t h e  b i a s  levc>l a t  which  b r e a k d o n n  o c c u r s .  T h e  h i g h e s t  b r e a k d o w n  

b i a s  l e v e l  w a s  a t t a i n e d  a f t e r  t h e  d i o d e  w a s  s o a k e d  i n  H 2 0  f o r  30 m i n u t e s  2  

a ~ i d  thc.11 allowed t o  d r y  f o r  45-50 minu tes  i n  air o f  48-50% r e l a t i v e  h u m ~ t l l t ~ .  

111 t h e  prcsc.rlt w o r k ,  t h e  pos t -d r i f t  p r o c e d u r e s  w e r e  as fo l lows :  the 

diocles w p r c  c.tched f o r  3 m i n u t e s  in  a 3:l volume m l x t u r e  of HNO a n d  H F ,  
3 



a n d  w a s h i n g  i n  de - ion ized  d i s t i l l e d  w a t e r ,  t h e  d i o d e s  f a b r i c a t e d  f rom t h e  

S y l v a ~ i i a  i n g o t s  (which d i d  NOT r e s p o n d  f a v o r a b l y  to  t h e  c h e m i c a l  s o a k i n g s )  

w e r e  d r i e d  i n  a jet of d r y  n i t r o g e n  g a s  a n d  mounted i n  t h e  c r y o s t a t  ( s e e  

Append ix  B) as quick ly  as p o s s i b l e  t o  minimize  i n t e r a c t i o n  wi th  t h e  room 

a m b i e n t .  T h e  s a m p l e s  f r o m  t h e  Hoboken i n g o t ,  a f t e r  w a s h i n g ,  w e r e  s o a k e d  

i n  H 0 a f t e r  t h e  method of  dams' and mounted i n  t h e  c r y o s t a t .  O n c e  t h e  
2  2 

- 3 
c r y o s t a t  w a s  e v a c u a t e d  to below abou t  10 mm H g  , t h e  s y s t e m  w a s  c o o l e d  

0 0 
(-72 C f o r  t h e  Xylvania s a m p l e s ,  -20 C f o r  t h e  Hoboken s a m p l e s )  i n  

p r e p a r a t i o n  f o r  t h e  c lean-up  d r i f t .  B e t w e e n  6 0 0  a n d  1000  v o l t s  r e v e r s e  

b i a s  w a s  a p p l i e d  t o  the  d i o d e  unt i l  no  f u r t h e r  r e d u c t i o n  i n  l e a k a g e  c u r r e n t  

0 
w a s  o b s e r v e d  (5-7 d a y s ) .  At  t h i s  t ime t h e  c r y o s t a t  w a s  c o o l e d  t o  77 K a t  

which  t e m p e r a t u r e  t h e  l e a k a g e  c u r r e n t  vs b i a s  c h a r a c t e r i s t i c  w a s  m e a s u r e d .  



4 .  We now w i s h  to  d e s c r i b ~  t h e  d c v l c e s  f a b r i c a t e d  by  the  t e c h n i q u e s  

t l e t a i l c ~ l  1 1 1  ttir, ~ ) r e v i o u s  c h a p t e r .  F o r  t h e  p u r p o s e s  of t h i s  d i s c u s s i o n ,  

w e  wl l l  f ~ r x t  t u r n  to  a n  examina t ion  of t h e s e s  d e v i c e s  a5 p-1-n diodes 

i n  t e r m s  of rcc t i f ' j  c a t i o n  c h a r a c t e r 1  s t i c s  , c a p a c i t a n c e ,  e t c  . , a n d  l a t e r  

t lcscr ib t .  tlicni i n  t e r m s  of  t h e i r  p e r f o r m a n c e  as gamma-ray s p e c t r o r n c t c r s .  

Germaniunl  i n g o t s  a v a i l a b l e  f rom v a r i o u s  c o m m e r c i a l  s o u r c e s  h a v e  

show11 a t  l e a s t  two v a r i a t i o n s  which h a v e  m a d e  t h e  p r o d u c t i o n  of ~ e ( ~ i )  

d e t e c t o r s  r : t thcr  d i f f i c u l t  a n d  u n p r e d i c t a b l e .  Some s a m p l e s  show a d r i f t  

r a t e  f o r  l i th ium 5 ' 4 2  which  is many  o r d e r s  of magni tude  below t h a t  e x p r c t r d  

f rom the  r e l a t i o n s h i p  g iven  by equa t ion  3-2,  w h i l e  o t h e r  ge rmanium i n g o t s  

y i e l d  d i o d e s  wl losc  r e c t i f i c a t i o n  c h a r a c t e r i s t i c s  m a d e  them u n u s a b l e  as 

gamma-ray s p > c t r o m e t e r s .  27 T h e  a p p a r e n t  d e c r e a s e  i n  t h e  diffusion 

c o e f f i c i e n t  of  l i th ium i n  ge rmanium a p p e a r s  t o  b e  d u e  t o  t h e  p r e s e n c e  of  

oxygen J I I  t h e  s a m p l e  s o  t h a t  l i th ium i o n s  become immobi l iaed by  t h e  fo rmat ion  

t 
of a L i - 0  c o m p l e x .  4 L  T h e  p o o r  r e c t i f i c a t i o n  a c t i o n  of s o m e  G ~ ( L I )  d i o d e s ,  

l a r g e  r e v e r s e  c u r r e n t s  a t  low b i a s e s ,  h a s  not  as y e t  b e e n  e x p l a i n e d ,  

a n d  v a r i a t i o n s  may b e  found i n  d i o d e s  p r o d u c e d  f rom t h e  s a m e  i n g o t .  
2 2 

T h e  m a j o r i t y  of  d i o d e s  p r o d u c e d  i n  the  p r e s e n t  w o r k  f rom t h e  S y l v a n i a  

i n g o t s  e x h i b i t e d  p o o r  r e c t i f i c a t i o n  c h a r a c t e r i s t i c s ,  b u t  d r i f t  r a t e s  w e r e  

found  to be i n  a g r e e m e n t  wi th  equa t ion  3-2. 

I .  1 R c c t l f l c a t l o ~ l  C h : t r a c t c r i s t i c s  F l g u r e  22  s h o n  s a plot  of t h e  l eaknge  

c u r r c ~ n t  v s  1-c.vcrse b ~ a s  c h a r a c t c r l s t i c  ( h e r e a f t e r  t e rn led  t h e  I ( V )  c h a r a c t p r ~ b -  

0 
t i c )  f o r  clpvlcc-. 1)-4(7) a t  7 7  K b e f o r e  t h e  c lean-up  d r l f t  (open  c l r c l e s )  a n d  

0 
a f t e r  a 5 ( l a y  c.l(,;lr~-up d r i f t  a t  -72 C  a n d  1000 vol t5  r e v e r s e  b l a s  ( s o l i d  p o l n t ~ )  
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T h e  clean-lip d r ~ f t  h a s  r < \ ' > i i ! t ~  (1 1 1 ,  :>:I I I ~ C ~ C - - I ~ S V  of t h e  b i a s  l e v e l  a t  whlcl ,  

b r e a k d o w n  o c c u r e d  f rom 150  vo l t s  to  o v e r  8 0 0  v o l t s .  T h i s  d e v i c e  w a s  

fabricated frorrl a c r y s t a l  c u t  from one end  of Sy lvan ia  ingo t  #597G-6; 

d c \ v ~  c c 5  c t ~ t  f r o m  o t h e r  p o r t i o n s  of the  ingot  s h o n  progressively p o o r c r  

I(V) charac , t c . r~s t l cs  a p p r o a c h i n g  t h a t  shown In F i g u r e  23 which  is t y p ~ c a l  

of a l l  dcvic(1s f;tbrlcatc.d f rom Sylvan la  ingo t  #564G-1. A s  c a n  b e  s e e n  

from Flgurc. 2 3 ,  the l e a k a g e  c u r r e n t  a f t e r  t h e  c lean-up  d r ~ f t  ( s o l i d  p i n t s )  

monotori ica]ly rises with b i a s ,  t h e  cond i t ions  of t h e  c lean-up  d r i f t  be ing  

t h e  s a m e  a \  a b o v e .  

T h e  lr,nkagc, cul-rerl t  r e s p o n s e  wlth b i a s  a s  5hown In F i g u r e  23 might 

a r i s e  f rom c j t h p r  s ~ l - f ~ l c t ?  e f f e c t s  o r  c lean-up  d r i f t  of i n s u f f i c i e n t  l eng th  

s o  t h a t  t h e  l i thium compensation w a s  s t i l l  i n e x a c t  ( s e e  e a r l i e r ) .  'Thus when 

t h e  pool- diode c h a r a c t e r i s t i c  w a s  i n i t i a l l y  e n c o u n t e r e d ,  m e a s u r e m e n t s  

of d e v i c e  c a p 2 c i t a n c e  w e r e  u s e d  t o  d e t e r m i n e  if t h e  l i thium cornpensat ion 

w a s  incornplc te .  F i g u r e  24 s h o w s  r e s u l t s  of capacitance v s  r e v e r s e  b i a s  

m e a s u r c m e o t s  f o r  a 1 . 7  cm2 x 0 . 5  crn d e v i c e  t a k e n  b e f o r e  a c lean-up  

0 0 
d r i f t  (open c i r c l e s )  and  a f t e r  a two-s tage  c lean-up  d r i f t  a t  1 0  C a n d  -72 C 

0 
( so l id  po in t s  );  the  m e a s u r e m e n t s  w e r e  made  a t  77 K us ing  a G e n e r a l  

R a d i o  1608-A 1 KHz impedance  b r i d g e .  T h e  i'ni.ti;tl r e s p o n s e  t aken  a f t e r  

t h e  high t e m p e r a t u r e  d r i f t i n g  p r o c e s s  ( b e f o r e  c lean-up)  e x h i b i t s  t h e  s t r o n g  

b i a s  dependence  of  the c a p a c i t a n c e  i n d i c a t i v e  of i n e x a c t  l i thium compensa-  

t i o n .  34 '79  A f t e r  t h e  c lean-up d r i f t ,  t h e  c a p a c i t a n c e  is s e e n  t o  b e  b i a s  

i n d e p e n d e n t  a b o v e  approx imate ly  100 v o l t s ;  111 p r a c t i c e ,  i t  s e e m s  t h a t  a 

comple te ly  f l a t  capac i t ance-b ias  r e s p o n s e  is r a r e l y  a c h i e v e d  f o r  Ge(L,i) 

d i o d e s  ( s e e  f o r  example  r e f e r e n c e  39) .  Us ing  equa t ion  3-4 t h e  e x p e c t e d  

capac i t a r l ce  fol- a d e v i c e  of t h e  d i m e n s i o n s  given a b o v e  c a n  b e  ca lcu la tec j ;  



OBEFORE CLEAN-UP DRIFT 

@AFTER CLEAN-UP DRIFT 

FIGURE 23: LEAKAGE CURRENT vs REVERSE BIAS FOR A p-i-n 

DIODE FROM SYLVANIA INGOT 5646-1 



- 
EFFECTIVE CAPACITANCE 

CALCULATED CAPACITANCE 
- 

0 BEFORE CLEAN-UP DRIFT 

AFTER CLEAN-UP DRIFT 

10 1 00 1 000 

BIAS (VOLTS) 

FIGURE 24: CAPPCITANCE vs BIAS FOR A p-i-n DIODE 



t h e  calculated c a p a c i t a n c e ,  approximately 5 p f ,  is s m a l l e r  than  tha t  m e a s u r e d  

4 9 
a t  1 KHz by a f a c t o r  of 2-3 .  H a n s e n  a n d  J a r r e t t  have  r e p o r t e d  a s i m i l a r  

d i s c r e p a n c y  f o r  c a p a c i t a n c e  m e a s u r e m e n t s  m a d e  a t  a u d i o  f r e q u e n c i e s ,  

d u e  t o  s u r f a c r  e f f e c t s  of ttie p-1-11 d i o d e .  In t h e  p r e s e n t  w o r k ,  t h e r e f o r p ,  

t h e  b r i d g e - m e a s u r e d  c a p a c i t a n c e  h a v e  been  u s e d  only  as a q u a l i t a t i v e  

i n d i c a t o r  of d t > t e c t o r  c o m p e n s a t i o n .  A l s o  shown i n  F i g u r e  24 is t h e  " e f f e c t i v t ~  

c a p a c i t a n c e t t  as m e a s u r e d  f rom n o i s e  v s  inpu t  c a p a c i t a n c e  d a t a  s u p p l i e d  

wi th  t h e  p r e - a m p l i f i e r  (ORTEC model  118 FET);  t h e  r e s u l t  i n c l u d e s  s t r a y  

c a p a c i t a n c e  d u e  t o  c o n n e c t i n g  w i r e s ,  e l e c t r i c a l  f e c d t h r o u g h s  , e t c  . and  is 

i n  a g r e e m e n t  wi th  t h e  c a l c u l a t e d  v a l u e .  T h u s  i f  t h e  c a p a c i t a n c e  of a d e v i c c  

w a s  b i a s  i n d e p e n d e n t  o v e r  a w i d e  r a n g e  of  b i a s  a n d / o r  i t s  e f f e c t i v e  c a p a c i t a r l c r  

w a s  i n  a g r e e m e n t  wi th  t h e  c a l c u l a t e d  v a l u e ,  i t  w a s  a s s u m e d  t h a t  t h e  d e v i c e  

h a d  r e c e i v e d  s u f f i c i e n t  c l ean-up .  

'The monoton ica l ly  r i s i n g  l e a k a g e  c u r r e n t  wi th  r e v e r s e  b i a s  r e s p o n s e  

w a s  the  nex t  m a t t e r  f o r  c o n c e r n ;  t h e  e f f e c t  w a s  t r i e d  of c e r t a i n  s u r f a c e  

t r e a t m e n t s  s u c h  as methano l  r i n s e s  o r  h y d r o g e n  p e r o x i d e  d i p s  ." No 

i m p r o v e m e n t  w a s  o b s e r v e d  a f t e r  s u c h  s u r f a c e  t r e a t m e n t s  on a n y  of t h e  d i o d e s  

f a b r i c a t e d  f r o m  S y l v a n i a  ingo t  #5646-1.  A p r o c e s s  w a s  s u c c e s s f u l l y  

d e v i s e d  by which  t h e  l e a k a g e  c u r r e n t  cou ld  b e  l o w e r e d  f o r  s u c h  d e v i c e s  

(a l though t h e  s l o p e  r e m a i n e d  e s s e n t i a l l y  t h e  s a m e ) ,  a n d  t h i s  p r o c e d u r e  is  

d e s c r i b e d  b e l o w .  

4 . 1  . I  C a F -  Compensa t ion  of S u r f a c e  S t a t e s  i n  ~ e ( ~ i )  ~ e t e c t o r s '  O6 Some 
L 

r e s u l t s  r ~ ~ o r t e r l ~ . ~  on c o n t r o l l i n g  s u r f a c e  p o t e n t i a l s  i n  e v a p o r a t e d  CdS 

f i lms  u s i n g  v a r i o u s  t h i c k n e s s e s  of C a F  a n d  S i O  l a y e r s  were applied t o  2 X 

t h e  p r e s e n t  p rob lem of l o w e r l n g  t h c  l e a k a g e  c u r r e n t  of ~ c . ( ~ i )  d e v i c e s  

fabricatc.d f rom Ihc S y l v a n i a  i n g o t s .  I t  w a s  s h o w n  i n  the. CdS  w o r k  t h a t  



by u s i n g  v a r l o u s  thicknesses of L a F  a n d  X i 0  l a y e r s  i n  c o m b i n a t i o n ,  
2  x 

s u r f a c r  p o t p n t i a l s  i n  betwc)en t h o s e  of C a F  a n d  X i 0  a l o n e  cou ld  b e  o b t a ~ r l c d .  2  x  

Conscqucn t ly  , if the  ~ e ( ~ i )  d c t e c t o r s  wi th  p r e s u m a b l y  n- type s u r f a c e s  

w e r e  c(1att.d by vacuum-evaporating a s u i t a b l e  t h i c k n e s s  of C a F  on to  tht .  2 

exposed c.(.lgc.s ( th l s  m a t e r i a l  h a v i n g  b e e n  shown t o  r a i s e  s u r f a c e  po ten t i a l5  

on c ~ s ) ,  o n e  would  e x p e c t  to  ob ta in  s u r f a c e  p o t e n t i a l s  f o r  ge rmanium 

n e a r  t h o s e  of' t he  bulk m a t e r i a l ;  a l o w e r i n g  of t h e  l e a k a g e  c u r r e n t  shou ld  

fo l low.  F u r t h e r m o r e ,  fo l lowing s u c h  a t r e a t m e n t ,  i n  which  a m a t e r i a l  

c o a t i n g  is a p p l i e d  to  t h e  d i o d e  s u r f a c e ,  t h e  d e v i c e  shou ld  b e  f a i r l y  i n s e n -  

s i t i v e  t o  f u r t h e r  e x p o s u r e  t o  t h e  a m b i e n t ,  a n d  i t s  b e h a v i o r  s h o u l d  b e  r e -  

p r o d u c i b l e  . 
A f t e r  the  d i o d e  ( f a b r i c a t e d  by  t h e  p r o c e s s  d e s c r i b e d  e a r l i e r )  had  been  

g i v e n  t h e  f i n a l  e t c h  a n d  w a t e r  w a s h ,  i t  w a s  mounted i n  t h e  c r y o s t a t ,  and t h e  

l e a k a g e  c ~ l r r c l n t  a n d  r e s o l u t i o n  f o r  v a r i o u s  s t a n d a r d  g a m m a - r a y s  w e r e  

m e a s u r e d  a t  7 7 O ~ .  T h e  d e t e c t o r  w a s  then  w a r m e d  t o  room temperature .  

u n d e r  vacuum o v e r  a p e r i o d  of  3 t o  4 h o u r s  a n d  then  b r o u g h t  up to  a t r n o s p h e r l c  

p r e s s u r e  n i t h  n i t r o g e n  g a s .  I t  w a s  r e m o v e d  f r o m  t h e  c r y o s t a t  o n  a de-  

t a c h a b l e  mount ( s e e  F i g u r e  25(a ) )  a n d  i n s e r t e d  i n  t h e  vacuum e v a p o r a t i o n  

s y s t e m .  F i g u r e  25(b) s h o w s  s c h e m a t i c a l l y  t h e  d e t e c t o r  a n d  mount  i n  position 

f o r  the C a F ,  t r ea t rncn t .  T h e  mount ing p e r m i t s  r o t a t i o n  of  t h e  r e c t a n g u l a r  
'.. 

d e t e c t o r  f o r  t r e a t m e n t  of e a c h  o f  t h e  f o u r  e d g e s .  A  q u a r t z  c r y s t a l  a n d  

f r e q u e n c y  m o n i t o r  w e r e  u s e d  t o  d e t e r m i n e  t h e  t h i c k n e s s  of t h e  depos i t e t j  

m a t e r i a l  ( to  njlthin lo%), t h e  c h a n g e  i n  f r e q u e n c y  of  t h e  c r y s t a l  b e i n g  p r o -  

p o r t l o n a l  to t h e  m a s s  d e p o s i t e d  on to  i t .  R a t e s  of C a F  evaporation 2  
0 

t y p i c a l l y  20 t o  200 A p e r  s e c o n d .  A f t e r  t r e a t m e n t ,  t h e  d i o d e  w a s  rcJmoulltctl 

0 
i n  the> c r y o s t a t ,  c o o l e d  to  77 K .  a n d  t e s t e d  as b e f o r e .  
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Tavendale l  ' has  r epo r t ed  that  thermal  recyc l ing  of some ~ e ( ~ i )  

0 
d e t e c t o r s  from 77 K to room tempera ture  f o r  5 minutes r e s u l t e d  in  improved 

pe r fo rmance ,  and pa r t i cu l a r ly  a n  i n c r e a s e  in  the b i a s  a t  which b reak -  

down occu rcd .  In  th i s  w o r k ,  the t imes involved from warm-up to  room 

0 
t empera tu re  to cooling to  77 K a f t e r  the C a F  t rea tment  w e r e  such  tha t  the  2 

diode w a s  a t  room tempera ture  from 10 to  12  h o u r s .  T h e  following ex- 

per imental  r e s u l t s ,  however ,  indicate  that  the e f fec ts  obse rved  with C a F  2 

on germanium w e r e  s imi l a r  to  the e f fec ts  noted in  the  CdS w o r k ,  and  a r e  

presumed to  be  l a rge ly  due to  the C a F  t rea tment .  
2  

2 
Figure 26 shows the I(V) c h a r a c t e r i s t i c  of a 3 cm x 0 . 2  cm thick 

C e ( ~ i )  d e t e c t o r  before  and a f t e r  2000 AO of C a F 2  w a s  evapora t ed  o,.:o the 

e tched  junction e d g e s .  T h i s  th ickness  is s e e n  t o  produce  a subs tan t ia l  

i n c r e a s e  in  r e v e r s e  leakage  c u r r e n t ;  t h i s  is a t t r ibu ted  to  the  formation 

of a heavy p-type s u r f a c e  inve r s ion  l a y e r  on the d e t e c t o r  as such  potent ial  

sh i f t s  w e r e  noted in  the CdS work  f o r  l a y e r s  of t h i s  th ickness .  

