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interference. The resulting signals from 

? either single gamma ray emitters or coinci- 
dence gammay ray emitters are fed normally to 
a 4096 channel hard-wired memory operated in 
a 64 by 64 channel array. Systems such as 
these use primary NaI(T1) detectors ranging 
in size from 4" thick by 6" dia to 12" dia by 
11" thick.1° In Figure 4 the 4 6 ~ c  and 6 0 ~ 0  
which as was noted earlier in Figure 1 had un- 
resolved photopeaks as measured by a single 
detector, are now clearly resolved in the 
energy spectrum of the multidimensional gamma 
ray spectrometer even if their concentrations 
are quite different. The energy deposited 
in crystal 1 is on tJe axis designated 
Energy 1. The energy deposited in crystal 2 
is on the axis denoted Energy 2. All coinci- 
dence events such as those illustrated for 
, 4 6 ~ c  and 6 0 ~ o  are in the energy-energy plane. 
The counts that are illustrated in the lines 
from the designated Sc or Co photopeaks to the 
Energy 1 or 2 axis areas are the Compton events 
,which are minimized in this specific multi- 
dimensional crystal system by its anticoinci- 
dence ~ h i e l d . ~  Figure 5 illustrates the 
energy-energy coincidence areas and single 
gamma-ray photopeak areas for a multidimen- 
sional gamma ray spectrometer spectrum of 
environmental radionuclides in a separated 
sample of ocean water. It can be seen that a 
considerable number of radionuclides may be 
measured by their coincident gamma ray emis- 
sion without any interference from neighboring 
photopeaks. This system allows some 20-25 
radionuclides to be measured without chemistry 
in air filters. It allows 10-15 radionuclides 
to be measured in separated ocean water using 
ion exchange methods. Similar types of radio- 
nuclides'. can also be measured in foodstuffs 
and In mzn. In this manner, one can therefore 
investigate the radionuclides in an entire 
ecosystem from their point of origin through 
their transport and delivery to their uptake 
by man. 

, . In considering the sensitivity of any 
.gamma ray counting system, one must keep in 
mind the background that can be achieved with 
any specific system. In Figure 6 is an illus- 
tration of the axis backgrounds of a single 
9" diameter b~ 8" thick NaI(T1) gamma ray 
spectrometer. This system Illustrates the 
moderately low background achievable with 
thick concrete and lead shields. Typical 
backgrounds for a well-shielded system range 
from 0.3 to 10 counts per minute per 47 keV- 
channel. The major components of the back- 
ground are 40K1 decay products of 232Th and 
238U, and cosmic ray events. Of course, a 
multidimensional system utilizes coincidence 
techniques between the primary detectors to 
lower the background even further. In Figure 7 
a pair of crystals like the ones used to make 
the measurements in Figure 6 have been placed 
in a variety of anticoincidence and massive 
shield modes. The equal energy coincidence 
gamma backgrounds in this anticoincidence 
shielded spectrometer with 110 meters of over- 
burden are of the order of 0.1 to 10 counts 
per thousand minutes per 47 keV by 47 keV 
lhannel in the energy range from 0.250 to 
. 5  ."lev. The peaks that are illustrated are 

-ram 40K1 208~1, a dau hter of 232~h, and S 214~i, a daughter of 2 8 ~ .  The 4 0 ~  peak is at 
0.73 MeV, which is from an equal energy dispo- 
sition due to scatter of the single 1.46 MeV 
. - - . - - . - 

gamma. in'both crystals. The anticoincidence 
utilization alone on this t-e spectrometer 
system provides a background reduction of the 
order of 6-10. Lower backgrounds have been 
obtained utilizing beta-gamma-gamma coinci- 
dence systemslO; these usually are of the 
order of 1 count in 30,000-100,000 minutes 
for a photopeak area. Some triple or quad- 
ruple gamma ray coincident requirement sys- 
tems also have exceedingly low backgrounds .ll 
Thus, in a period of some ten years the gamma 
ray spectroscopists have lowered their back- 
grounds as shown in Figure 6 from 1 to 100 
counts per minute per 47 keV channel, to 
fractions of a count per 1000 minutes per 47 
keV coincidence energy interval as shown in 
Figure 7. 

Figure 8 illustrates the background 
obtainable for gamma rays in coincidence with 
gamma energy created by positron annihila- 
tion.9 This is the coincidence background 
for 0.511 MeV deposition of energy in crys- 
tal 1 with 0 to 3 MeV deposition of energy 
in crystal 2. Backgrounds obtainable along 
this energy line are also of the order of 0.1 
to a few counts per thousand minutes per 
47 x 47 keV channel. A tenfold background 
reduction occurs by placing the spectrometer 
110 meters underground and using a lead 
absorber to inhibit scattered radiation 
between crystal 1 and 2. 