0 
F i g u r e  27 g ives  the r e s u l t s  f o r  the deposi t ion of a  200 A l a y e r  of 

C a F  on a 2 cm2 x 0 .35  cm thick d e t e c t o r .  The  leakage  c u r r e n t  is cons ide r -  
2  

ab ly  l o w e r  a f t e r  the t rea tment  f o r  r e v e r s e  b i a s  vol tages of less than 120 

vol t s .  The h ighe r  leakage c u r r e n t  observed  above th i s  b i a s  is probably 

indicative of a somewhat p-type s u r f a c e  SO that a t  h igher  b i a s  vol tages 

e x c e s s  c u r r e n t  is s t i l l  obse rved .  

Data obtained a f t e r  a 150 AO C a F  -coating on a 1 .7  cm2 x 0 . 5  cm 2 

thick Ge(Li)  d e t e c t o r  i s  shown in F i g u r e  28. T h i s  t rea tment  h a s  r e su l t ed  

i n  a lower ing  of the leakage  c u r r e n t  o v e r  almost the e n t i r e  b i a s  r a n g e  

measu red ;  apparent ly  150 A' of  C a F  produced a s u r f a c e  potent ial  nea r ly  2 

equal  to the bulk potential  f o r  th i s  de t ec to r .  T h e  resolution obtajned 
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with  t h i s  d e t e c t o r  a f t e r  the  C a F  t rea tment  showed a 10% improvement  
2 

o v e r  the  un t r ea t ed  dev ice ;  u s e  of a n  ORTEC model 118 F E T  p reampl i f i e r  

ope ra t ed  a t  room t empera tu re  and a Tennelec  TC-,200 main ampl i f ie r  

ope ra t ed  in  the single-RC cl ipping mode with 1 . 6  microsecond time con- 

s t a n t s  yielded r e so lu t ions  with t h i s  d e t e c t o r  of 1 . 79  keV FWHM a t  122 keV,  

and  2 .76  keV FWHM a t  11 73  keV under  150 vol ts  d e t e c t o r  b i a s  ( ~ i ~ u r e s  29 

and  30 ,  r e spec t ive ly )  . 
Evapora t ion  of  a 50 A' coa t ing  of C a F 2  on a 3 cm2 x 0 . 2  cm thick 

d e t e c t o r  yielded e s sen t i a l l y  no  change  i n  the obse rved  I(V) c h a r a c t e r i s t i c ;  

appa ren t ly  t h i s  t h i cknes s  of C a F  is inadequate  t o  r e v e r s e  t he  s u r f a c e  
2 

poten t ia l ,  which is aga in  cons i s t en t  with the CdS r e s u l t s . 4 6  T h e  d e t e c t o r  

coa ted  with 5 0  A0 of C a F 2  w a s  acc ident ly  exposed  to  the a tmosphe re  f o r  

- 6 
a few s e c o n d s  while  a t  7 7 O ~ ;  when pumped down to  1 0  T o r r ,  the  r e v e r s e  

l eakage  c u r r e n t  w a s  found to  be  e s sen t i a l l y  unchanged as compared  to  

b e f o r e  the  e x p o s u r e .  In o r d e r  t o  t e s t  f u r t h e r  t he  pos s ib l e  edge-protect ion 

p r o p e r t i e s  of t he  C a F  t r ea tmen t ,  the d e t e c t o r  w a s  exposed  to  t he  a tmosphe re  
2 

f o r  30 minutes  whi le  a t  7 7 ' ~ .  Dur ing  th i s  p e r i o d ,  the l eakage  c u r r e n t  

w a s  obse rved  t o  i n c r e a s e  by a f a c t o r  of f rom 1 0  to  100 o v e r  20 to  1000 vo l t s ,  

p robably  d u e  to  conduction through the  i c e  l a y e r  which formed o v e r  t he  de-  

t e c t o r  between the  pos i t ive  and  ground con tac t s .  Howeve r ,  a f t e r  the  

d e t e c t o r  w a s  warmed to  room t empera tu re  unde r  vacuum and  cooled  once  

m o r e  t o  7T•‹K,  no  s ignif icant  i n c r e a s e  i n  the  l eakage  c u r r e n t  w a s  found 

-9 
as compared  to  d a t a  taken  be fo re  e x p o s u r e ,  e .  g .  , 4 . 4  v s  3 .2  x 1 0  amps  

a t  100  vo l t s ,  5 . 8  v s  5 . 6  x amps a t  300 vo l t s ,  and 8 . 6  v s  8 . 7  x 10- 6 

amps  a t  600  vo l t s .  

W e  have  had opportuni ty  to  o b s e r v e  the  long-term s tab i l i ty  of  the  CaF - 
2 
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G e ( ~ i )  Detector D-4(7) 
coated with 150 A' CaFg 
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coat ing a f t e r  exposu re  t o  t hc  a tmosphere  in  the c a s e  of the d e t e c t o r  coated 

with 150  AO of the ma te r i a l .  Due to a defec t  i n  the c r y o s t a t ,  t h i s  d e t e c t o r  

h a s  been exposed f o r  a total  per iod  of approximately 90 minutes to the 

0 
ambient while  a t  77 K ;  o v e r  a  6  month pe r iod ,  the reso lu t ion  obtained 

a t  122 kc.V h a s  d e t e r i o r a t e d  to  approximately 3 keV FWHM. T h e  hygro- 

s cop ic  na tu re  of  C a F  is probably r e spons ib l e  f o r  th i s  deg rada t ion .  The  
2 

r e s u l t s  obtained,  however ,  point to the poss ib le  u se  of such  coa t ings  

both f o r  ad jus t ing  s u r f a c e  potc~ntials  and s u r f a c e  protect ion of ~ e ( ~ i )  

d e t e c t o r s .  T h e  u s e  of MgF -coa t ings ,  such  as used on photographic l e n s e s ,  
2 

should be both rugged and insens i t ive  to  the ambient .  

T h e  C a F  coat ing p r o c e d u r e ,  while i t  did c a u s e  a lower ing  i n  r e v e r s e  
2 

l eakage  c u r r e n t ,  did not r e s u l t  in  r a i s i n g  the b i a s  l eve l  a t  which b reak -  

down o c c u r r e d  in  the dev ices  fabr ica ted  from the  Sylvania  ingots  (mono- 

tonically i n c r e a s i n g  leakage  c u r r e n t  v s  b i a s  c h a r a c t e r i s t i c s  w e r e  s t i l l  obse rved ) .  

T h u s ,  w h e r e a s  the capac i tance  measurements  tended to  show that  the e x c e s s  

leakage  c u r r e n t  was  not due  to inexac t  lithium compensat ion,  the r e s u l t s  

o f  the s u r f a c e  t rea tment  study seemed to  ind ica te  tha t  the  condition of the 

s u r f a c e  w a s  not completely r e spons ib l e  f o r  the observed  I(V) c h a r a c t e r i s t i c  

e i t h e r .  One d i f f e r e n c e  cons is ten t ly  obse rved  between d iodes  f ab r i ca t ed  

from ingot #564G-1 (where  a l l  dev ices  exhibi ted an  I(V) c h a r a c t e r i s t i c  

l i ke  tha t  shown in F i g u r e  23) and  ingot # 5 9 7 ~ - 6  (which yielded one devi  c e  

whose  c h a r a c t e r i s t i c  is shown in  F i g u r e  22 ,  whi le ' the  I(V) c h a r a c t e r i s t i c  

of o t h e r s  became p r o g r e s s i v e l y  l ike those of ingot # 5 6 4 ~ - 1  as s l i c e s  w e r e  

cu t  f rom the ingot) w a s  in  the lithium ion dr i f t ing  s t e p .  Compar ison  o f  

f o u r  d iodes  from e a c h  ingot of  approximately equal  volumes show tha t  

3 
diodes  f r o m  ingot #561G-1 drew 50-70 mA/cm /V dur ing  the  high t empera tu re  

d r i f t ,  while  d i o r l r ~  from the o t h e r  ingo t  d r e w  o n l y  1-2 m~/c rn ' / ' v .  T h u s  i t  



i s  conceivable  that  some unknown var ia t ion  i n  the bulk m a t e r i a l  is r epons ib l e  

f o r  t he  measu red  I(V) c h a r a c t e r i s t i c  of the  completed d e t e c t o r s  a t  7 7 O ~ .  

4 . 2  Spec t rome te r  Pe r fo rmance  In fabr ica t ing  ~ e ( ~ i )  d e t e c t o r s ,  one 

s t r i v e s  t o  obtain d e v i c e s  which have low enough l eakage  c u r r e n t  t o  mini- 

mize the  d e t e c t o r  no i se  a t  b i a s  va lues  high enough to  co l l ec t  t he  rad ia t ion-  

induced c h a r g e  e f f ic ien t ly .  Diodes  fabr ica ted  from Sylvania  ingot  #5646-1 

w e r e  unusual  i n  that  while  mos t  d e v i c e s  prev ious ly  r e p o r t e d  in  the  l i t e r a t u r e  

have  r e q u i r e d  a t  l e a s t  300 vol ts  b i a s  t o  o p e r a t e  s a t i s f a c t o r i l y ,  the  d e t e c t o r s  

i n  t he  p r e s e n t  work  yielded s a t i s f a c t o r y  r e so lu t ion  (5-7 keV FWHM a t  662 

k e ~ )  a t  a v e r a g e  b i a s  vol tages  of only 7 0  vol t s .  
1  04 

Figure 31 shows r e s u l t s  obtained from the b e s t  diode f ab r i ca t ed  from 

t h e  ingot ;  a t  7 0  vol ts  r e v e r s e  b i a s ,  th i s  d e t e c t o r  of approximately 1 . 5  cm 3 

a c t i v e  volume yielded 3 .6  keV FWHM f o r  the  122 keV gamma-ray. 

T h e  a s s o c i a t e d  e l ec t ron i c  equipment cons i s t ed  of a n  O R T E C  model 118 

F E T  p reampl i f i e r  (with t he  F E T  a t  room t empera tu re ) ,  a Tenne lec  TC-200 

main ampl i f i e r  with 0.8 microsecond in t eg ra t i ng  and  d i f fe ren t ia t ing  t ime 

c o n s t a n t s ,  and a Nuc lea r  Data  ND-160 mul t iparameter  pulse-height a n a l y z e r .  

A s  the  i n s e t  s h o w s ,  th i s  d e t e c t o r  h a s  i t s  e d g e s  bevel led t o  a n  ang le  of 

o  6 0 
approximately 4 0  . F i g u r e  32 shows a por t ion  of the  Co  gamma-ray s i n g l e s  

spec t rum obtained with t h i s  d e t e c t o r  a t  7 0  and 35 vol ts  b i a s .  A s  i nd i ca t ed ,  

a r e so lu t ion  of 4 . 3  keV FWHM w a s  obtained f o r  t he  11 73 keV peak  a t  7 0  vo l t s  

b i a s ,  while  a t  35 vol ts  a cons ide rab l e  amount of "tail ing" on the  low ene rgy  

s i d e  of the  peak w a s  obse rved  indicat ing poo r  c h a r g e  col lect ion d u e  to  carrier 

t r app ing .  At 20 vol t s  b i a s ,  the  two c o 6 0  ful l -energy peaks  cannot  b e  r e s o l v e d  

above  the  background continuum. 

A compar i son  of r e s u l t s  obtained with two C e ( ~ i )  d e t e c t o r s  of comparable  
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capac i tances  (approximately 1 2  pf )  and leakage  c u r r e n t s ,  showed tha t  the 

d e t e c t o r  with the bevelled edges  had s u p e r i o r  reso lu t ion  o v e r  the d e t e c t o r  

with r ec t angu la r  geometry by a f ac to r  of a lmost  2 .  F i g u r e  3 3  shows thr? 

equipotential  l i nes  obtained by plotting the field on a  conducting-paper 

model of the device  with bevel led edges ,  assuming the ful l  potent ial  d r o p  

o c c u r s  a c r o s s  the i - region.  Since the configuration of the col lect ion 

f ie ld  i n  th i s  diode would be such  that  the f ie ld n e a r  the s u r f a c e  i s  weake r  

than in  the c e n t e r ,  the supe r io r i t y  of the bevelled-edge device  might be 

a t t r ibu ted  to  the minimization of the e f f e c t  of s u r f a c e  t rapping  c e n t e r s .  

~ l a c e r ~ '  h a s  r epo r t ed  the u s e  of var ious  geometr ical  configurat ions in 

control l ing s u r f a c e  leakage c u r r e n t  i n  ~ i ( ~ i )  d e t e c t o r s .  



FIGURE 33: PLOT O F  EQUIPOTEWl'"I'AL LINES FOR ELECTRIC 

FIELD ACROSS i-REGION O F  ~ e ( ~ i )  DETECTOR WITH B E V E L L ) ~ : ~  

EDGES. 



C H A P T E R  V 

OPERATING CHARACTERISTICS 

of Ge(Li )  DETECTORS 

5 .  W e  can  summar ize  the p r inc ip l e s  of the opera t ion  of a ~ e ( L i )  de tec tor  

with the a id  of F i g u r e  34 which shows a schemat ic  r e p r e s e n t a t i o n  of the  

c ros s - sec t ion  of a p l a n a r  p-i-n diode.  Also  shown are r e p r e s e n t a t i o n s  

of  the va r ious  poss ib le  gamma-ray in t e r ac t i ons  with the  de t ec to r :  (a )  1s 

a low e n e r g y  gamma-ray which undergoes  a photoe lec t r ic  i n t e r ac t i on  i n  

t he  d e t e c t o r ,  los ing  all i t s  e n e r g y  i n  the product ion of the  photoelectron 

and  an  x-ray both of which are abso rbed  i n  the  c r y s t a l ,  thus  cont r ibu t ing  

to  a ful l -energy peak in  the pulse-height spec t rum;  (b) r e p r e s e n t s  a gamma- 

r a y  which l o s e s  a l l  i t s  e n e r g y  within the  d e t e c t o r  by a series of Compton 

i n t e r a c t i o n s  and  a final photoe lec t r ic  i n t e r a c t i o n ,  a l s o  cont r ibu t ing  to  a 

ful l -energy peak;  (c) is a gamma-ray which unde rgoes  a few Compton 

in t e r ac t i ons  within the  c r y s t a l  while  the l a s t  Compton-scat tered photon 

e s c a p e s ;  thus  t h i s  gamma-ray (c )  r e s u l t s  i n  a n  event  i n  t he  Compton 

e s c a p e  continurn; gamma-ray (d) i n t e r a c t s  with the  d e t e c t o r  i n  a pa i r -  

product ion e v e n t ,  the  subsequent  5 1 1 -keV quanta  from annihi la t ion of 

the  posi t rol l  e scap ing  the d e t e c t o r ,  s o  that  a n  event  cont r ibu t ing  to  a 

double-escape peak is r e g i s t e r e d .  

5 . 1  Ge(Li)  De tec to r  Response  T h e  r e s p o n s e  of a G e ( ~ i )  d e t e c t o r  t o  gamma- 

r a y s  is shown i n  F i g u r e  35,  a pu l se  height spec t rum of gamma-rays from 

3 
t he  d e c a y  of ~ a * ~  obtained with a n  8 cm d e t e c t o r  f ab r i ca t ed  i n  tho p r e s e n t  

w o r k .  An ORTEC model 1 18A F E T  pre-ampl i f ie r  ope ra t i ng  a t  room 

t e m p e r a t u r e ,  a Tennelec  TC-200 main ampl i f i e r  with 0.8 in t eg ra t i ng  and  



FIGURE 34: CROSS SECTION O F  A G e ( ~ i )  DETECTOR SHOWING THE 

INTERACTION O F  GAMMA-RAYS WITH T H E  DETECTOR: 

(a) PHOTOELECTRIC INTERACTION 

(b) COMPTON INTERACTION WIT11 TOTAL ENERGY 

DEPOSITED IN TI I I C  IlETZ3CTOII 

(c) COMPTON INTERACTION WITII ESCAPE O F  A 

COMPTON-SCATTERED PHOTON 

(d) PAIR-PRODUCTION WITH ESCAPE O F  T H E  TWO 

ANNIHILATION QUANTA. 





1 . 6  m i c r o s e c o n d  d i f f e r e n t i a t i n g  t ?me  c o n s t a n t s ,  and a V i c t o r e e n  S C I P P  

1 0 4 T P  pu l se -he igh t  a n a l y z e r  w e r e  u s e d  t o  r e c o r d  t h e  s p e c t r u m  i n  3200 

c h a n n e l s .  P r o m i n e n t  f e a t u r e s  of t h e  s p e c t r u m  inc lude  t h e  ful l  e n e r g y  

p e a k s  a t  1 3 6 8 . 5  a n d  2753.9 keV c o r r e s p o n d i n g  t o  t h e  gamma-rays  f r o m  

d e c a y  of  ~ a ~ ~ ,  t h e  double-  a n d  s i n g l e - e s c a p e  p e a k s  of t h e  2 7 5 3 . 9  keV 

2 
gamma-ray a t  e n e r g i e s  of 2753 .9  - 2m c 2  and  2753 .9  - m c , r e s p e c t i v e -  

0 0 

l y ,  and  t h e  s o - c a l l e d  Compton "knees"  l o c a t e d  below e a c h  full  e n e r g y  p e a k .  

S ince  garnma-rays of t h e  a b o v e  e n e r g i e s  i n t e r a c t  wi th  germanium 

predominantly by Compton s c a t t e r i n g  ( s e e  F i g u r e  1 1  ) ,  t h e  ful l  e n e r g y  

p e a k s  a t  1368.5 a n d  2 7 5 3 . 9  keV o r i g i n a t e  mainly  f r o m  t h e  a b s o r p t i o n  

i n  t h e  d e t e c t o r  of  e l e c t r o n s  p r o d u c e d  i n  t h e  mul t ip le  Cornpton i n t e r p c . t i o n s ,  

i . e .  , gamma-rays  which d e p o s i t  all t h e i r  e n e r g y  i n  t h e  d e t e c t o r  i r r e s p e c -  

t i v e  of t h e  n u m b e r  of i n t e r a c t i o n s  r e g i s t e r  e v e n t s  i n  t h e  ful l  e n e r g y  p e a k .  

T h e  e s c a p e - p e a k s  o r i g i n a t e  f rom p a i r - p r o d u c i n g  i n t e r a c t i o n s  i n  which  

e i t h e r  o n e  o r  two  q u a n t a  of ann ih i l a t ion  e s c a p e  f r o m  t h e  s e n s i t i v e  volume 

of the  d e t e c t o r .  Bclcause of t h e  s t a t i s t i c s  of c h a r g e  p r o d u c t i o n  and  c o l l e c -  

t i o n ,  f u l l  e n e r g y  a n d  e s c a p e - p e a k s  are not  r e g i s t e r e d  as l i n e s  but  as 

Gaussian-distr ibutions ; mnpl i f i c r  rloisc~ a150 c,ontributcs t o  thp ppn], \ .zidth. 

T h e  minimum e n e r g y  f o r  a Compton-sca t t e red  photon as s e e n  f r o m  

1 2  equa t ion  2-4 f o r  0 = 180' is E '  = ?moc  ; t h u s  t h e  maximum e n e r g y  
Y 

1 2  of t h e  corresponding Compton e l e c t r o n  is = E - ~m c f rom e q u a t i o n  
e Y o 

2-5. T h e o r e t i c a l l y ,  t h e n ,  one  would e x p e c t  t h e  d e t e c t o r  r e s p o n s e  f o r  

t h o s e  Compton i n t e r a c t i o n s  i n  which  some of t h e  Compton-sca t t e red  photons 

e s c a p e  t h e  d e t e c t o r  t o  show no e v e n t s  i n  t h e  e n e r g y  r e g i o n  b e t w e e n  E and  
Y 

E - moc2 (I3 - 2 0 5 . 5  k e ~ )  a n d  a con t inuous  d i s t r i b u t i o n  below t h i s  
Y Y 

e n e r g y ,  a peak o c c u r i n g  i n  t h e  d i s t r i b u t i o n  a t  t h e  e n e r g y  Cor respor ld ing  

t o  maximllm e ~ r c r g y ~ T  t h e  Compton e l e c t r o n .  54 T h e  a c t u a l  d i s t r i b u t i o ~ l  

seen in  a C - ~ ( L ~ )  r ~ u l s e - h e i g h t  s p e c t r u m  is s m e a r e d  somewhat  a t  t h e  Compton 



peak ("knee") due  to cha rge  production and collection s t a t i s t i c s  and becomes 

l e s s  s h a r p  as tlie ene rgy  i n c r e a s e s  ( s e e  F i g u r e  35). With i n c r e a s i n g  

photon e n e r g y ,  the probabili ty of the Cornpton e l ec t ron  escaping  the d e t e c t o r  

i n c r e a s e s ,  and ,  depending on de t ec to r  volume, the Cornpton "knee" gradual ly 

d i s a p p e a r s  into the background continuum. 
62 

5 . 2  Detec tor  Eff iciency The  u s e  of G e ( ~ i )  d e t e c t o r s  as gamma-ray spec-  

t rome te r s  r e q u i r e s  a knowledge of the e f f ic iency  f o r  detect ion of full-energy 

even t s .  The detect ion eff ic iency f o r  double-and s ingle-escape events  

is  a l s o  useful  in  identifying such  peaks  with r e s p e c t  to the cor responding  

ful l -energy peak .  

In the p r e s e n t  w o r k ,  a  constant  geometry s o u r c e  mount h a s  been devised  

( s e e  F i g u r e  36) s o  that rad ioac t ive  s o u r c e s  could be  counted a t  reproducib le  

d i s t a n c e s  from the de t ec to r .  Using th i s  a r r angemen t ,  the l a r g e s t  geornetri- 

3  
c a l  solid angles  which could be  obtained with the smal les t  (0 .85 cm ) and 

3 
l a r g e s t  (8 cm ) d e t e c t o r s  used w e r e  0 .6% and 8 % ,  r e spec t ive ly .  

5 . 2 . 1  Ful l-Energy P e a k  Efficiency T h e  ful l -energy peak detect ion 

efficienc)r f o r  s e v e r a l  G e ( ~ i )  d e t e c t o r s  h a s  been determined using gamma- 

r a y s  from s t anda rd  s o u r c e s  of c o 6 0  ca l ib ra t ed  with a 3 x 3" N ~ I ( T ~ )  

d e t e c t o r  and total  counting e f f ic iency  and peak-to-total r a t i o  d a t a  f o r  

scint i l la t ion d e t e c t o r s  due  to Heath.  50 The  a r e a s  of peaks  obtained in 

the G e ( ~ i )  s p e c t r a  w e r e  determined by summing the number of counts  in 

each  channel def ining the peak and subt rac t ing  a l i nea r ly  in te rpola ted  

background.  T h e  shapes  of the eff ic iency c u r v e s  w e r e  checked by cal-  

5 6 
culat ing rcllative gamma-ray in tens i t ies  f o r  a Co s o u r c e .  

Figllrc 37 shows in t r in s i c  ful l -energy detect ion e f f ic iency  d a t a  for  

de tpc torh  of var ious  sens i t i ve  volumes. The  two c u r v e s  f o r  which 
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3 
experimental  points  a r e  shown (tlctc~i,lor volumes of  0.85 and 8 crn ) arc? 

from the p r e s e n t  work ;  the l i n e a r  re la t ionship  between the logar i thms of 

efficiency and gamma-ray ene rgy  a s  observed  by Eas te r i lay  , e t .  al. , 38 

is seen  to hold a t  l e a s t  to 3500 keV,  which w a s  the limit of the gamma-ray 

5  6 
ene rgy  used in  the Co measurements .  The  ful l -energy eff ic iency f o r  a 

3  x 3" N ~ I ( T ~ )  d e t e c t o r  is shown fo r  comparison with the ~ e ( ~ i )  d e t e c t o r s .  

An in t e re s t ing  r e s u l t  obtained dur ing  the c o u r s e  of t h i s  work  i s  shown 

in  F i g u r e  38 in  which a r e  plotted full-energy e f f i c i ency  da t a  f o r  t h r e e  

~ e ( ~ i )  d e t e c t o r s .  The  sol id  points and c u r v e  w e r e  obtained f o r  a 

2  
1 .7  cm x 0 . 5  cm d e t e c t o r  used in  

from the Monte-Carlo ca lcu la t ions  

a 1 . 8  cm d iame te r  x 0 .35 cm thick 

th i s  l a b o r a t o r y ,  the s q u a r e s  a r e  

of d e  C a s t r o  F a r i a ,  e t . a l .  , 35 f o r  

r i gh t  c i r c u l a r  cy l indr ica l  de t ec to r ,  

and the t r i ang le s  r e p r e s e n t  d a t a  of Ewan and  ~ a v e n d a l e ~ ~  f o r  a  

2  
2.5 cm x 0.35  cm device .  T h e  e f f i c i enc i e s  a r e  vir tual ly  indis t inguishable ,  

and i t  is in t e re s t ing  to note that the t h r e e  d e t e c t o r s  have almost ideritical 

3 
. volumes, 0 .85  cm3, 0 . 9  crn3, and 0 .88  cm , respec t ive ly .   h he da ta  

a l s o  show the d e c r e a s e  in  eff ic iency below 100 keV due to absorpt ion of 

low energy  gamma-rays by the end-cap of the c ryos t a t  and the 200-500 

micron thick lithium-diffused dead  l aye r ) .  

F u r t h e r  evidence f o r  the dependence of the full-energy efficiency o n  

de t ec to r  volume is shown in  F i g u r e  39; da t a  f o r  18 ~ e ( ~ i )  dctcctor.s t ; rk ( ln  

from previously publidhed work  a r e  shown plotted a s  full-cncrgy cffic.ic.rlcy . 
a t  1 MeV vs  detector '  volume. Even though these  de t ec to r s  a rc  uf \ . ; ~ r - i c , t ~ . s  

s hapes ,  r ec t angu la r  o r  cy l ind r i ca l ,  and  of p lanar  o r  co:isial cor~f~  , y t !  I . ; ,  I (,[I , 

t he re  is seen  to be  a st;rong co r re l a t ion  between e f f i c i c r~cy  ; r r ~ t l  tla.~t.c.t(,l- 

3 
volume, at l e a s t  below 20 cm . Also shown a r e  data from thr: h l~ : , t , . -C~, - l , ,  
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c a l c u l a t j u n s  of d e  C a s t r o  F a r i a ,  tit. a1. , 35 which  d o  not  follow t h e  el- 

per imentn l ly  ob ta ined  p o i n t s  wi th  i n c r e a s i n g  volume.  F u r t h e r  d a t a  a . r e  shom~rl 

f o r  c o m p ~ ~ t r t t i o n s  made  f o r  the  t o t a l  coun t ing  e f f i c i e n c y  f o r  s q u a r e - p l a n a r  

r '- 
d e t e c t o r s "  a n d  c y l i n d r i c a l  d e v i c e s 1  I ; both t h e s e  d a t a  a n d  t h e  e x p e r i m e n t a l  

p o i n t s  p a s s  th rough  t h e  o r i g i n  ( w h e r e  a d e t e c t o r  wi th  z e r o  volume h a s  z e r o  

e f f i c i e n c y ) ,  w h e r e a s  the  Monte -Car lo  e f f i c i e n c i e s  d o  n o t .  F u r t h e r m o r e ,  

t h e  Monte-Carlo d a t a  e x h i b i t  t h e  s a m e  s l o p e  as t h e  t o t a l  coun t ing  e f f i c i ency  

d a t a .  T h i s  might i n d i c a t e  s o m e  e r r o r  i n  a c c o u n t i n g  f o r  f u l l - e n e r g y - t o - t o t d  

coun t ing  f a c t o r s  i n  the  Monte -Car lo  computa t ion .  

5 . 2 . 2  E s c a p e - P e a k  E f f i c i e n c y  T h e  s i z e  a n d  s h a p e  of a ~ e ( ~ i )  d e t e c t o r  

d e t e r m i n e s  t h e  amount  of r e a b s o r p t i o n  of  a n n i h i l a t i o n  q u a n t a  i n  t h e  d e t e c t o r  

a f t e r  a p a i r - p r o d u c i n g  i n t e r a c t i o n  by a high e n e r g y  g a m m a - r a y .  In g e n e r a l ,  

t h e  s m a l l e r  t h e  d e t e c t o r  volume,  t h e  m o r e  e n h a n c e d  are  t h e  i n t e n s i t i e s  

of  e s c a p e  p v e n t s  i n  a pu l se -he igh t  s p e c t r u m ;  h o w e v e r ,  t h e  r a t i o  of d e t e c t o r  

d i m e n s i o n s  a l s o  h a s  d i r e c t  b e a r i n g  on e s c a p e - p e a k  i n t e n s i t y .  Mann ,  e t . a l . ,  7 6 

h a s  shown t h a t  a n  i n c r e a s e  i n  t h e  su r face - to -vo lume r a t i o  of c y l i n d r i c a l  

d e t e c t o r s  l e d  t o  a n  enhancement  of  e s c a p e - p e a k  i n t e n s i t i e s .  If o n e  d imens ion  

of  a d e t e c t o r  is much s m a l l e r  than  o t h e r  d i m e n s i o n s ,  t h e  a b o v e  r e s u l t  o b t a i n s .  

F i g u r e  40 s h o w s  d a t a  f o r  two d e t e c t o r s  u s e d  i n  t h e  p r e s e n t  w o r k  arid 

o n e  used by F r e e d m a n ,  e t .  a1 . ; 43 t h e  r a t i o s  of t h e  d o u b l e - e s c a p e  t o  

fu l l - c l l e rgy  p e a k  a r e a s  a n d  d o u b l e - e s c a p e  t o  s i n g l e - e s c a p e  p e a k  a r e a s  

a r e  p lot ted  a g a i n s t  gamma-ray e n e r g y .  T h e  i n t e n s i t y  of d o u b l e - e s c a p e  

3  
eve l l t s  is enhanced  i n  t h e  8 cm3 d e t e c t o r  o v e r  t h e  2 . 3  crn d e v i c e  d u o  

t o  t.hp f a c t  t h a t  t,he l a r g e r  d e v i c e  h a s  o n e  dimension s m a l l e r  than  t h e  o t h e r s .  

TIlc ~ - a t j o  of  rlouble--clscape to s i ~ i g l e - e s c a p e  a r e a s  i s  o b s e r v e d  t o  be 

4 3.03 
conslar i t  . 



GAMMA-RAY ENERGY ( M ~ v )  

FIGURE 40. 



T h e  r a t i o s  of e s c a p e -  a n d  fu l l - energy  p e a k  a r e a s  are e x t r e m e l y  u s e f u l  

r e l a t i o n s h i p s  i n  n u c l e a r  s p e c t r o s c o p i c  a p p l i c a t i o n s .  Along  wi th  t h e  e n e r g y  

r e l a t i o n s h i p s  be tween  e s c a p e -  a n d  fu l l - energy  p e a k s ,  t h e  a r e a  r a t i o s  f o r  

a particular d e t e c t o r  s e r v e  as a m e a n s  f o r  c o n f i r m i n g  t h e  i n t e n s i t y  r e l a t i o n -  

s h i p s  be tween  c o r r e s p o n d i n g  fu l l - energy  p e a k s .  T h e  I n t e n s i t y  of t h e  fu l l -  

e n e r g y  peak  c a n  b e  ob ta ined  f rom the  a r e a  of t h e  d o u b l e - e s c a p e  p e a k ,  f o r  

e x a m p l e ,  by the r e l a t i o n  sh ip :  

w h e r e  I is t h e  in ter ls i ly  of t h e  fu l l - energy  p e a k ,  T) FE is fu l l - energy  

d e t e c t i o n  e f f i c i e n c y ,  ADE is t h e  d o u b l e - e s c a p e  peak  a r e a ,  a n d  R  t h e  

r a t i o  of d o u b l e - e s c a p e  to  fu l l - energy  p e a k  area. 

5 . 3  Reso lu t ion  a n d  F a n o  F a c t o r  W e  r e c a l l  t h a t  when  m o n o e n e r g e t i c  

r a d i a t i o n  i s  b r o u g h t  t o  r e s t  i n  a d e t e c t i n g  medium,  t h e  s t a n d a r d  d e v i a t i o n  

i n  t h e  n u m b e r  of i o n i z a t i o n s  p e r  i n c i d e n t  p a r t i c l e  is no t  e q u a l  t o  t h e  s q u a r e  

r o o t  of t h a t  n u m b e r  d u e  t o  t h e  c o r r e l a t i o n  i n  t h e  p r o c e s s e s  r e s u l t i n g  f r o m  

t h e  c o n s t r a i n t  t h a t  e a c h  p a r t i c l e  m u s t  l o s e  e x a c t l y  i t s  i n i t i a l  k i n e t i c  e n e r g y  

i n  t h e  T h e  o b s e r v e d  e n e r g y  r e s o l u t i o n  of gamma-ray p e a k s  

i n  pulse-t leight  s p e c t r a  i n  k e V  a t  f u l l  p e a k  wid th  a t  half  t h e  maximum h e i g h t  is 

FWHM = 2 . 3 5 5  f i .  (2-1 0) 



measuremc~rlts obtained wlth ~ e ( 1 ~ i )  de t ec to r s  a r e  a l s o  inf luenced by the 

c h a r g e  collectiorl p r o c e s s ,  a11 of' the e f f e c t s  which cont r ibu te  to  the l i ne  

broadening d u c  to the l a t t e r  p r o c e s s  must be accounted f o r ;  o the rwi se  

the c.xpc.rlnlcxtltal es t imate of the Fano f ac to r  will  be too l a r g e .  Mann and 

co l l abo ra to r s  7 4 9 7 5  have cons idered  the following f a c t o r s  which can  con- 

t r i bu te  to tho l ine  width: 

a )  e l ec t ron ic  noise of the d e t e ~ t o r / ~ r e - a m p l i f i e r  sys t em,  which 
m n ~ .  dominate a t  low gamma-ray e n e r g i e s  ; 

b) e l ec t ron ic  d r i f t ,  i .  e .  , gain ins tab i l i t i es  in  the a m p l i f i e r ,  
ana1.y z e r  , e t c  . ; 

c )  gain sh i f t s  due  to high count r a t e ;  

d )  s ta t , is t ics  of c a r r i e r  recombinat ion;  

e )  s t a t i s t i c s  of c a r r i e r  t rapping;  a n d ,  

f) r i se t i rne ,  i  . e .  , the s t a t i s t i c s  of the col lect ion time of 
g e t ~ e r a t e d  electron-hole p a i r s .  

Factors d), e ) ,  and f )  wi l l ,  i n  g e n e r a l ,  depend upon the applied e l e c t r i c  

f ie ld in  a sys temat ic  manner .  Var ia t ions  in  the d e t e c t o r  field wil l  a l s o  

a f f e c t  a) through changes in  d e t e c t o r  capac i tance  and leakage  c u r r e n t .  

5 .3 .1  Method f o r  Determining Fano F a c t o r  T h e  p rocedure  used  in  attempt- 

ing  to eva lua te  the Fano f ac to r  w a s  e s sen t i a l l y  tha t  of M a n n , e t . a l .  
7 5 

Pulse-height s p e c t r a  w e r e  obtained with 0.85 cm3 C a F  -coated G P ( L ~ )  2 
5 7 d e t e c t o r  and the a s soc i a t ed  e l ec t ron ic s  d e s c r i b e d  e a r l i e r ,  using Co , 

Ba13', and c O 6 O .  In o r d e r  to obtain a  m e a s u r e  of the noise  contribution 

of the sys t ems ,  a t e s t  pu lse  from a  Berke ly  Nucleonics  Corpora-  

t ion R P - 2  pulse  g e n e r a t o r  w a s  fed  to the pre-ampl i f ie r  du r ing  the  counting 

pe r iod ;  the t e s t  pu lse  is subjec t  to a l l  l ine broadening ef fec ts  of the system 

except  the e f f e c t s  due  to c h a r g e  production and col lect ion in  the de tec tora  



T h u s  t h e  l r l t r i n s i c  l i n e  width  d u e  to  t h e  d e t e c t o r  a l o n e  c a n  b e  o b t a i n e d  

f r o m  a s u b t r a c t i o n  i n  q u a d r a t u r e  of t h e  t e s t  p u l s e  l i n e  wid th  f rom t h e  

gamma- ray  l i n e  width:  

w h e r e  N is t h e  n o i s e  c o n t r i b u t i o n  of t h e  d e t e c t o r  i n  k e V ,  N is t h e  
d t  

n o i s e  c o n t r i b u t i o n  of t h e  t o t a l  s y s t e m  i n  k e V ,  i .  e .  , t h e  m e a s u r e d  res-  

o lu t ion  (FWHM) of t h e  gamma- ray  p e a k ,  a n d  N is t h e  n o i s e  c o n t r i b u t i o n  
S 

o f  t h e  e l e c t r o n i c s  a l o n e ,  i .  e .  , t h e  r e s o l u t i o n  (FWHM) of t h e  t e s t  pulse 

p e a k .  S h o r t  c o u n t i n g  periods a n d  low c o u n t  r a t e s  w e r e  u s e d  i n  o r d e r  t o  

min imize  g a i n  s h i f t s  as p r e v i o u s l y  o u t l i n e d ,  a l t h o u g h  g a i n  s h i f t s  had n o t  

b e e n  o b s e r v e d  i n  o t h e r  e x p e r i m e n t s  f o r  c o u n t i n g  p e r i o d s  of up  t o  4 8  h o u r s .  

5 . 3 . 2  E x p e r i m e n t a l  R e s u l t s  F i g u r e  41 shows: t h e  r e s u l t s  o b t a i n e d  f o r  4-6 

r u n s  a t  eac l i  b i a s  s e t t i n g  f o r  t h e  1 2 2  k e V  p e a k  of c o j 7 ;  IVd2 i n  keV 

(FWHM) as ob ta ined  f rom e q u a t i o n  5-2 is p lo t t ed  a g a i n s t  t h e  r e c i p r o c a l  

f i e l d  1 / E  ( k ~ / c m ) - I  . As Mann,  et .  a1 . , 7 4 , 7 5  
o b s e r v e d  t h e r e  is a reduc t io r l  

i n  t h e  d e t e c t o r  r e s o l u t i o n  as t h e  f i e l d  is i n c r e a s e d  unt i l  a p l a t e a u  is r e a c h e d  

2  
w h e r e  n e g l i g i b l e  r e d u c t i o n  i n  Nd is o b t a i n e d  w i t h  i n c r e a s i n g  c o l l e c t i o n  

f i e l d .  In t h i s  r e g i o n  a v a l u e  of  F = 0 . 1  1  2 0 . 0 5  w a s  o b t a i n e d ,  u s i n g  

e q u a t i o n  2-1 0 a n d  C = 2 . 9 8  ev. F i g u r e  4 2  s h o w s  d a t a  o b t a i n e d  wi th  

t h e  0 . 8 5  cm3 d e t e c t o r  f o r  t h e  11 73-keV gamma-ray  of c o 6 0  a n d  a l s o  r e s u l t b  

3  
at 1 2 2  keV f o r  t h e  8 cm d e t e c t o r ;  t h e  va r i ance - to -y ie ld  r a t i o  is p l o t t e d  

7 5 
v s  r e c i p r o c a l  f i e l d  s t r e n g t h .  Some of t h e  r e s u l t s  o f  Mann ,  e t .  al .  , are  

a l s o  p r e s e n t e d  f o r  c o m p a r i s o n .  



FIGURE 41 





5 . 3 . 3  D i s c u s s ~ o n  of R e s u l t s  F r o m  tlata l i k c  t h o s e  shorn n in  F i g u r e  4 1 ,  

"intr i l ls ic" F a n o  f a c t o r  f o r  g c . r m a ~ ~ i u m ,  one  m u s t  cxtrapolatc.  t h c  d a t a  of  

T h e  c u t r n p o l a t i o n  of tlle d a t a  to  i n f i n i t e  f i e l d ,  ~ t  u ould  s e e m ,  implies 

f r a c t i o n  of  tllc c h a r g c  is c o l l c c t c d  rcsu i t i l lg  111 the  p l a t e a u  r e g i o n  as s h o ~ / n  

e f f i c i ency  obta ined wi th  i n c r e a s i n g  f i e l d ,  the  v a l u e  is n e a r  100% o v e r  a  

wit ie r a n g e  of  co l l ec t ion  f i e l d s ;  t h u s  e x t r a p o l a t i o n  t o  in f in i t e  fielcl would 

no t  r e s u l t  i n  a va lue  of t h e  F a n o  f a c t o r  v e r y  much d i f f e r e n t  f rom t h a t  ob- 

t a i n e d  from d a t a  s u c h  as i n  F i g u r e  4 1 .  

Le t  us pxaminc the  b e h a v i o r  of  the  c o l l e c t i o n  e f f i c i ency  7 with  in -  

c r e a s i n g  f i e l d ;  F i g u r e  1 4  p r e s e n t s  ri as a func t ion  of /w w h e r e  

- ~7 E 2-1 5 ) .  F o r  a g iven  G e ( ~ i )  d e t e c t o r ,  t h e  c a r r i e r  

mobi l i ty  arid l i f e t ime  7 a r e  cons ta r l t ,  t h u s  h is a funct ion of 11: alone, 



i nc reas ing  f ic ld ,  while a s  gamma--ray ene rgy  i s  i nc reased  the plateau 

a p p e a r s  only a t  high f ie lds  o r  not a t  a l l  ( ~ i g u r e  42) ,  can  be explained 

as follows: 

In the region where  the collection e f f ic iency  i n c r e a s e s  rap id ly  with 

f i e ld ,  the va r i a~~ce - to -y i e ld  r a t i o  will d e c r e a s e  in  the same manner  with 

increasir lg  f i e ld .  Where the collection e f f ic iency  l eve l s  off and approaches  

10()%, tkle r a t l o  of variance-to-yield should approach  a  cons tan t  va lue ,  

i .  e .  , the plateau region of F i g u r e  41 . We must allow that  f o r  a given 

d e t e c t o r ,  the c h a r g e  collection e f f ic iency  may not approach  100% but 

r a t h e r  t.0 some maximum value because  of some inhe ren t  t rapping  in  the 

device  a t  the f i e ld s  permitted by noise cons idera t ions .  s i n c e  i t  is known 1 5  

that h igher  ene rgy  gamma-peaks a r e  more  noticeably broadened due to 

incomplete c h a r g e  than a r e  low energy  peaks ( s ince  a sma l l e r  f rac t ion  

of the peak width of the former  is due to pre-ampl i f ie r  no ise) ,  t h i s  might 

explairl thk? observat ions of the variance-to-yield r a t i o  with f ie ld  a t  

h igher  gamma-ray ene rg i e s  ( ~ i ~ u r e  42) .  T h e  behavior  of the col lect ion 

e f f ic iency  with mean f r e e  c a r r i e r  path A might a l s o  explain the d i f fe ren t  

s lopes  of va r i ance - t~ -y j c ld  vs r e c i p r o c a l  f ie ld observed  f o r  d i f f e r en t  

de tec tors  (Figure 1 2 ) ;  A i s  dependent upon the c a r r i e r  mobility p . 

~ r m a n ~ r o u t ~  h a s  shown that d i f f e r e n c e s  i n  lithium dr i f t - ra te  f o r  d i f f e r e n t  

germanium samples  could be 

0 
mobility measured  a t  77 K ;  

might be  due  to var ia t ions  in  

c o r r e l a t e d  to d i f f e r ences  i n  the e l ec t ron  

t h e r e f o r e ,  the d i f f e r e n t  s lopes  obse rved  

p f o r  each  d e t e c t o r .  

7 5 We tlow come to a portion of the da t a  of Mann, e t .  al. , i n  which 

measurc.mc,llts of the variance-to-yield r a t i o  with the same detector  for 

two dlff<,rent  gamma-ray e n e r g i e s  yielded F - 0.1 ;1 a t  1 22  keV and 

F - 0.20 a t  1 17 j and 1332 keV; both values of F w e r e  obtained from 





a n d  t r a p p l n g  contributions to t h e  r c 5 o l u t i o n  minimized. 

3 
A t  1 2: k e V  w e  ob ta ln  F - 0.1 I - + 0.05 f o r  t h e  9 . 8 5  cm d e t e c t o r ,  

3 
a n d  0.1 1 - + 0 . 0 4  ( a v e r a g e  of t h e  two po in t s )  f o r  t h e  8 cm d e v i c e .  A t  

tln-, gilmm;l-ray e n e r g y ,  Mann ,  e t .  a1.  , 75 ob ta ined  t h e  v a l u e  F - O . l j +  0.02 - 
u s i ~ ~ g  6 2 . 8  c V ;  wl th  E = 2.98  e V ,  F = 0 . 1 2  In  a g r e e m e n t  wi th  tile 

r e s u l t s  of  this w o r k .  S l n c c  t h e  e x p e r i m e n t a l  w o r k  w a s  no t  c a r r i e d  ou t  

w i t h  in f l  nl  tp collc.ction f i e l d s  on t h e  d e t e c t o r s ,  t h e s e  r e s u l t s  r e p r e s p n t  

a n  u p p e r  limit of  F ;  h o w e v e r ,  b e c a u s e  of t h e  b e h a v i o r  of t h e  c o l l e c t i o n  

effjcie1lc.y wi th  f i e l d ,  t h e  v a l u e  of t h e  "intrinsic" F a n o  f a c t o r  s h o u l d  not  

b e  much different f rom the  a b o v e  r e s u l t s .  W e  a l s o  r e c a l l  a t  t h l s  point, 

0 
t h e  c a l c u l a t i o n  of ~ l e i n ~  ' f o r  ge rman ium a t  77 K ,  F - 0.1 1 . 



P a r t  Three 

Experimental  Application of ~ e ( ~ i )  Detec tors :  

Nuc lea r  Decay  Studies 



C H A P T E R  V 1  

S P E C T R O S C O P I C  TECHNIQUES 

6 .  Ge(1,i)  d e t e c t o r  s y s t e m s  r e p r e s e n t  o n e  of t h e  b e s t  a v a i l a b l e  c o m p r o m i s e s  

i r r  tc21-m~ of  e n e r g y  r e s o l u t i o n ,  e f f i c i e n c y ,  and s p e e d  of d a t a  a q u i s i t i o n  

53  
o v e r  o t h e r  t y p e s  of gamma-ray s p e c t r o m e t e r s .  T h e  u s e  of G e ( ~ i )  

de tec to r s :  in  n u c l e a r  s p e c t r o s c o p i c  a p p l i c a t i o n s  e n a b l e s  t h e  experimenter 

t o  obta in  b e t t e r  r e s o l u t i o n  a n d  m o r e  a c c u r a t e  e n e r g y  d e t e r m i n a t i o n  than  j s  

p o s s i b l p  with t h e  m o r e  c f f i c i en t  N ~ I ( T I )  s c i n t i l l . a t o r s ;  a t  the  s a m e  t ime  

~ e ( L i ) , d e ~ t c . c t o r ~  rccjuirc l e s s  s o u r c e  a c t i v i t y  than d o  t h e  h i g h e r  r e s o l u t i o n  

s p e c t r o m e t e r s ,  s u c h  as t h e  e x t e r n a l  c o n v e r s i o n  n s p e c t r o m e t e r ,  

a n d  p e r m i t  s i m u l t a n e o u s  c o l l e c t i o n  of d a t a  o v e r  t h e  whole  s p e c t r u m  u n d e r  

s t u d y .  T h i s  is n o t  t o  s a y  t h a t  t h e  G e b i )  s p e c t r o m e t e r  w i l l  r e p l a c e  a l l  

o t h e r  t y p e s  of d e v i c e s  i n  n u c l e a r  s p e c t r o s c o p y ,  bu t  r a t h e r  t h a t  t h e  G e ( ~ i )  

d e t e c t o r  h a s  i t s  p l a c e  i n  f i l l i n g  t h e  g a p  b e t w e e n  t h e  high e f f i c i e n c y ,  ]ow 

r e s o l u t i o n  s c i n t i l l a t o r s  a n d  t h e  low e f f i c i e n c y ,  h igh r e s o l u t i o n  m a g n e t i c  

s p e c t r o m e t e r s .  

In this: p a r t  a r e  p r e s e n t e d  c e r t a i n  n u c l e a r  d e c a y  s t u d i e s  u n d e r t a k e n  

u s i n g  v a r i o u s  ~ e ( ~ i )  d e t e c t o r s  f a b r i c a t e d  d u r i n g  t h e  c o u r s e  of t h e  p r e s e n t  

w o r k .  T h e  s t u d i e s  are p r e s e n t e d  mainly  f o r  t h e i r  c o n t r i b u t i o n  t o  e x i s t i n g  

knowlccige a b o u t  t h e  d e c a y  of  t h e  nuc le i  s t u d i e d ,  b u t  c o m p a r i s o n  c a n  be 

d r a w n  wi th  i ) r e v i o u s l y  pub l i shed  w o r k  u s i n g  o t h e r  gamma-ray  s p e c t r o m e t r y  

s y s t e m s .  

6 .  1 s i n g l e  De tec to r  M e a s u r e m e n t s  P u l s e - h e i g h t  s p e c t r a  o b t a i n e d  us ing  

a s i n g l e  G e ( ~ i )  d e t e c t o r ,  i . t l .  , t h e  " s i n g l e s  s p e c t r a , ' '  y i e l d  upon proper 

e v a l u a t i c , n ,  a c c l ~ r a t t .  v a l u e s  f o r  the  e n e r g i e s  a n d  ~ n t c n s l t i e s  of  t h e  



g a m m a - r a y s  emana t ing  f rom t h e  s o u r c e  u n d e r  s t u d y .  T h e  u n c e r t a i n t i e s  

a s s o c i a t e d  wi th  garnrna-ray e n e r g y  m e a s u r e m e n t s  d e p e n d  upon t h e  a c c u r a c y  

a c h i e v e d  i n  l o c a t i n g  peak  p o s i t i o n s  , n o n - l i n e a r i t i e s  i n  t h e  pu l se -he igh t  

t o  encrg j l  rc \sponsu of t h e  s y s t e m ,  a n d  e l e c t r o n i c  d r i f t s .  53 While t h e  

unccr ta i t i ty  i n  l o c a t i n g  c e n t e r s  of p e a k s  n a t u r a l l y  d e p e n d s  upon f a c t o r s  

s u c h  as  countirig s t a t i s t i c s  a n d  peak s h a p e ,  e r r o r s  a s s o c i a t e d  wi th  t h i s  

m e a s u r e n l e r ~ t  c a n  b e  minimized by  u s i n g  a c o n v e r s i o n  gain  s e t t i n g  on t h e  

a n a l y z e r  (number  of keV p e r  c h a n n e l )  s o  t h a t  many c h a n n e l s  c o v e r  t h e  

p e a k .  F o r  e x a m p l e ,  i f  a c o n v e r s i o n  g a i n  of  1 k e v j c h a n n e l  is u s e d  i n  a n  

e x p e r i m e n t ,  a n  e r r o r  of o n e  c h a n n e l  i n  l o c a t i n g  t h e  c e n t e r  of a p e a k  would  

l e a d  t o  a n  e r r o r  of a p p r o x i m a t e l y  1 k e V  i n  t h e  e n e r g y  de te rmina t i cn . .  

At  p r e s e n t ,  b e c a u s e  t h e r e  are few a c c u r a t e l y  m e a s u r e d  gamma-ray  e n e r g y  

s t a n d a r d s  which  are c o n v e n i e n t  to  u s e ,  t h e  l i n e a r i t y  of t h e  ~ e ( ~ i )  d e t e c t o r  

is r e l i e d  tlpon h e a v i l y  to  y i e l d  a c c u r a t e  e n e r g y  c a l i b r a t i o n s .  E w a n  a n d  

~ a v e l i ( l a l e ' ~  s h o w e d  t h a t  t h e  e n e r g y  r e s p o n s e  of  G e ( ~ i )  d e t e c t o r s  is 

l i n e a l -  f r o m  0 t o  2600 lceV t o  wi th in  + 0 . 3 % ,  t h e  a c c u r a c y  of t h e  p u l s e  - 

g e n e r a t o r  u e d  f o r  c o m p a r i s o n ;  r e c e n t l y  L e v y  a n d  ~ i t t e r ~ ~  h a v e  d e t e r m i n e d  

t h a t  t h e  d e t e c t o r s  are l i n e a r  i n  e n e r g y  r e s p o n s e  t o  l e s s  than  0 . 0 4 6 %  a t  

e n e r g i e s  u p  t o  10 MeV. N o n - l i n e a r i t i e s  o b s e r v e d  i n  t h e  s y s t e m  are d u e  

i n  p a r t  t o  t h e  a s s o c i a t e d  e l e c t r o n i c s  a n d  m u s t  b e  s u i t a b l y  a c c o u n t e d  f o r  i n  

o r d e r  to  ob ta in  a c c u r a t e  r e s u l t s .  

6 .1  . 1 L o c a t i o n  of P e a k  P o s i t i o n s  In t h e  p r e s e n t  w o r k ,  t h e  chanrlel  numbcr 

c o r r c 2 s p o n d i n g  to t h e  c e n t e r  of  a p e a k  w a s  d e t e r m i n e d  u s i n g  a mflthod of  

w e i g h t e d  a v e r a g e s  of t h e  form:  



w h e r e  is the  c e n t e r  of the  peak  (channel  number-), a n d  the  we igh t ing  

f a c t o r s  g .  a r e  t h e  number  of c o u n t s  p e r  channe l  i n  c h a n n e l  x . .  T h e  e r r o r  
1 1 

i n  determiri ir ig the  p e a k  c e n t e r  c h a n n e l  number  by t h i s  method is e s t i m a t e d  to  

b c  bptweC.n 0 . 2  a n d  0 . 4  c h a n n e l s ,  p rov id ing  t h a t  mariyYchannels c o v e r  e a c h  

p e a k ,  a cond i t ion  e a s i l y  a c h i e v e d  u s i n g  t h e  S C I P P  1 0 4 T P  a n a l y z e r  a t  

c o n v e r s i o n  g a i n s  of l e s s  than 1 k e v / c h a n n e l  o v e r  t h e  r a n g e  of 3200 channc15.  

F r e e d r n a n ,  e t .  a1. , 43 c la im c o m p a r a b l e  a c c u r a c i e s  us ing  a method of  

v i s u a l  ir lspection of p e a k s  con ta in ing  3-4 c h a n n e l s .  

6 .  1 . 2  E n e r g y  C a l i b r a t i o n  and  Computation T h e  11011-linearities i n  t h e  amplif ic>l-  

arid a n a l y z e r  w e r e  not  a c c o u n t e d  f o r  e x p l i c i t l y ;  the  pu l se -he igh t  v s  e n e r g y  

r e s p o n s e  w a s  f i t ted  t o  a polynomial  of the  form:  

w h e r e  E i s  t h e  gamma-ray e n e r g y ,  x  is t h e  c h a n n e l  n u m b e r ,  a n d  A ,  

B , C , arid L) are the  p a r a m e t e r s  t o  b e  f i t t e d .  T h e  n o n - l i n e a r i t y  of t h e  s y s t e m  

m a y  a l s o  be d e t e r m i n e d  exp1icitl.y u s i n g  a p u l s e  g e n e r a t o r  ( s e e  f o r  example  

re f .  43) .  In  t h i s  me thod ,  two  p u l s e s  of  d i f f e r e n t  ampl i tude  a r e  u s e d  t o  

d e t e r m i n e  a s t r a i g h t  l i n e  f o r  t h e  ampl i tude  vs c h a n n e l  n u m b e r  r e s p o n s e  o f  

t h e  a n n l y ~ e r .  T h e  dev ia t ion  (in n u m b e r  of  c h a n n e l s )  f rom t h i s  l i n e  of 

p u l s e  ampl i tudes  i n s i d e  a n d  o u t s i d e  t h e  r a n g e  o f  the  two s t a n d a r d  p u l s e s  is 

then dc.termined.  A plot  of  d e v i a t i o n  i n  c h a n n e l  n u m b e r  v s  c h a n n e l  number 

is o b t a i n e d ,  a n d  t h i s  c o r r e c t l o n  is app l i ed  t o  e a c h  peak  l o c a t i o n .  T h e  l inea r i ty  

of  the) p u l s e  g e n e r a t o r  d e t e r m i n e s  t h e  a c c u r a c y  of  t h i s  m e t h o d .  

wit[, s u i t a b l e  s t a n d a r d  gamma-ray e n e r g y  s o u r c e s  ( s e e  Append ix  c) ;  from 



I n  subsecluent m e a s u r e m e n t s  f rom whlch  t h e  s t a n d a r d  gamma-ray  s o u r c e s  

w e r e  omi t t ed ,  e n e r g y  c a l i b r a t i o n  of the  weaker.  l i n e s  in  the  s u b j e c t  s p e c t r a  

w a s  ac*hit.vet-l r e l a t i v e  to  t h e  m o r e  p rominen t  o n e s  p r c v i o u s l y  c a l i b r a t e d .  

'rhe 1 ) a r ; ~ n e t e r s  t o  b e  de te rmined  i n  equa t ion  6-2 w e r e  ob ta ined  by mcarls  

of  a lc.:tst-scluares f~ t t i ~ i g  p r o c e d u r e  to  the  c a l i b r a t i o n  p o i n t s ,  i . e. , s t a n -  

d a r d  gamma-ray e n e r g y  v s  p e a k  c e n t e r  charinel  n u m b e r .  'The F O R T R A N  IV 

c o m p u t e r  p r o g r a m  which p e r f o r m s  t h e  f i t  t o  polynomials  of d e g r e e  2  th rough  

1 0  as s p e c i f i e d ,  a l s o  computes  the  e n e r g i e s  c o r r e s p o n d i n g  t o  c h a n n e l  number-. 

o f  p e a k s  f r o m  t h e  s u b j e c t  s p e c t r u m  u s i n g  equa t ion  6-2 ( s e e  Append ix  D ) .  

66 
T a b l e  111 s h o w s  the  output  of d a t a  f o r  a G e  s p e c t r u m  r u n  on t h e  S C I P P  

1 0 4 T P  a n a l y z e r  c o v e r i n g  1 2 0 0  c h a n n e l s .  T h e  c o n s t a n t s  f o r  t h e  q u a d r a t i c  

e y u a t i o ~ l  u s e d  i n  c a l i b r a t i n g  t h i s  r u n  ( a  s e c o n d  d e g r e e  polynomial  w a s  u s e d  

i n  t h e  m a j o r i t y  of r u n s ) ,  A ,  B ,  a n d  C  are s h o w n  a l o n g  wi th  t h e  e n e r g i e s  

E a n d  c h a n n e l  n u m b e r s  X of t h e  s t a n d a r d  g a m m a - r a y s .  E C A L C  is the 

c a l c u l a t e d  v a l u e  of the  s t a n d a r d  gamma-ray e n e r g y  u s i n g  t h e  c o n s t a n t s  

A ,  B ,  and  C ;  t h e  l a r g e s t  d i f f e r e n c e  b e t w e e n  a s t a n d a r d  gamma-ray e n e r g y  

E a n d  t h e  computed va lue  E C A L C  is a p p r o x i m a t e l y  0 . 2  k e V .  I t  c a n  b e  

seen t h a t  wi th  B = 0 . 4  k e v i c h a n n e l ,  a n  e r r o r  of 21 c h a n n e l  i n  l o c a t i n g  

t h e  c e n t e r  of a p e a k  y i e l d s  a p o s s i b l e  e r r o r  of  0 . 4  k e V  i n  t h e  e n e r g y .  T h e  

c o e f f i c i e n t  C of the  n 2  t e r m  i n  equa t ion  6-2, i . e . , t h e  c o r r e c t i o n  t o  a  

l i n e a r  f i t ,  i s  a p p r o x i m a t e l y  7 x which  a m o u n t s  t o  a c o r r e c t i o n  of  ahor l l  



CHANNEL N l i *  E G A M M A  

109.000 44.594 

l(b3 - 5 0 0  65.459 

I., 

236.500 93.412 ( ~ a "  ' ) 

277.500 109e116 

4b7.500 181.919 

i 



6 . 1  . 3  Gamma-Ray 1ntt.r-iit.y D e t e r m i m t i o n  Us lng  the  methods  d ~ ~ c r i b e d  

e a r l i e r  f o r  c a l i b r a t i n g  the  G e ( L i )  d e t e c t o r s  and  d e t e r m i n i n g  areas o f  gamma- 

r a y  p e a k s ,  the  gamma-ray i n t e n s i t i e s  w e r e  c a l c u l a t e d  i n  t h e  u s u a l  m a n n e r :  

w h e r e  I  is the  i n t e n s i t y ,  a n d  A.  and  T. are  t h e  area a n d  e f f i c i ency  f o r  
1 1 

t h e  fu l l - energy  peak of gamma-ray i .  

Freedman,  e t  . a1 . , 44 r e p o r t e d  di f f icul ty  i n  ob ta in ing  r e p r o d u c i b l e  in -  

t e n s i t y  lmeasurements  u s i n g  G e ( ~ i )  d e t e c t o r s ,  conc lud ing  t h a t  m o r e  a c c u r a t e  

r e s u l t s  could b e  ob ta ined  by e x p e r i e n c e d  w o r k e r s  u s i n g  N ~ I ( T ~ )  d e t e c t o r s ;  

5 3 
H o l l a n d e r ,  h o w e v e r ,  is of the  opinion t h a t  e r r o r s  e n c o u n t e r e d  ix d e t e r -  

mining i n t e n s i t i e s  wi th  G e ( L i )  d e t e c t o r s  arise f r o m  u s i n g  s o u r c e s  i n c o r r e c t l y  

c a l i b r a t e d  by o t h e r  s p e c t r o m e t e r s .  T h u s  a m a j o r  c o n t r i b u t i o n  t o  n u c l e a r  

t h e o r y  might b e  a r e - e v a l u a t i o n  of  gamma-ray i n t e n s i t i e s  by  ~ e ( ~ i )  s p e c -  

t r o m e t e r s .  53 In  t h e  p r e s e n t  w o r k ,  p r o b l e m s  i n  ob ta in ing  r e p r o d u c i b l e  

i n t e n s i t y  m e a s u r e m e n t s  wi th  s e v e r a l  d i f f e r e n t  G e ( ~ i )  d e t e c t o r s  w e r e  not  

e n c o u n t e r e d .  

6 . 2  Measurement  of  C o i n c i d e n c e s  B e t w e e n  T W O  Gamma-Rays  Coincider lce  

m e a s u r e m e n t s  h a v e  been  c a r r i e d  ou t  t o  e s t a b l i s h  gamma-ray c a s c a d e  r e -  

l a t i o n s h i p s  i n  t h e  d e c a y  of ~0~~ u s i n g  t h e  t w o - p a r a m e t e r  ( " t ~ o - d i m e n s l ~ n ~ ~ " )  

technique T h e  equ ipment  u s e d  h a s  i n c l u d e d  a 3  x 3" N ~ I ( T ~ )  

d e t e c t o r  wi th  a n  O R T E C  model  11 3  p r e a m p l i f i e r  a n d  model  4 1 0  l i n e a r  

a m p l i f i e r ,  the  0 . 8 5  cm3 ~ e ( ~ i )  d e t e c t o r  wi th  a n  ORrrEC model  1 18 FET 

prcarnplifier a n d  model 41 0 l i n e a r  a m p l i f i e r s ,  a C o s m i c  R a d i a t i o n s  model 

801 coincitlenc,e un i t ,  a n d  a N u c l e a r  D a t a  ND-160 m u l t i p a r a m e t e r  pulse- 

height anal3  A t ? r  eyu lpped  wi th  a n  ND-160DG d i g i t a l  g a t e s  un i t  . Both  tlmi ng 



s i g n a l s  ( fed  to  t h e  Cozrnic modi.1 801 co inc idence  uni t )  and  l i n e a r  s i g n a l s  

( f e d  t o  the  mul t ipa ra rne te~ .  a n a l y z e r )  w e r e  t aken  f r o m  t h e  model  41 0 a m p l i f i e r s  

o p e r a t e d  i n  t h e  double-RC c l ipp ing  mode. F a s t  gamma-gamma co inc idence  

s i g n a l s  f r o m  t h e  c o i n c i d e n c e  uni t  in i t i a ted  a n a l y s i s  of t h e  l i n e a r  s i g n a l  

f r o m  both d e t e c t o r s  and a m p l i f i e r s ,  following s u i t a b l e  a t t e n u a t i o n  a n d  s t r e t c h -  

i n g .  l 9  * of t h e  equipment  used i s  shown i n  F i g u r e  43 .  

T h e  a n a l y z e r  w a s  o p e r a t e d  i n  t h e  256 x I 6  mode ,  i .  e .  , by d i g i t a l  

a d c l r c s s  s e l e c t i o n  a por t ion  of the  s p e c t r u m  s e e n  by t h e  ~ e ( ~ i )  d e t e c t o r  

w a s  s t o r e t j  i n  256 c h a n n e l s  i n  co inc idence  with 16 c h a n n e l s  of t h e  N ~ I ( T ~ )  

d e t e c t o r  s p e c t r u m .  T h u s  s i x t e e n  256-channel ~ e ( ~ i )  gamma-gamma coin-  

ciderice s p e c t r a  w e r e  ob ta ined ;  t h e s e  s p e c t r a  con ta ined  contr ibut i ; ,ns  f r o m  

both t r u e  and random co inc idence  e v e n t s .  T h e r e f o r e  a s e c o n d  i d e n t i c a l  

s e t  o f  e x p e r i m e n t s  w a s  p e r f o r m e d  with  400 n s e c  of  d e l a y  i n t r o d u c e d  i n  t h e  

t iming signal of one  of t h e  d e t e c t o r s .  T h e  s p e c t r a  r e c o r d e d  u n d e r  t h e s e  

c i r c u m s t a n c e s  c o r r e s p o n d e d  t o  random c o i n c i d e n c e  e v e n t s .  T h e  l eng th  

o f  t ime cIloseri t o  s t o r e  t h e  random co inc idence  e v e n t s  mus t  b e  s u c h a s  t o  

c o r r e c t  f o r  t h e  d e c a y  of t h e  s o u r c e  d u r i n g  t h e  o r i g i n a l  e x p e r i m e n t  f r o m  time 

t  0 to  t  .; t  T h u s  t h e  random co inc idence  e v e n t s  w e r e  s t o r e d  f r o m  time 
1 ' 

t  = t  to  t  - t  w h e r e  t  is found f r o m  t h e  fol lowing r e l a t i o n s h i p :  
4 0 

1  2 ' 2 

w h e r e  h is t h e  d e c a y  c o n s t a n t  of  t h e  s o u r c e  u n d e r  s t u d y .  T h e  condjt ioIl  

2X t  < In2 mus t  b e  s a t i s f i e d  s o  tha t  t  wi l l  b e  a real n u m b e r .  F u r t h e r  
1 2 

d e t a i l s  of  t 1le gamma-gamma co inc idence  a n a l y s i s  are given i n  t h e  d i s c u s s i o n  

5  6 
o f  t h e  r e s u l t s  of t h e  s tudy  of  C o  d e c a y .  
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C H 4 l ' T E R  V I I  

NUCLEAR DECAY STUDIES 

7. S e v e r a l  h tud les  on t h e  gamma-rays  o r i g i n a t i n g  f r o m  t h e  d e c a y  of  certain 

n u c l e i  have. been  m a d e  u s l n g  ~ e ( L i )  d e t e c t o r s .  Of  the  s t u d i e s  u n d ~ r t a k < . n ,  

the decay  of c o 5 '  a n d  ~n~~ to  l e v e l s  i n  t h e  d e c a y  of ~e~~ to  l e v e l s  

i n  Gab', alld t h e  p r e l m i n a r y  r e s u l t s  of t h e  d e c a y  of ~a~~ to  l e v e l s  i n  

6 8  Z n  a r e  p r e s e n t e d  h c r e l n .  

7.1 T h e  Dccny  of and  Mn 56 I o 5  T h e  s t u d y  of  t h e  p r o p e r t i e s  of thr 

5 6  
exc i t ed  states 111 E'e is of ~ n t ~ r c s t  f r o m  s e v e r a l  p o i n t s  of v i e w .  O n e  1s 

5 6  
t h e  i m p o r t a n c e  of the  gamma-rays  f rom the  d e c a y  of C o  as high c-nergy 

s t a n d a r d s  i n  gamma-ray s p e c t r o s c o p y ;  a n o t h e r  is t h e  c u r r e n t  u n d e r s t a n d i n g  

of  t h e  l e v e l  d e n s i t y  of n u c l e i  i n  the  low e n e r g y  r e g i o n .  

T h e  l e v e l  s t r u c t u r e  of ~e~~ h a s  been  e x t e n s i v e l y  s t u d i e d  th rough  

nuc lea r .  r e a c t i o n  s p e c t r o s c o p y  ' ' 58 ' 7 2  ' 98 and  t h r o u g h  s t u d i e s  of C o  5  6  

and  M~~~ raclj oact iv i ty?  '" 37' 93 ' 95 T h e  p r e s e n t  w o r k  w a s  begun t o  app ly  

ce(J.,i) d e t e c t o r s  t o  the  l a t t e r  k ind of s t u d y .  D u r i n g  t h e  c o u r s e  of t h i s  w o r k ,  

t h e  r e s u l t s  of  A u b l e ,  e t .  al. , a n d  D o l a n ,  e t .  a1 . , 37 a p p e a r e d ,  d i s p l a y i n g  

e x c e l l e n t  a g r e e m e n t  wi th  t h e  r e s u l t s  of t h e  p r e s e n t  s t u d y  ob ta ined  thus fa r .  

T h e  p r e s e n t  w o r k  w a s ,  h o w e v e r ,  con t inued  s i n c e  t h e  d e t e c t o r s  which  had  

been used ill  i t  w e r e  of h i g h e r  r e s o l u t i o n  than t h o s e  u s e d  p r e v i o u s l y  and offcrc.d 

the poss ibi l i ty  of  d e t e c t i n g  e x p e c t e d  but  as y e t  u n o b s e r v e d  t r a n s i t i o n s  in 

56 ~ 1 ~ 0  t h e  p r e v i o u s  s t u d i e s  of gamma-gamma c o i n c i d e n c e s  w e r e  Fe . 
relatively c r u d e  ; improved  c o i n c i d e n c e  s t u d i e s  w e r e  e x p e c t e d  t o  permit 



7 . 1  . 1 S o u r c e  P r e p a r a t i o n  S a m p i r s  of w e r e  p r e p a r e d  th rough  t h e  - 
F ~ ~ ~ ( ~ ,  n) r e a c t i o n  by bombardme,!t  of n a t u r a l  i r o n  t a r g e t s  wi th  10-MeV 

p r o t o n s  f rom t h e  U n i v e r s i t y  of Washington c y c l o t r o n  i n  S e a t t l e .  In s a m p l e s  

t h u s  o ~ ~ ; L I I I ~ ~ ,  the  only irnpurity a c t i v i t i e s  d e t e c t e d  o v e r  a n  o b s e r v a t i o n  

5 8  p e r i o d  of  18 months  w e r e  267-day ~0~~ and  a smal l  amount  of 71-day C o  ; 

t h e r e f o r e ,  1 1 0  c h c m ~ c a l  s e p a r a t i o n  of coba l t  a c t i v i t y  w a s  p e r f o r m e d .  

&mplrs o f  ~ n ' ~  ac t iv i ty  w e r e  p r e p a r e d  by t h e  i r r a d i a t i o n  of c h i ~ m i c : ~ l l v  

Nuclear C o r p o r a t i o n  model 9900 neu t ron  g e n e r a t o r  of t h i s  l a b o r a t o r y .  

T h e  p u r i t y  of the  ~ 1 1 ~ ~  a c t i v i t y  w a s  d e t e r m i n e d  v i a  a half-l ife m e a s u r e m e n t ;  

t h e  d e c a y  o f  the  rad ioac t iv i ty  w a s  fol lowed with  a gas-f low p r o p o r t i o n a l  

c o u n t e r  ( ~ ' ~ p r e  44) ,  and  the  v a r i a t i o n  of  a c t i v i t y  wl th  t ime a n a l y z e d  b,y 

m e a n s  o f  the. CLSQ compute r  p r o g r a m  d u e  t o  Curnming. 25  A s i n g l e  d e c a y  

p e r i o d  of  2 . 5 8 5  + 0.001 h o u r s  w a s  found ,  c o r r e s p o n d i n g  t o  b e t t e r  t h a n  - 

99 .4$  of  tile i n i t i a l  s o u r c e  a c t i v i t y ;  t h i s  ha l f - l i f e  va lue  is i n  a g r e e m e n t  

wi th  l i t e r a t u r e  v a l u e s ,  63 and  c o n f i r m s  t h e  p u r i t y  o f  t h e  ~n~~ samples  u s e d .  

i n g  r a t e  w a s  mainta ined wi thin  conven ien t  l i m i t s .  

7 . 1  - 2  S ing le  D e t e c t o r  M e a s u r e m e n t s  F o u r  of  t h e  ~ e ( ~ i )  d e t e c t o r s  f a b r i c a t e d  

i n  t h i s  l a b o r a t o r y  w e r e  used  d u r i n g  t h e  c o u r s e  of t h i s  w o r k ,  t h e  l a r g e s t  





equipment  ivhlch h a s  bet,n used  w d s  d c s c r l b c d  e a r l i e r ,  arid i n  a d d l t l o r l ,  

s i n g l e s  s p e c t r a .  

5 6 
Flgurex 115 and  46 s h o n  C o  s ing le -de tec to r  gamma-ray s p e c t r a  ob- 

t a ined  by nlr+alis of the  b lased-ampl i f i e r  s y s t e m .  s p e c t r a  wl th  a n  expanded 

e n e r g y  s c a l e  c o v e r i n g  e n e r g y  r e g i o n s  of p a r t i c u l a r  i n t e r e s t  arp shown i n  

Figures 47,  4 8 ( a ) ,  and 48(b) .  T h e  orily p e a k s  o b s e r v e d  and  not  ass igncr l  

t o  t h e  d e c a y  of  ~0~~ are the  122- and  136-keV p e a k s  f r o m  the d e c a y  of  C o  7 7 

5 8 
(not shown)  a n d  the mos t  i n t e n s e  gamma-ray frorn t h e  d e c a y  of  C o  a t  a n  

e n e r g y  of  8  1 1 k e v .  I n  the  p r e s e n t  s p e c t r a ,  a p r e v i o u s l y  u n o b s e r v e d  peak  

a t  an  e n e r g y  of  3598.7  keV w a s  d e t e c t e d ;  t h e  double -escape  peaka  are  

j a c e n t  peak; t h i s  t r a n s i t i o n  had been  o b s e r v e d  p r e v i o u s l y  only by MacDonalti 

are shown for c o m p a r i s o n .  T h e  o v e r a l l  a g r e e m e n t  is e x c e l l e n t ;  pa r t i cu la r ly  

7 i n  t h e  r c l a t j  v e  i n t e n s i t y  m e a s u r e m e n t s ,  the  r e s u l t s  of  Auble  , e t .  al. , and 

of t h e  p r e s e n t  w o r k  are i n  a g r e e m e n t  t o  wi thin  10% o r  b e t t e r ,  e x c e p t  for  

s t u d i e s .  ) 
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Figure 49(a )  and  49(b)  show the. gamma-ray s i n g l e  d e t e c t o r  spec t r~ i r r i  

5 6  
f r o m  Mn ob ta ined  i n  t h e  p r e s e n t  w o r k .  T h e  fu l l -energy  p e a k  d u e  to  

t h e  31 19 .  >keV t r a n s i t i o n  is r e s o l v e d  h e r e  f o r  t h e  f i r s t  t ime f rom t h e  

a d j a c e n t  Compton "knee" of t h e  3370.6-keV t r a n s i t i o n .  D a t a  f rom t h i s  

s t u d y  on the  e n e r g y  and r e l a t i v e  i n t e n s i t y  of t h e  gamma-rays  f r o m  Mn 
5 6  

are p r e s e n t e d  in  T a b l e  V .  F o r  c o m p a r i s o n ,  p r e v i o u s  r e s u l t s  f rom t h e  

7 
s t u d y  of  ttle d e c a y  of t h i s  n u c l e u s  by ~ e ( ~ i )  d e t e c t o r s  a n d  a b e n t - c r y s t a l  

s p e c t r ~ r n e t e r ~ ~  are a l s o  p r e s e n t e d .  

'TABLE V: Gamma-ray e n e r g y  and  i n t e n s i t y  m e a s u r e m e n t s  

P r e s e n t  Work Auble  , e t  . a1 . R e i d y  and  
Wiedenbeck 9 5 
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7 . 1  , 3  Gamma-Gamma Coincidenct?  S t u d i e s  A s e r i e s  of  c o i n c i d e n c e  m e a s u r e -  

m e n t s  w e r e  p e r f o r m e d  on t h e  gamma-rays  f r o m  c o Z b  i n  o r d e r  t o  c o n f i r m  

t h e  posi t ion of c e r t a i n  t r a n s i t i o n s  i n  t h e  d e c a y  s c h e m e .  T h e  N u c l e a r  

Data ND- 160 a n a l y z e r  w a s  employed i n  t h e  t w o - p a r a m e t e r  mode ( s e e  earlier) 

t o  r e c o r d  256-channel s p e c t r a  f r o m  t h e  ~ e ( ~ i )  d e t e c t o r  i n  c o i n c i d e n c e  wi th  

16-channel  s p e c t r a  from t h e  ~ a l ( T 1 )  d e t e c t o r .  T h e  s e t t i n g s  w e r e  s u c h  

tha t  two s u c c e s s i v e  256-channel m e a s u r e m e n t s  ( f o r  a to ta l  of 512 c h a n n e l s )  

c o v e r e d  i n  t h e  ~ e ( ~ i )  d e t e c t o r  a n  e n e r g y  r e g i o n  f rom a p p r o x i m a t e l y  500  

t o  2700 k e v  s o  t h e  h i g h e s t  e n e r g y  t r a n s i t i o n s  m e r e  o b s e r v e d  t h r o u g h  t h e  

c o r r e s p o n d i n g  double -escape  p e a k s .  T h e  c h a n n e l s  of t h e  N ~ I ( T ~ )  s p e c t r u m  

w e r e  s e t  to  e m b r a c e  t h e  fu l l -energy  p e a k s  f rom t h e  847-, 1038- ,  qnd 

1238-keV gamma-rays  t o g e t h e r  wi th  a smal l  p o r t i o n  of t h e  high e n e r g y  

r e g i o n  a d j a c e n t  t o  t h e  l a t t e r  p e a k ,  t h e  e n e r g y  r e g i o n  c o v e r e d  by t h e  

i n d i c a t e d  rlumher of c h a n n e l s  in  e a c h  c a s e  d e t e r m i n e d  by d i g i t a l  a d d r e s s  

s e l e c t i o n .  

Followirlg t h e  a b o v e  m e a s u r e m e n t s ,  a s e c o n d  i d e n t i c a l  s e t  of e x p e r i -  

m e n t s  w a s  p e r f o r m e d  to  r e c o r d  s p e c t r a  c o r r e s p o n d i n g  t o  random co inc i -  

d e n c e  e v e n t s  (see e a r l i e r ) .  When c o r r e c t e d  f o r  counting-time d i f f e r e n c e  

a n d  s o u r c e  d e c a y  (equat ion 6-41, s u b t r a c t i o n  of  t h e  second  s e t  of s p e c t r a  

f rom t h e  f i r s t  a l lowed  c o r r e c t i o n  f o r  random c o i n c i d e n c e  e v e n t s .  

E x t r a c t i o n  of t h e  d e s i r e d  gamma-gamma c o i n c i d e n c e  i n t e n s i t i e s  w a s  

then  ach ieved  by c o m p a r i s o n  of  t h e  s i x t e e n  512-channel s p e c t r a  f r o m  the 

Ge(Li )  d e t e c t o r ,  one  with a n o t h e r .  Of t h e  1 6  c h a n n e l s  i n  t h e  N ~ I ( T ~ )  

s p e c t r u m ,  sornc? e m b r a c e d  both fu l l -energy  e v e n t s  f rom t h e  g a m m a - r a y s  

of i n t e r e s t  and  a l s o  Compton cscapc.  e v e n t s  f r o m  h i g h e r  energqr r a d i a t i o n s .  

A t  the  same t ime .  a d j a c e n t  but h i g h e r  e n e r g y  c h a n n e l s  could  b e  s e l e c t e d  



which  g a v e  a m e a s u r e  of t h e  Cornpton e s c a p e  c o n t r i b u t i o n  i t s e l f .  Sub- 

t r a c t i o n  o f  G e ( ~ i )  spc3c t ra  in c o i ~ l c i d e n c e  wi th  t h e  l a t t e r  f rom t h o s e  i n  

coincidencc3 wi th  t h e  f o r m e r ,  wi th  a p p r o p r i a t e  c o r r e c t i o n s  f o r  c h a n g e s  

i n  int<>llsi ty of the  Compton r s c a p e  con t i r~um f r o m  c h a n n e l  t o  c h a n n e l ,  aljoctt.(] 

5  6 G e ( L i )  s p e c t r a  to  b e  ob ta ined  i n  c o i n c i d e n c e  wi th  t r a n s i t i o n s  i n  C o  a t  

e n e r g i e s  of  8 4 7 ,  1 0 3 8 ,  a n d  1238  k e V .  

F i g u r e s  5 0  th rough  54 show t h e  r e s u l t s  t h u s  ob ta ined  f o r  t h e  gamma- 

gamma c o i n c i d e r ~ c e  measuremel l t s  c o r r e c t e d  f o r  both  Compton escapcl  a n d  

r a n d o m  c o i n c i d e n c e  c o n t r i b u t i o n s .  T h e  r e s u l t s  are f u r t h e r  a n a l y z e d  i n  

T a b l e  VI in  which t h e  i n t e n s i t y  of c o i n c i d e n c e s  o b s e r v e d  is c l a s s i f i e d  

as s t r o n g ,  medium,  o r  w e a k .  

7 . 1 . 4  D i s c u s s i o n  T h e  p r e s e n t  w o r k  h a s  p r o d u c e d  e v i d e n c e  which  confirms 

5  6 
t h e  e x i s t e n c e  of c e r t a i n  l e v e l s  i n  Fe and s h e d s  l i g h t  on c e r t a i n  l e v e l  

s p i n  a s s i g n m e n t s .  In add i t ion  o n e  l e v e l  o b s e r v e d  i n  t h e  d e c a y  of C o  5  6 

a n d  o n e  i n  t h e  d e c a y  of ~n~~  are p r e s e n t e d  i n  t h e  d e c a y  s c h e m e  of  

F i g u r e  55 f o r  t h e  f i r s t  t i m e .  T h e  e v i d e n c e  a n d  i t s  i n t e r p r e t a t i o n  which  

l e a d s  t o  new l e v e l  d a t a  o r  c o n f i r m a t i o n  of p r e v i o u s  a s s i g n m e n t s  js 

summar i  zed bclow . 

T h e  G r o u n d  S t a t e  (o+) , 846.6-keV (B), 2084 .6-Lc>V (41 ) ,  a n d  2657 .  5-kc,V ( 2  4 ; - -- 

L e v e l s  T h e s e  l e v e l s  w e r e  wel l  c h a r a c t e r i z e d  by p r e v i o u s  s t u d i e s ;  the 

p r e s e n t  d a t a  a r e  c o n s i s t e n t  wi th  t h e  p r e v i o u s  e n e r g y ,  s p i n ,  a n d  parity 

a s s i g n m e n t s .  

7 2  'rhe 2939-licV L e v e l  T h e  p r e v i o u s l y  r e p o r t e d  a s s i g n m e n t  of  (it to  th l5  

Lpvel on t h c  b a s i s  of n u c l e a r  r e a c t i o n  s t u d i e s  i s  c o n s i s t e n t  b l t h  the  prp%t.ll,  
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TABLE VI: Gamma-gamma c o i n c i d e n c e s  i n  C o  5 6 

Gamma-ray i n  co inc idence  with: 

Annihil  a t '  ion 
ra t l i a t j  on s 

s - s t r o m g  
m = medium 
w = weak  
a) = cannot  b e  i n f e r r e d  f r o m  p r e s e n t  m e a s u r e m e n t s  





56 f a i l u r e  to  o b s e r v e  any evidence of pop~ilat ion of i t  in  e i t h e r  Mn o r  Co 5 6 

d e c a y .  

T h e  29'1,9.9-lteV (2+) Level  T h e  ene rgy  ass ignment  of t h i s  l eve l  is con- 

f i rmed by tho p r e s e n t  observa t ion  of a 221 3-keV gamma-ray in  both the 

5 6  
decay  of and the decay  of Mn toge ther  with that  of a 2960.4-kcV 

gamma-ray in  the l a t t e r  decay  (a ground s t a t e  t r ans i t i on ) .  T h i s  l cvc l  

is fed by a beta- t ransi t ion with a log f t  of 5 . 4  (evidently al lowed) from 

5 6 ~n~~ decay  and with a beta- t ransi t ion from C o  with a log  f t  g r e a t e r  than 

7 2  
9 .  Thc  previous ly  proposed  assignment  of 2+ is cons is ten t  with t h e s e  

obse rva t ions .  T h e  spin ass ignment  toge ther  with those  f o r  l o w e r  lying 

l e v e l s  is a l s o  cons is ten t  with the p r e s e n t  f a i l u r e  to o b s e r v e  de-excitation 

of the 2959.9-keV leve l  by 875-keV and 302-kev t r ans i t i ons  to the second 

and th i rd  exci ted s t a t e s ,  r e spec t ive ly .  

T h e  31 19.3-keV Level  ( tentat ively 1 -) A l eve l  o r  multiplet  a t  t h i s  e n e r g y  

h a s  been previously proposed  on the b a s i s  of n u c l e a r  r eac t ion  and  rad io-  

ac t iv i ty  s t u d i e s ,  72 '  ' O2 the p r e s e n t  work  is the f i r s t  to  r e p o r t  observa t ion  

of a 31 19.3-keV gamma-ray f rom radioac t iv i ty  measu remen t s .  T h e  p r e s e n t  

l e v e l  scheme shows th i s  t rans i t ion  as de-exci t ing to  the ground s t a t e ;  

t h e r e  i s  no r e a s o n  to  p r e f e r  a l t e rna t ives  such  as tne placing of t h i s  t r a n s i -  

tion as feeding the f i r s t  exci ted s t a t e  as the r e su l t i ng  leve l  (3966 k e v )  

h a s  not been observed  in  prev ious  work .  T h e  f a i l u r e  to o b s e r v e  population 

5 6  
of t h i s  level  from the beta  decay  of Co and a log f t  value f o r  the  c o r r c s -  

5 6  
pending t rans i t ion  in  Mn decay  of g r e a t e r  than 8 .6  toge the r  l ead  to 

l eve l  spin ass ignments  of 1 -, 2-, o r  3- as being most p robab le .  A value 

of 3 -  and o c t ~ ~ p o l e  c h a r a c t e r  h a s  been ass igned  to a l eve l  a t  about  t h i s  



9  8 
e n e r g y  l,y R i c c i  , e t .  a1 . T h e  in tens i ty  of  t h i s  t r a n s i t i o n  ( 0 . 0 8 % )  t ~ g e t t l ~ , ~  

wi th  s i n g l e - p a r t i c l e  e s t i m a t e s  of the  t r a n s i t i o n  p r o b a b i l i t i e s  f o r  t h i s  t rar ls -  

i t i o n ,  r e q u i r e  tha t  the  El t r a n s i t i o n  f r o m  a 31 1 9 . 3  (3-) l e v e l  t o  t h e  2+ 

9 .  f i r s t  exc i t ed  s t a t e  be  h i n d e r e d  by a f a c t o r  of approx imate ly  10 In o r d e r  

t h a t  i t  not  be o b s e r v e d .  T h e  a s s i g n m e n t  of  1  - to  t h e  31 19 .3 -keV l e v e l ,  

h o w e v e r ,  is c o n s i s t e n t  wi th  t h e  t r a n s i t i o n  t o  t h e  f i r s t  e x c i t e d  s t a t e  no t  

be ing  o b s e r v e d  and  with t h e  r e s u l t s  of S h a p i r o ,  e t .  al.  , who o b s e r v e d  

5  6  d e c a y  fro111 t h i s  l e v e l  to  t h e  g r o u n d  s t a t e  a n d  f i r s t  e x c i t e d  s t a t e  i n  F e  ( p , p  y) 

r e a c t i o n s ,  ind ica t ing  a p r o b a b l e  s p i n  of 1  . 

TIle 31 2 2 . 2 - k g  L e v e l  (3+, 4+) Conf i rmat ion  of  t h e  e n e r g y  a s s i g n m e n t  

of t h i s  l e v e l  p r e s e n t l y  a r i s e s  f r o m  t h e  o b s e r v a t i o n  of a 1037.6-kpV 

gamma-ray t h i r d  in  i n t e n s i t y  in  t h e  s c h e m e  and  i n t e n s e  gamma-gamma 

c o i n c i d e n c e s  between t h e  1037 .6-  a n d  1 2 3 8 . 0 - k e v  t r a n s i t i o n s  . T h i s ,  

t o g e t h e r  with t h e  populat ion of  t h i s  l e v e l  v ia  a b e t a  t r a n s i t i o n  f r o m  C o  5  6  

wi th  a l o g  f t  va lue  of 7 . 4  and  f a i l u r e  t o  o b s e r v e  s u c h  populat ion i n  t h e  

7 
d e c a y  of ~n~~ a r e  all c o n s i s t e n t  wi th  p r e v i o u s  a s s i g n m e n t  of 3+ o r  4 i  

t o  t h i s  l e v e l .  

T h e  3370 .1-kev  L e v e l  (2+) T h e  p r e s e n t  s t u d y  c o n f i r m s  t h e  e n e r g y  a s s i g n -  

5  6  merit on t h e  b a s i s  of o b s e r v a t i o n ,  fo l lowing t h e  d e c a y  of Mn , o f  gamma-ray5 

of e n e r g y  3370- and  2523-kev ;  t h e  e n e r g y  d i f f e r e n c e  establishes t h e s e  

as t h e  s t a t e  and  f i r s t  e x c i t e d  s t a t e  t r a n s i t i o n s ,  r e s p e c t i v e l y .  T h e  

log f t  f o r  t h e  b e t a  t r a n s i t i o n  t o  t h i s  l e v e l  f r o m  t h e  g r o u n d  s t a t e  of  Mn 5 6  

is found t o  I n c h  5 . 1  c o r r e s p o n d i n g  t o  a n  a l lowed  t r a n s i t i o n .  No f e e d i n g  

5  6 
of this levc.l is o b s e r v e d  In  t h e  d e c a y  of C o  ; t h l s  ( -onf i rms a spin for  

the  level of  2+.  T h i s  va lue  1s a l s o  c o n s i s t e n t  wi th  the  o b s c r v a t l o r l  tha t  the 

jevt>l o b s e r v e d  to  d e c a y  t o  t h e  g r o u n d  arid f ~ r s t  c x c i t c d  s t a t c ~ s  w ~ t h  all o t l , c . r -  

p o s s i  blc. t r a n s i t i o n s  being unobserved  . 



T h e  3 4 4 4 .  5 - k e v  L e v e l  (3+) 'L'he e n e r g y  ass lg r l rner l t  is c o n f ~ m i e c l  by  t h e  

p r e s e n t  o b s e r v a t i o n  f o l l o w i n g  t h e  i l r c a y  o f  c o i 6  of ~ r a i n r n a - r a y - .  o l  c .ne rgy  

2 5 9 8 . 4 ,  1 j59 .8 ,  ancl 7 8 8 . 6  hc.V. k'rvrn tllt. e r i e r g y  d l f fe le r icc . \ ,  i t  1 ,  c l c ~ a r  

t h a t  the:,c f 'cc.ti, ~ ' c > h p t ~ C t ~ \ c  l y  , 1 1 1 ~ .  r l  l ' \ t ,  ~ ~ \ c ' o I I ( ~ .  ~ i i l t l  t1lll.d e x c r t e t l  s t a t e \  

56 G a m m a  -gnnlma r o r ~ i c l r l t b ~ ~ c c  - o b ~ e r v o i l  Ixx to  e c ~ i  t h e  2 5 9 8 -  a i id  of' F'e . 

847-hc.V g a m m a - r a y > ,  , 1 559- a ~ i d  I 2  58- k e V  g a m m a  - l , a y > ,  7 8 8 . 6 -  d i ~ d  8.17- 

k e V  g a m m a - r a y  3 ~ o n f l r m  th i ,  d t - i f u c t i o ~ l .  'rile prcviocl- l y  propo-c.cj 7 , 9  3 

s p i n  o f  j+ f o r  t h i -  l e v e l  i h  ~ o r i h i - f ~ n t  with t h e  log f t  uf 7 .U  ot ,~ervc t l  f o r  

t h e  f o r m e r  b e i n g  i n  c o i n c i d e n c e  n i t h  t h e  8.17. kt.V g a m m a - r a y .  I t  is b e l i e v e d  

d e - e x c i t i n g  h i g h e r - l y i n g  l e v e l s  to t h e  f i r  - t  e x c i t e t i  .,tate. 

' r h e  3 8 5 6 . 0 - k e V  L e v e l  ( 3 +  o r  3 t )  ' l 'hc  t s l l e r g y  d - - lgi lnl t r l t  I - c o l ~ f i r m t . ~ ]  by 

t h e  o b s e r v a t i o n  of a g a m m a - r a y  of t-lltb.r'gy 3009 'f kc V (1 1 1  c o l ~ l c  1dL t i c  \$lit l l  

t h e  8 4 7 - k e ~  g a m m a -  1% ay), a g a m m a  -r-ay of e l i e r g y  177 1 - 4  l t e ~  (111 c.olrlclde1lce 

w i t h  the  12 38--kt.V g a m m a - - r a y ) ,  a11d a galrlrlla- r a y  of t ~ 1 1 ~ 2 r g y  7 5 j .  3 h e V .  

E n e r g y  differ t211t  ey a n d  t h ~ -  c U l U c  ldcbl l ,~t  rtid L ~ ~ J L I  l l l p  L ,  t V L  tc,  ( 0 l l f 1  1-111 

t t l a t  the= f i r - , [  t n  o of t h e . - e  g d m r n a - r a j  :> f e t ~ d  t t i c .  fli-51 allti Y ~ ~ C  orid , t c  t i  

s t a t e . , ,  r ~ A ~ p t c ~ t l ~ t ~ l , ~  . 'I'hcs 1 1 1 1 r , t l  c V I ( I ~  11 t1 j  f (  t.ii , 1~ \ c  1 , i t  I I ,,! ,! I < ~ V .  7 



5  6 
T h e  p a r e n t  l e v e l  1s fed  f rom t h c  C O  dcac:t,y \I l th  a l o g  ft  of 6 .  5. i ~ ~ t i l c a t i  

l e v e l  s p l n 5  of 3 + ,  4 + ,  o r  5+. Observation of  i n t e n s e  Seeding of  the  ?+ 

f i r s t  exc i t ed  s t a t e  f rom t h l s  l e v e l  5 u g g e s t s  elirnlnatiotl of t h e  5+ p o s s i b l l l t v .  

P r c v l o u >  5 t l~ t i l e5  
36. ' )3 

f a v o r  a  sp ln  3 v a l u e .  

5 6 
i s  fed  f r o m  t h e  d e c a y  of  C o  by a be ta  t r a n s i t i o n  of l o g  f t  z 6 . 9 ,   suggest,^^^ 

spins of 3 ,  / t ,  o r  5+ f o r  t h i s  l e v e l .  O b s e r v a t i o n  of  preferential gamma-decay 

t o  the  2+ f ' i r5t  excltecl s t a t e  e l i m i n a t e s  t h e  s p i n  5 p o s s i b i l i t y .  Observation 

o f  t h e  two gamma-rays  l i s t e d  a b o v e  and  f a i l u r e  to  o b s e r v e  o t h e r  possible 



o f  t h i s  l e v e l  is by o b s e r v a t i o n  of gamma-rays  of e n e r g y  345 

ol the  e n e r g y  

I .3 keV (ln 

co inc idence  M i t h  t h e  847-keV gamma-ray) ,  221 2 . 8  h e V ,  and  1 1 7 5 .  3 lieV 

( in  coincl t lence with t h e  1238-keV t r a n c i t l o n ) .  This l e v e l  1s feet In the  

i iecay of  ~ 0 ' ~  by a b e t a  transition of l o g  f t  6 . 7 ;  as b e f o r e ,  a i+ o r  A+ 

s p i n  a n d  p a r i t y  ass ignment  is  corifirmed . 

+ t 
T h e  4445 .  3-kev L e v e l  (2-,  3-, o r  ,4 -) T h e  p r e s e n t  o b s e r v a t i o n  of  21 lo\$! 

i n t e n s i t y  gamma-rciy of e n e r g y  3598 .7  kcV a n d  a s i m i l a r  a r g u m e n t  to  ttlat 

p r e s e n t e d  f o r  t h e  l e v e l  d e s c r i b e d  a b o v e  l e a d  to  t h e  p r e s e n t  p r o p o s a l  titat 

58 . 
t h e  l e v e l  a t  4 4 4 5 . 3  keV e x i s t s  as s e e n  In p ,  p '  and  p ,  a stuciieu. T h e  

5  6  
c a l c u l a t e d  l o g  ft  f o r  t h e  b e t a  t r a n s i t i o n  f r o m  C o  feed ing  t h i s  l e v e l  is 

7 . 9 ,  i n  t u r n  c o n s i s t e n t  with s p i n  a n d  p a r i t y  a s s i g n m e n t s  of  2 - ,  3+ o r  3 +. - - 

O f  t h e s e  p o s s i b i l i t i e s ,  t h e  42 v a l u e s  a r e  p r o b a b l y  l e s s  l i k e l y  In view of 

t h e  o b s e r v e d  gamma-ray de-exc i t a t ion  p a t t e r n .  

E i t h e r  t h i s  l e v e l  a t  4 4 4 5 . 3  keV o r  tha t  a t  4 3 9 4 . 8  keV could c o r r e s p o n ( l  

9 8  
t o  t h e  s e c o n d  3- octupole  s t a t e  o b s e r v e d  by Ricc i  , e t .  a l .  , a t  a n  exc,ta- 

t ion er lergy of 4 . 4  MeV v ia  n u c l e a r  r e a c t i o n  s t u d i e s .  



7 .  1 .5 C o r l c l u s l o n  A recent  511(,11 n ~ o t l t ~ l  c a l c u l a  tl on 

> , I  Ti 7 
by ~ c ~ r o r y "  Soy F ' c ? ' ~ ,  CI.- . a n d  F c  i ishulll l l lg ;I 

10, 
t o  t h e  e x c i t a t i o u  of p ro tons  f'r-om the I f  to  the  2p , o r b i t .  7 9 3 - 

5 6 
T h e  b e t a - d e c a y  o f  C o  lllvol v e s  t h e  t r a ~ ~ \ f o r n i a t i o ~ i  of a I I' , pro ton  

7 L 

a n d  w i l l  t h e r e f o r e  go m a i n l y  t o  c o r l f l g l l r a t i o n s  c o n t a i n i n g  I f, n e u t r o r i s  
1 1  2 

8 0 
(as t h e  I f  s h e l l  i s  f i l l e d ) .  T h e  m o d ~ l  d o e s  p r e d i c t  a d m i x t u r e s  o f  s u c h  

7 /  2 

c o l i f i g u r a t ~ o n s  f o r  t h e  .I+ 2085-keV an t l  ( 3  t or 1 + )  31  2 2 - k e V  l e v e l s ;  

h o w e v e r ,  t h e  mai l l  c o r r c e n l r a t l o l l  o f  t he  I f ,  I ,  ~ ~ c u t l - o l l  s t a t e 5  11 orllrl he p x p e c l p c ]  
L 



3445-, a n d  3856-keV l e v e l s  ( o b s e r v e d  e x p e r i m e n t a l l y ;  s e e  F i g u r e  7 5  f o r  

l o g  f t  v a l u e s )  c a n  b e  understoocl  f r o m  the  a b o v e  s i m p l e  s h e l l  model c o t l s i d c r a t i o n s .  

5  6  102  T h e  g r o u n d  s t a t e  t o  g r o u n d  s t a t e  d e c a y  o f  M n  would r e q u i r e  the. 

t r ans fo rmat ion  of a p  n e u t r o n  i n t o  an f p r o t o n  which  is l-f 'orbi(]derl; 3/ 2 7 /  2  

t h u s  t iecay wi l l  g o  pretlomiriaritly to  the s t a t e s  f i i th  a d m i x t u r e  ol' t h e  

- 3 - 3 
i ) pro ton  c o n f i g u r a t i o n .  If the  ( I  f7,2 ; 2  '3 '2 ) Jz2+  con-  

f igura t ion  is  at t h e  s a m e  e n e r g y  i n  F e i 6  as i n  the  chromium nucleus8'  i t  

would  b e  e x p e c t e d  t o  mix wi th  t h e  p r e d i c t e d  2+ s t a t e s ,  w h i c h  would  r,uplaill 

'3 b t h e  a l lowed  be ta -decay  to  the  3370-, 2960-,  and 2658-keV 2+ l e v e l s  i n  Fo . 



6 6 7 .  2 .  1 Source  Prt.paratlo11 ?'llcb G c  SOLLL-CPS w e r e  producpd by bombard- 

illg ctlprnically p u r e ,  metallic nine ful l  with 26-MeV alpha particles from t h e  

Univers j  ty o f  Washington cyc lo t ron .  F o l l o ~  i n g  a  su i tab le  chemical separa t lor l ,  1 00 

M. llich inclutled c.lissolutlo11 of' the i r r ad i a t ed  t a r p t  f o i l s  ill 6 N  HC1 containlng 

ce Ca c a r r i e r s ,  arid tiistillatlor1 of  the Ge f r ac t ion  a s  t h r  te t rachlor i t le  

into 6N HCl ,  thc sample> \ \ c J r t .  l i 5 h a y d  111th G e ( ~ i )  d e t e c t o r s ,  either- a s  

l iquid s o u r c e s  o r  prec lp i ta t t~d  a s  thtl 5ulf ide ollto f l l t e r  p a p e r  d i s c s .  A 

series of s p e c t r a  were obta1nt.d \paced in time 50  that impurity act ivi t ies  

could be i(lentifietl from t h e ~ r  r a t e  of clecay arid not assig-necl to tklc, :.4-jlour 

~p~~ act ivi ty .  

Impuri ty  ac t iv l t l rh  anti gamma-Ktyh as~lgrl i . t l  t o  thclsr ac t iv i t ies  l l l c x ] l l t l c .  

9 .  i i- l lour ~ ; l "  ( I  010 ILPV) ,  78 - h o t ~ r  (;a('7 (9 3 ,  184. slid 300 L P V ) ,  all(1 Ll~j-l ,oul-  

, ( 4  7 ,  a ~ r c l  1 107  kc.^). Becsau-r or the inherent lrlg-11 re \olut lol l  

of. ~ ~ ( 1 , ~ )  (lt.tc3c,tors, t k l r s  pt-c1ScSrlc <, of tklrhc Irn[)rll,lly gamma-ray, riot 

;lfrC,('L 111(' ~ l ~ t f ' ~ - l j ~ - ~ ' t a f l ( ~ ~ ~  ( ) I  f 1 1 ( '  ' I 1 ( ' (  1 1.~1 t 1 l <  \/ I I C ~ ( [  1 1 1  1) ;1 l ' t  01' f I l <  / ) I q (  V I ( ) I , h  M ()1'1, , '1 7 



7 . 2 . 2  Single D e t e c t o r  M e a h u r e m e ~ ~ t s  1 4 ' l g u r e s  5 6  a n d  5 7  show a g a m m a -  

6 6 r a y  s i n g l e  d e t e c t o r  s p e c t r u m  o b t a i n e d  f r o m  t h e  d e c a y  of G e  u s i n g  t h e  

0 . 8 5  c m 3  GC(L , )  c lc tc .c tor  a n d  e l e c t r o n i c  e c j u l p m e n t  c i e s c r l b e t l  earlier. 

a n y  i m p u r i t y  a c t i v i t y  f r o m  tht .  i n f o r m a t l o ~ l  p r e s e n t l y  a v a i l a b l e  i l l  t h e  l i t e r a t u r e  
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TABLE VII: 

Gamma-ray e n e r g y  a n d  i n t e n s i t y  m e a s u r e m e n t s  on G e  6 6  

P r e s e n t  Work R i c c i ,  e t .  a1  . 97 

The gamma-ray o f  e n e r g y  515 k e V  w a s  not  o b s e r v e d  

i n  the p r e s e n t  w o r k  (see be low) ;  b e c a u s e  t h e  5 1  1  -keV ful l -energy peal< 

d u e  t o  ann ih i l a t ion  q u a n t a  is b r o a d e n e d ,  i n  add i t ion  to  d e t e c t o r  c o n t r i b u t i o n s ,  

by  the  D o p p l e r  s h i f t  of  ann ih i l a t ion  q u a n t a  e n e r g y  d u e  to  the  motion o f  the  

e l e c t r o n - p o s i t r ~ n  s y s t e m  a t  t h e  t ime  of a n n i h i l a t i ~ n , ~ ~  a pos tu la ted  51 j- 

keV gamma-ray would no t  b e  r e s o l v e d  f r o m  t h e  5 1  1 -keV peak .  T h e  intc1lsity 

r a t i o  of  the  51 1- a n d  51 5-keV p e a k s  would  a l s o  c o n t r i b u t e  to  the  fa i lu re  t o  

o b s e r v e  s u c h  a gamma-ray i n  t h e  p r e s e n t  w o r k .  

T h e  a g r e e m e n t  i n  gamma-ray e n e r g y  a n d  i n t e n s i t y  betwccn thc  t w o  

s t u d i e s  as shown i n  T a b l e  VII is within  t h e  quo ted  expericmcnt; l l  u r l c c ~ r t ; l i , ~ t i ~ ! ~  



e x c e p t  f o r  t h e  r e l a t i v e  i n t e n s i t y  of  the  405-keV t r a n s i t i o n .  'I'hc ir lclusiorl  

of  t h e  51 5 - k e v  gamma-ray i n  t h e  p r e s e n t  w o r k  r e s u l t s  i n  a n  add i t iona l  

u n c e r t a i n t y  of a p p r o x i m a t e l y  5% i n  t h e  i n t e n s i t y  p e r  d e c a y  v a l u e s  a n d  is 

i n c l u d e d  i n  t h e  a b o v e  u n c e r t a i n t i e s .  

T h e  d e c a y  s c h e m e  d e r i v e d  f rom t h e  present m e a s u r e m e n t s  is s h o w n  in  

Figure 58;  the  i n t e n s i t i e s  of p o s i t r o n  a n d  K - c a p t u r e  d e c a y  t o  t h e  v a r i o u s  

l e v e l s  w e r e  c a l c u l a t e d  f r o m  t h e  p r e s e n t  gamma-ray  i n t e n s i t i e s  a n d  K-captul-e 

t o  p o s i t r o n  r a t i o s  g iven i n  t h e  T a b l e  of  If t h e  71 5-keV t r a n s i t i o n  

w e r e  not  i n c l u d e d  i n  the  d e c a y  s c h e m e ,  t h e  l o g  f t  v a l u e  f o r  t h e  d e c a y  t o  the 

5 15 .0 -keV l e v e l  would b e  i n c r e a s e d  by 0 . 2 ,  a n d  t h a t  of  t h e  381 .9-keV l c v c l  

d e c r e a s e d  by 0 . 1  ; t h u s ,  t h e  i n t e n s i t y  of  t h e  5 15-keV gamma-ray , whcthclI- 

i n c l u d e d  o r  e x c l u d e d  f rom the  s c h e m e ,  h a s  l i t t l e  e f f e c t  on t h e  cho ice  of  

s p i n  a n d  p a r i t y  v a l u e s  f o r  t h e  l e v e l s .  

The  main f e a t u r e s  of  t h e  d e c a y  s c h e m e  of  ~e~~ as shown i n  Figure 58 

i m p o r t a n t  d i f f e r e n c e s :  A new l e v e l  is p r e s e n t l y  p r o p o s e d  a t  a n  e n e r g y  of  

536.9 keV.  B e c a u s e  t h e  369-keV t r a n s i t i o n  p r o p o s e d  by R i c c i ,  e t .  a1 . , 9 7  

w a s  no t  o b s e r v e d  (750.0-keV l e v e l  t o  38 1 -9 -keV l e v e l ) ,  t h e  l e v e l  a t  38 1  . 9  keV 

1076, r e s p e c t i v e l y .  

7 . 2 . 3  D i s c u s s i o n  of R e s u l t s  T h e  d e c a y  s c h e m e  p r e s e n t e d  i n  Figure 58 

was  derived f r o m  t h e  r e s u l t s  of  the  p r e s e n t  w o r k  b a s e d  e n t i r e l y  upon the 

framework of t h e  p r e v i o u s l y  ProL)obedo7 d e c a y  s c h e m e  and  t h e  e l re rgy  sum 





r u l e  f o r  t h c  m o r e  a c c u r a t e  gamma-ray e n e r g y  d e t e r m i n a t l o l ~ s  o b t a i n ~ d  n i t h  

t h e  ~ e ( ~ i )  d e t e c t o r .  While t h e  d e c a y  s c h e m e  p r e s e n t l y  ob ta ined  is  c o n 5 l s t e n t  

i n  e n e r g y  and  i n t e n s i t y  b a l a n c e ,  c e r t a i n  a n o m a l i e s  a r e  a p p a r e n t .  

T h e  4 4 . 6 - k e v  L e v e l  and  109.5-keV L e v e l  (o+ o r  I + )  r h e  e n e r g l e s  of these  

l e v e l s  a r c  ~ r o p o s c d  from the  o b s e r v a t i o n  o f  the 14.6-kpV, 6'5. 'i-kc.V, anr{  

1 0 9 . 1  -keV gamma-rays  i n  t h e  p r e s e n t  m o r k  a n d  c a s c a d e  p r o p o s c d  b\/ Rlcc l ,  

c t .  a1 . 97 on t h e  b a s i s  of  o b s e r v e d  gamma-gamma colncldi .nces .  I.ilc log 

f t  v a l u e s  f o r  b e t a - t r a n s i t i o n s  t o  t h e s e  l e v e l s ,  7 . 1  and 7 . 5  rcspcct lvc . lv ,  ,,t 

t o  s p i n  and  p a r i t y  a s s i g n m e n t s  of  O +  - o r  I + .  - T h e  ~ n t e n s i t i e s  a n d  patter11 

o f  d e c a y  of t h e  o b s e r v e d  gamma-rays  l e a d  to  t h e  p r o b a b l e  exclus ior l  of 

t h e  nega t ive  p a r i t y  v a l u e s  i n  a g r e e m e n t  wi th  R i c c i ,  e t .  a l .  9  7 

'The 3 5 5 . 2 - k e v  L e v e l  (2-1 T h e  pos i t ion  of  t h i s  l e v e l  is e s t a b l i s h e d  f r o m  

t h e  de tec t ion  of t h e  245.7-keV gamma-ray a n d  the  l e v e l  a t  t h i s  e n e r g y  

(360 ~ P V )  ~ r o p o s e d  by R i c c i ,  e t .  a1. 97 'Lhe l o g  f t  va lue  of g r e a t e r  than 

8 l e a d s  to p o s s i b l e  s p i n  and  p a r i t y  a s s i g n m e n t s  of 0 + ,  I + ,  o r  2-. T h e  - 

c h o i c e  of 2- would seem t o  e x p l a i n  the  a b s e n c e  o f  a n  o b s e r v e d  transition 

to t h e  0+ g r o u n d  s t a t e ,  h o w e v e r ,  one  mould s t i l l  e x p e c t  t o  o b s c r v p  - 
t ransi t ion c o r r ~ s p o n d i n g  t o  t h c  de-euci ta t ion of the  3 5 5 .  2-keV lpvcl  to  

t h e  0+ o r  1 +  f i r s t  e x c i t e d  s t a t e .  



o b s e r v e d  gamma- t rans i t ions  a r e  c o n s i s t e n t  wi th  0+ o r  I +  sp in  and  p a r i t y .  

T h e  51 5 .0-keV L e v c l  (o+ o r  1 +) T h e  e n e r g y  a s s i g n m e n t  of t h i s  l e v ~ l  i s  

made  on the  b a s i s  of gamma-rays  of e n e r g y  4 7 0 . 4  and  4 0 5 . 5  kcV f e e d i n g  

the  f i r s t  and  s e c o n d  e x c i t e d  s t a t e s ,  r e s p e c t i v e l y .  T h e  l o g  ft va lue  of  5 . 5  

f o r  the  f e e d i n g  of t h i s  l e v e l  by d e c a y  of  ~e~~ poin t s  t o  p o s s i b l e  s p i n  a n d  

p a r i t y  a s s i g n m e n t s  o f  0+ o r  1  +. 

T h e  Remaining L e v e l s  T h e  p o s i t i o n s  o f  t h e  r e m a i n i n g  l e v e l s  a t  enc3rgics 

o f  5 3 6 . 9 ,  571 . 7 ,  6 5 7 . 0 ,  and  7 5 0 . 9  keV w e r e  e s t a b l i s h e d  on t h e  basis o f  

the  e n e r g y  r e l a t i o n s h i p  among the  o b s e r v e d  gamma-rays  a n d  t h e  p r e v i o u s l y  

p roposed97  d e c a y  s c h e m e .  T h e  p a t t e r n  o f  gamma-ray de-exc i t a t ion  f r o m  

t h e s e  l e v e l s  (a l l  a p p a r e n t l y  0+ a n d / o r  I + )  is p e c u l i a r  in  tha t  h i g h e r  e n e r g y  

t r a n s i t i o n s  t o  s t a t e s  of s i m i l a r  s p i n  and  p a r i t y  which would be  e x p e c t e d  

t o  be  f a v o r e d  are not o b s e r v e d .  Coupled to  t h i s  is the  f a c t  tha t  a l though  

~e~~ h a s  a d e c a y  e n e r g y  of 3 . 0  M ~ v ~ ~ ,  t h e  h i g h e s t  pos tu la ted  l e v e l  f e d  

by b e t a  d e c a y  is 751 keV.  T h u s  t h e r e  is a p o s s i b i l i t y  tha t  c e r t a i n  of  

t h e  t r a n s i t i o n s  pos tu la ted  as de-exc i t ing  t h e  l e v e l s  d i s c u s s e d  a b o v e  which  

show anomalous  c h a r a c t e r  could  b e  p a r t  o f  c a s c a d e s  f rom h i g h e r  e n e r g y  

l e v e l s  (above 751 keV) t o  t h e  l o w e r  e s t a b l i s h e d  l e v e l s .  



ac t iv i ty .  

9900 nt>utron genera t o r '  of' this labora tory  . Act1 v i  t y  p r o d u c e d  ~ r l c l t l d ~ . .  

7 1 Ga68 by  t h e  Ga6"(il ,  2,) r , :a~t,o11, G:,'~' l>y Cis ( r l ,  2 1 1 ) ~  Zll "'J'n c a  6 9  ( I I , ~ ) ,  

7 1 
anri ~n bj  Gii7' ( 1 1 , ~ ) )  rc ,acf lon, .  No c l ~ i ~ m i i t r y  n:li ~ ~ ~ ~ f r ~ m l ~ ~ c j .  





. . .  
I . .  . .  . . .  , . . .. . ' .  . . . . . ' .  . 

0 .  . . 
. -  , . . . - . .  . 

*- . 
.- 

I I 1 1  r I I I , ,  I I 



'TABLE VI11- 







L I T E R A T U R E  CITED 

Bur fo rd  111, W.B. , a n d  Vtarllt.l-, H .G a , S k ~ r n i c  o n c l ~ ~ t ~ t o r  J~~ric ~ I O ~ I L  -- 
and Devic,es  , 11 338, McGran -Hi l l ,  Nt w Yorlc ( 1  O h ? )  



Coleman ,  J . A  . , " G e r m a l ~ i u m  f o r  Gamma-Ray D e t e c t o r s  ( A  Kevie\c 
o f  C u r r e n t  p r o b l e m s ) ,  " p .  3 7 ,  IAEA R e p o r t  on Li th ium-Drif tcd  
Germanium Gamma-Ray D e t e c t o r s ,  P a n e l  P r o c e e d i n g s  S e r i e s ,  
Vienna ( t ~ u n e  6 ,  1 966) 

Coleman,  J .  A .  , anti S c h n  a r t z e n d r u b e r ,  L . S .  , I E E E  T r a n s .  K u c l .  
Sc i  . NS-I 3 (no .  3 )  240 (1 966)  

Crow e l l ,  C .  K . , and  S z e ,  S .M.  , Appl .  P h y s .  L e t t .  , 2 242 (1 966) ;  
as  c i t e d  in  r e f .  61 

Gumming, J .  C .  , NAS-NRC P u b l i c a t i o n  no .  31 0 7 ,  p .  25 (1 962) 

C u t t r i s s ,  D . B . ,  B e l l  S y s .  T e c h .  J .  4 0  590 (1961)  - 

D a v i e s ,  D . E . ,  a n d  Webb, P . P . ,  I E E E  T r a n s .  N u c l .  S c i .  NB-13 
(no .  I ) 78 (1 966) 

Davisson ,  C . M . ,  C h a p .  11, p .  3 7 ,  A l p h a ,  B e t a ,  and  G a m m k  
S p e c t r o s c o p y ,  S i e g b a h n ,  K .  , e d .  , North-Hol land ,' A m s t e r d a m  ( I  9 6 ~ ~ )  

Day, R . B . ,  D e a r n a l e y ,  G . ,  and  P a l m s ,  J . M . ,  I E E E  T r a n s .  Nuc l .  
S c i .  NS-14 (no.  1 )  487 (1 967) 

D e a r n a l e y ,  G . , a n d  N o r t h r o p ,  D .  C  . , S e m i c o n d u c t o r  C o u n t e r s  f o r  
N u c l e a r  R a d i a t i o n s ,  2nd e d . ,  p .  2 5 ,  Wiley,  New Y o r k  (1966) 

I b i d . ,  p .  71 

I b i d . ,  C h a p .  I V ,  p .  8 9  

I b i d .  , pp.  123-1 26 

Ib id .  , p .  1  96 

d e  C a s t r o  Faria, N.  V .  , and  ~ e / v e s ~ u e ,  R  . J .  , 
46 325 (1 966) - 

Nucl . I n s t r  . a n d  Meth.  

D i d d e n s ,  A . N . ,  Huiskamp,  W . J . ,  S e v e r i e n s ,  J . C . ,  Miedema,  A . K . ,  
a n d  S t e e n l a n d ,  M .  J .  , N u c ~ .  P h y s .  - 5 58 (1 958)  

Dolan ,  K . W . ,  M c D a n i e l s ,  D . K . ,  a n d  W e l l s ,  D . O . ,  P h y s .  R e v .  148 - 
1151 (1966) 

E a s t e r d a y ,  H .  T . , H a v e r f i e l d ,  A .  J .  , and  H o l l a n d e r ,  J . M .  , Nucl ,  
I n s t r .  and Meth.  2 333 (1965) 

Engar,, G .'T., and  T a v e n d a l e ,  A . J . ,  C a n .  J .  P h y s .  4 2  2286 ( 1  961)  - 
E ~ ~ ~ , ~ ,  J .  S .  , P h .  D .  D i s s e r t a t i o n ,  P r i n c e t o n  U n i v e r s i t y  (1 965) 

F a n o ,  U . ,  P h y s .  R e v .  - 72  26 (1 947) 

F ~ ~ ,  K. J . ,  I E E E  ' r r a n s .  Nuc l .  s c i .  NS-13 (no .  3 )  367 ( 1  966)  



4 3 .  F r e e d m a n ,  M ' S .  . P o r t e r ,  F . T . , a n d  W a g n e r ,  F , P i l y  s Rt?v.  I 5 1 -- 
8 7 9  (1 966)  

4 4 .  F r e e d m a n ,  M . S . ,  W a g n e r ,  F . ,  P o r t e r ,  t 7 .T . ,  a n d  B o l o t l n ,  H H , 
P h y s .  R e v .  - 146 791 (1966) 

Hoboken ,  M e t a l l u r g l e ,  s . A .  , Hoboken ,  Belgium 

H o l l a n d e r ,  J . M . ,  UCRL-16307 ( 1  965)  

Hornyak ,  W . F . ,  C h a p .  I I A ,  p .  21 1 ,  N u c l e a r  spectra-copy, A j z e n b e r g -  
Selove ,  F . , e d .  , Academlc  Press, N e w  Y o r k  (1 960) 

H . P . ,  M a t h i e s o n ,  J . M . ,  and  H u r l e y ,  J . P . ,  N u c l .  I n ~ t r .  arid 

Meth .  7 93 ( 1  965) 

K a t s a n o s ,  A . A , ,  H u l z e n g a ,  J . R . ,  a n d  V o n a c h ,  H .  K .  , Phy..  R t  v 

141 1053 (1766) - 

Klt te l ,  C .  , I n t r o d u c t i o n  to So l id  s t a t e  Ph,y s l c 2 ,  C h a p  I U ,  t, 5 0  1 . 
W l l p y ,  N e w  Yo1.k (1 967) 

Kle ln ,  C  . A .  , R a y  theon  Company T c > c  h n i c a l  Mernor,indcm ' r -75  I 

( j u l y  3 1 ,  1967); B u l l .  Am. P h y s .  So(. .  



L e d e r e r ,  C  . M . ,  H o l l a n d e r ,  J .M.  , a n d  P e r l m a n ,  I .  , T a b l e  of' I s o t o p e s ,  
6 t h  e d  . , p p .  188-1 8 9 ,  Wiley , N e n  Y o r k  (1 967)  

I b i d .  , p p .  200-203 

I b i d .  , p.  562 

I b i d . ,  p .  575 

L e v y ,  A .  J .  , a n d  R i t t t % r ,  R  . C .  , N u c ~ .  I I I S ~ ~ .  a n d  M c t h .  4 9  359 (1 9 6 7 )  - 

L i ,  A . C . ,  a n d  M o n a r o ,  S . ,  N u e l .  P h y s .  A91 3 5 3  (1967)  - 

IJ i thium C o r p o r a t i o n  of A m e r i c a ,  New Y o r k ,  N  . Y . 

l,lacer, J . ,  I E E E  T r a n s .  N u c l .  S c i .  NS-11 ( n o .  3 )  221 ( 1  964)  

L l a c e r ,  J .  , I E E E  T r a n s .  Nuc l  . S c i  . NS- 1 3  ( n o .  1  ) 9 3  (1 966)  

MacDonald ,  J . R . ,  a n d  G r a c e ,  M . A . ,  N u c l .  P h y s .  A92 5 9 3  (1 967)  - 
Maim, H . L . ,  a n d  F o w l e r ,  I . L . ,  I E E E  T r a n s .  N u c l .  S c i .  NS-13 
(no .  1 )  6 2  (1 966)  

Mann,  H . M . ,  B u l l .  Am.  P h y s .  SOC. 1 1  127 (1966)  

Mann, H . M . ,  B i l  e r ,  H . R . ,  a n d  S h e r m a n ,  I . S . ,  I E E E  T r a n s .  N u c l .  
Sci. NS- I3  (no .  37 252 (1966)  

M a n n ,  H . M . ,  J a n a r e k ,  F . J . ,  a n d  H e l e n b e r g ,  H .  W . ,  I E E E  T r a n s .  
N u c l .  Sci. NS-13 (no .  3) 336 (1 966)  

Many,  A .  , G o l d s t e i n ,  Y .  , a n d  G r o v e r ,  N .  B  . , S e m i c o n d u c t o r  S u r f a c e s ,  
C h a p .  4 ,  p .  1 2 8 ,  N o r t h - H o l l a n d ,  A m s t e r d a m  (1 9 6 5 )  

I b i d . ,  p .  1 6 5  

M c G r o r y ,  J . B . ,  P h y s .  L e t t .  - 21 6 4  (1 966)  

Mi l le r ,  G  . L . , " T h e  P h y s i c s  a n d  O p e r a t i o n  o f  S e m i c o n d u c t o r  Particle, 
D e t e c t o r s  w i t h  P a r t i c u l a r  R e f e r e n c e  t o  G a m m a  D e t e c t o r s ,  t t  p .  3 ,  
t tSemiconductor  M a t e r i a l s  f o r  Gamma-Ray  D e t e c t o r s ,  " B r o w n ,  W .  L . , 
and W a g n e r ,  S. , e d .  , N R C  C o m m i t t e e  o n  S e m i c o n d u c t o r  Particle 
D e t e c t o r s  ( ~ u n e  2 4 ,  1 9 6 6 ) ;  u n p u b l i s h e d  



85.  Minneso ta  Mining a n d  M a n u f a c t u r i n g  C o  . ; #56 y e l l o w ,  p o l y e s t e r ,  
t h e r m o s e t t i n g  e l e c t r i c a l  t a p e  

86.  Monte i th ,  L  . K . ,  R e v .  s c i .  I n s t r .  - 35 388 (1 964) 

87 .  M o o r e ,  W .  J .  , P h y s i c a l  Chemis t ry ,  p .  683, P r e n t i c e - H a l l ,  Eng lew ood 
C l i f f s ,  N .  J .  (1 962) 

88.  N o r t h r o p ,  D . C . ,  a n d  S i m p s o n ,  O . ,  P r o c .  P h y s .  S o c .  80 262 (1962) 

89.  N o r t o n  Company ; diamond w h e e l ,  s p e c i a l  type  D  I A1 R , D-220-N, 
1 OOM-1 /8 ,  6 ~ 0 . 0 2 4 ~ 1  f i "  

90. " N o t e s  on t h e  P r e p a r a t i o n  of S e m i c o n d u c t o r  M a t e r i a l s ,  " M a t e r i a l s  
L a b o r a t o r y ,  E l e c t r i c a l  E n g i n e e r i n g  D e p a r t m e n t ,  I m p c r i a l  C o l l e g e ,  
London (1 964); unpub l i shed  

91 . P a i g e ,  E  .G . S .  , J .  P h y s  . Chem . S o l i d s  I6  207 (1 961 ) - 

92. P e l l ,  E . M . ,  J .  Appl .  P h y s .  , - 31 291 (1 960) 

97. P e t t e r s s o n ,  H .  , B e r g m a n ,  0 .  , and  B e r g m a n ,  C .  , A r k .  F y s .  29 423 (1 965) - 
94. p o p o v ,  Yu .  M . ,  Sov ie t  R e s e a r c h e s  i n  L u m i n e s c e n c e ,  p .  62,  C o n s u l t a n t s  

B u r e a u ,  New Y o r k  (1 964); as c i t e d  i n  ref.  61 

95. R e i d y ,  J . J . ,  a n d  Weidenbeck ,  M . L . ,  N u c l .  P h y s .  70 518 (1965) - 
96. R e i s s ,  H . ,  F u l l e r ,  C . S . ,  a n d  M o r i n ,  F . J . ,  B e l l  Sys. T e c h .  J .  

35 535 (1956) - 
97. R i c c i ,  R . A . ,  G i r g i s ,  R . K . ,  a n d  van  L i e s h o u t ,  R . ,  N u c l .  P h y s .  

21 177 (1 960) - 
98. ~ i ~ c i ,  R . A . ,  J a c m a r t ,  J . C . ,  L i u ,  M . ,  R i o u ,  M . ,  a n d  R u h l a ,  C . ,  

~ u c l .  P h y s .  A9? 609 (1 967) 

99. R o b i n s o n ,  R . L . ,  s t e l s o n ,  P . H . ,  McGowan,  F . K . ,  F o r d ,  J . L . C . ,  
a n d  M i l n e r  , W .  T  . , N u e l .  P h y s .  - 74 28 1 (1 964) 

100. R u d d y ,  F . H  . , p r i v a t e  communicat ion 

101 . S a c h s ,  M . ,  Sol id  S t a t e  T h e o r y ,  C h a p .  9 ,  p .  244, McGraw-Hi l l ,  
New Y o r k  (1 963) 

1 0 2 .  S h a p i r o ,  M. H .  , H i n r i c h s e n ,  P . F . , Middle ton ,  R  . , a n d  M o h i n d r a ,  R  . K . , 
P h y s .  L e t t .  19 573 (1 965); H i n r i c h s e n ,  P.  F . ,  S h a p i r o ,  M . H . ,  a n d  - 
Van P a t t e r ,  D .M. , N u c l .  P h y s .  A1 01 8 1 (1 967) 

103. Shel-, A .  H .  , a n d  P a t e ,  B .I>. , " T e c h n i q u e s  i n  S e m i c o n d u c t o r  R a d i a t i o n  
D e t e c t o r  F a b r i c a t i o n ,  " 21 s t  Annua l  Mee t ing ,  A C S ,  N .  W .  Reg ion  ( ~ u n e  1967) 

104 .  S h e r ,  A . H . ,  a n d  P a t e ,  B . D . ,  N u c l .  I n s t r .  and  Mcth .  5 3 3 3 9  (1  967) - 



S h c r ,  A . H . ,  and  P a t e ,  B . D . ,  submit ted to  Nucl .  P h y s .  

S h e r ,  A . H . ,  P a t e ,  B . D . ,  O f H a n l o n ,  J . F . ,  and H a e r i n g ,  R . K . ,  
Nucl .  I n s t r .  and  Meth.  53 341 (1 967) - 

Shocklcy ,  W . ,  Sol id-Sta te  E l e c t r o n i c s  2  35 (1 961) ;  as c i t e d  in ref .  6 I - 

S p e n l u t o ,  A .  , a n d  B u e c h n e r ,  W . W . ,  P h y s .  R e v .  134 B l 4 2  (1 964) - 

Sprot l ] l ,  K . L . ,  Modern P h y s i c s ,  2nd eel., p .  2 6 6 ,  Wiley,  n'cn Y o r h  ( l S ) ( j  5) 

I b i d .  , p .  387 

Sul l ivan ,  M . H . ,  anti E i g l e r ,  J . H . ,  J .  E l e c t r o c h e m .  S o c .  103 226 (1957)  - 

Sylvan ia  E l e c t r i c  C o .  , Chem.  a n d  Met.  Djv .  , T o w a ~ i d a ,  Pa. 

'Takacs ,  J . ,  Nuc l .  I n s t r .  and  Meth.  33 171 (1965) - 

'Favendale ,  A .  J .  , I E E E  T r a n s .  Nucl . S c i  . NS- 1 2  2 5  5  ( 1  965) 

' r a v e n d a l e ,  A .  J .  , I E E E  T r a n s .  Nuc l .  S c i .  NS-13 (no.  3 )  31 5  ( I  966) 

' r avenda le ,  A .  J . ,  and  F o w l e r ,  I .  I,. , C h a l k  R i v e r  R e p o r t  GPI -57 ,  
( ~ o v e m b e r  1964)  

T a y l o r ,  H .  W . ,  and  M c P h e r s o n ,  R . M . ,  C a n .  J .  P h y s .  41 5 5 1  ( I  963) 

T a y l o r ,  J .M. , Semiconduc tor  P a r t i c l e  D e t e c t o r s ,  Chap .  I ,  p .  1 , 
But te rw o r t h s  , London (1 963) 

I b i d . ,  pp .  48-56 

Ib id .  , pp.  124-1 26 

I b i d . ,  p .  162  

V a l d e s ,  L . ,  P r o c .  I R E  - 42 420 ( I  954) 

van R o o s b r o e c k ,  W., P h y s .  R e v .  139 A1702 ( 1  965) - 

V e l o r i c ,  H . S . ,  and  G r e i g ,  W .  J . ,  RCA R e v .  - 2 1  437 ( I  960) 

Webb, P .  P . ,  G r e e n ,  R . M . ,  F o w l e r ,  I .  L . ,  and  Malm, H .  L . ,  
I E E E  T r a n s .  N u c l .  S c i .  NS-13 (no .  3) 35 I (1 966) 

W e b s t c r f  s New C o l l e g i a t e  D i c t i o n a r y ,  p .  15 3 ,  M e r r i a m ,  S p r i ~ l ~ i ' i e l t i ,  
M a s s .  (1 953) 



A P P E N D I X  A 

FOUR-POINT P R O B E  

A .  'l'hc d c s i g n  of thc, f o ~ l r - p o i n t  p r o b e  f o r  m e a s u r i n g  r e s i s t i v i t i e s  of  

122  
s u r f a c e s  of  t h e  ge rmanium c r y s t a l s  w a s  t a k e n  f r o m  V a l d e s  a n d  i s  shown 

schclnat ica l ly  i n  F i g u r e  A l .  T h e  p r o b e  i t s e l f  c o n s i s t s  of f o u r  s t e e l  pills 

a r r a n g e d  i n  a  l i n e  a n d  a b o u t  I rnm a p a r t ,  imbedded  i n  a b lock  of 'Tef lon.  

Currc.nt is p a s s e d  t h r o u g h  t h e  two o u t e r  p i n s ,  a n d  t h e  f loa t ing  p o t e n t i a l  

is  m e a s u r e d  a c r o s s  t h e  i n n e r  p a i r  of p i n s .  T h e  s o u r c e  of D C - c u r r e n t  

w a s  a 1  . 5  vol t  b a t t e r y ,  the  c u r r e n t  w a s  m e a s u r e d  wi th  a ' I ' r iplet t  model  6 3 0 -  

P L K  vol t -ohmmeter ,  a n d  t h e  vo l t age  wi th  a H e w l e t t - P a c k a r d  model  41 9 A  D C - I ~ U ~ ]  

122  
v o l t m e t e r .  F o r  equa l ly  s p a c e d  p r o b e s ,  t h e  r e s i s t i v i t y  is g iven  by  

w h e r e  V is the  m e a s u r e d  f l o a t i n g  po ten t i a l  d i f f e r e n c e  b e t w e e n  t h e  two  

i n n e r  p r o b e s  i n  v o l t s ,  I is t h e  m e a s u r e d  c u r r e n t  t h r o u g h  t h e  o u t e r  p a i r  

o f  p r o b e s  i n  a m p s ,  and  s is t h e  s p a c i n g  b e t w e e n  t h e  p r o b e s  i n  c m .  F o r  

p r o b e s  1  mm a p a r t ,  equa t ion  A-1 becomes :  

which  is va l id  f o r  m e a s u r e m e n t s  t aken  a d i s t a n c e  L 2 3 mm f r o m  a n  edge  

of  t h e  c r y s t a l .  F o r  m e a s u r e m e n t s  t aken  n e a r  a n  e d g e  of the  c r y s t a l  ( a x i s  of 

p r o b e s  p a r a l l e l  t o  e d g e ) ,  a c o r r e c t i o n  f a c t o r  F m u s t  b e  added :  

whc,rc. q, 1s ok)tuinctI from c q u a t l o n  A - 2 ,  nnd t h c  correct1011 f a c t o r  F 1s 
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122 
t a k e n  from c h a r t s  given b y  V a l d e s  . A t e s t  of the. f o u r - p o ~ n t  p r o t ~ t ~  m a s  

made on a s a r n p l c  of germanium of 35-37 0 -c7m r e s i s t i v i t y  ( d a t a  supplletl  

by m a n u f a c t u r e r ) .  All a v e r a g c J  of 8 m e a h u r e r n e n t s  on o n e  surface of the 

lapped c r y s t a l  yielded: 



A P P E N D I X  B 

CRYOXTAT DESIGN f o r  ~ e ( ~ i )  D E T E C T O R S  

B . C r y o s t a t s  h a v e  been  c o n s t r u c t e d  f o r  ma in ta in ing  ~ e ( ~ i )  d e t e c t o r s  

0 
a t  77 K a n d  u n d e r  high vacuum.  T h c  o v e r a l l  d e s i g n  of t h e  c r g o s t a t s  w a s  

b a s e d  upoil t h a t  of Chasman  a n d  1ii st illen 2 1  as shown i n  F i g u r e  B 1 . Tlrc 

c lc tec to r  mounting p e d e s t a l s  w e r e  b a s e d  upon a d e s i g n  of a n d  

t h r e e  modi f i ca t ions  w e r e  b u i l t  f o r  u s e  i n  t h e  p r e s e n t  w o r k ,  as s h o n  n  in  

F i g u r e  B2.  

B .  1 B a s i c  C r y o s t a t  D e s i g n  A s  shown i n  F i g u r e  B1 , t h e  o u t e r  vanuum 

j a c k e t  h a s  been  c o n s t r u c t e d  of  s t a i n l e s s  s t e e l ;  t h e  v e r t i c a l  c o p p e r  cold-  

f i n g e r  is s i l v e r - s o l d e r e d  a t  t h e  bottom of  t h e  o u t e r  j a c k e t  a n d  e x t e n d s  i n t o  

a L i n d e  LD-25 " s u p e r - i n s u l a t e d "  t l e w a r .  T h e  h o r i z o n t a l  c o p p e r  m e m b e r  

of  the  c o l d - f i n g e r  c l a m p s  on to  t h e  top  of  t h e  v e r t i c a l  m e m b e r  a n d  is d r i l l e d  

to r e c e i v e  the  aluminum d e t e c t o r  mounting p e d e s t a l .  T h e  end-cap  is o f  

aluminurn, a n d  t h e  e l e c t r i c a l  f eed- th rough  is a Microdo t  S-93 h e r m e t i c a l l y  

s e a l e d  c o n n e c t o r  which  is mounted on t h e  c r y o s t a t  wi th  low v a p o r - p r e s s u r e  

epoxy cement  ( v a r i a n  A s s o i c a t e s  , " T o r r  seal"). T h e  b a c k  w a l l  of  t h e  

vacuum c h a m b e r  is d r i l l e d  a n d  t apped  t o  r e c e i v e  a t h e r m o c o u p l e  g a u g e  

t u b e  ( ~ a y s t i n g s - R a y d i s t  D V - 6 ~ )  a n d  s u i t a b l e  h igh vacuum v a l v e .  T h e  

model  u s e d  a 1 l i t e r / i s e c  i o n  pump t o  main ta in  the  vacuum;  h o w e v e r ,  

l a t e r  mode l s  h a v e  u s e d  a c t i v a t e d  c h a r c o a l  a s  a c r y o - a d s o r b a n t  which  w l ~ c n  

0 - 5 
coo led  to  77 K w a s  c a p a b l e  of ma in ta in ing  p r e s s u r e s  below 10 mm Hg. 

T h u s  t h e  d e p e n d e n c e  upon e l e c t r i c i t y  f o r  r u n n i n g  vacuum pumps h a s  beon  

e l imina ted .  Number  30 enameled  c o p p e r  w i r e  u s e d  betweell  t t ~ e  

e l e c t r i c a l  f e e d t h r o u g h  and  t h e  d e t e c t o r  c o n t a c t  p r o v i d e s  t h e  n e c e s s a r y  
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F o r  t h ~ ) s c ,  d < ~ t c ~ c t o r s ,  t h e  :ilurninum cap a t id  s u p p o r t i n g  flangcl on the  c r y o s t a t  

body h a v e  bct.n e n l a r g e d .  In t h i s  configuration , the  d e t e c t o r  1s held on the  

p e d e s t a l  b y  t h e  c o p p e r  c o n t a c t  which is a f ixed  t o  a Ttlflon b a r  17 h i ch  i n  t u r r i  

i s  klelti by two s t a i n l e s s  s t e e l  s c r e h s .  T h i s  mounting p e d e s t a l  d e s i g n  pclrni l t -  

r a p i d  mounting of t h e  d e t e c t o r ,  S O  tha t  e x p o s u r e  of  t h e  f r e s h l y  e t c h e d  s u r f a c r  

t o  the  arnbient is m i ~ i i m i z d .  
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L A S T  DATA CARD: B L A N K  if another data s e t  follows (i .  e .  , f i r s t  card  

of following data deck), o r  containing the n u m b e r  

"3" punched in col. 2 i f  final ca rd  of l a s t  data deck. 

A  listing of a  typical data deck i s  a s  follows: 

GA 67 X 1 0  4Um650e51.U l 5 O V  7 /  12/67 - COMMENT CARD 
? 6 16 - C O N T R O L  CARD 
121 m 9 7  165.0 
5 1 1  0006 766.0 . -- - - 
7 4 9 - 4  1134.0 
846.6 1286mO 

N = 6  

1013.9 1542 0 0 
1037.6 158200 

120.5 

(A. typical data output is given i n  Table 111) 
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