One might think that through the use of 
the aforementioned coincidence techniques a 
gamm-ray spectrometer system would lose its 
efficiency as the background was decreased by 
some 10,000-fold. Hor.?ever , for large NaI (Tl) 
crystal  spectrometer.^. the absolute coinci- 
dence efficiencies as shown in Figure 9 are 
not less than 10% at the 1 MeV energy deposi- 
tion point. The efficiency of the larger 
detector system for a point source of radio- 
activity is compared with that of a 6" thick 
by 11" dia. and 3' thick by 3" dia. NaI (T1) 
crystal. The counting efficiency, E l  is 
defined as the fraction of the gamma rays 
emitted by a source that are totally absorbed 
in one detector. The total coincidence count- 
ing efficiency, 2E1E2, is defined as the 
probability of total absorption of two gamma 
rays, one in each of the two detectors. The ' 

coincidence counting efficiency of the 9" dia. 
by 8" thick system is 27 times greater than 
that of the 3" system and about equal to the 
6" thick by 1" dia. system. The coincidence 
efficiencies for the two large crystal sys- 
tems are only three- to fourfold lower than 
for one of their single crystals, yet they 
are still twofold higher than the efficiency 
of the single 3" crystal. The sum of the 
efficiency for the two large single crystals 
is between 50% and 90% over an energy range 
of 1500 to 300 keV respectively. 

For environmental samples, the scientist 
must keep in mind the size of sample and the 
.efficiency of the system which he hopes to 
utilize for analyses. A major advantage of 
the large detector systems compared with 
smaller systems is their high counting effi- 
ciency for large diam2ter samples. Both their 
*single an2 coincidence photon counting effi- 
ciencies Cecline rather slowly with increasing 
source diameter. Figure 10 illustrates the 
decrease in efficiency for 6 0 ~ 0  for two . . . .---- 
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counting systems. The first which is a 6" 
thick by 5" dia. multidimensional gamma ray 
spectrometer crystal system has a decrease in 
efficiency from 1 to 0.4 for a changing sample 
size of a point source to a 4" dia. sample, 
while the large 11" dYa. by 6" thick crystal 
system maintains its coincidence efficiency 
for this sample size at about 90%. The count- 
ing efficiency drops by about 20% in going 
from a point source to a 1" thick by 6" dia. 
source. Thus for large environmental samples 
one should go to a crystal system that has a 
fairly large area yet is thick enough to 
absorb the eminating gartma rays. This allows 
the direct counting of many large, low-activity 
samples without ashing or other concentrating 
techniques. 

Development of Ge (Li) Gamma-Ray ~pectromet'ry 

NaI(T1) detectors are not the only route 
which the scientist has available to him for 
the sensitive analysis of radionuclides in 
environmental materials. Lithium-drifted 
germanium [Ge(Li)] gamma-ray detectors are 
used extensively in many fields requiring the 
quantitative analysis of gamma rays. Over the 
past few years, a large variety of shapes and 
sizes of Ge(Li) detectors and various special 
'configurations utilizing these detectors have 
been f abri~ated.l~-~O Along with this tremen- 
dous variety has come a considerable amount of 
uncertainty in their evaluation. In the past, 
the question of which detector to use for a 
particular problem was generally answered with 
intuition which was sufficient for many prob- 
lems. However, this intuitive approach is not 
always sufficient and some problems such as 
the lesign of high-sensikivity gamG ray spec- 
trometers require a more quantitati-.-=. analysis. 

Figure 11 shows the gamma-ray spectrum of 
a lichen analyzed first with a 5" dia. by 3" 
thick NaI(T1) detector, then with a 20 cc, 
.11 mrn deep Ge(Li) detector. This is not the 
ultimate in Ge(Li) detector systems; however, 
'it is one which many universities or electric 
power companies might use for the analysis of 
some of their environmental samples .12 This 
figure illustrates the high resolution of the 
Ge (Li) detector system as compared to a NaI (TI) 
system, as well as the 100- to 1000-fold effi- 
ciency differences. Many of the radionuclides 
with significant concentrations analyzed with 
.the Ge (Li) could not be seen with the NaI(T1) 
system due to photopeak interferences. How- 
ever, for low-activity material the GeCLi) 
would not have sufficient efficiency for the 
analysis. Figure 12 shows the efficiency dif- 
ference for a point source sample on a large 
70 cc Ge(Li) detector and on an 11" dia. by 
6" thick NaI(T1) detector operated in coinci- 
dence or sum mode of gamma ray analysis. The 
overall efficiency difference varies from 10- 
to 100-fold. A Marinelli beaker sample system 
which would surround a Ge (Li) detector would 
lie somewhat lower than these extremes. Even 
though it has a lower efficiency, one might 
want to utilize a Ge(Li) system for its 
increased s~ecificitv in an anticoincidence 

- .  . .. - 
and specific radionuclide interferences. A 
good illustration of the utilization of an 
anticoincidence shielded Ge(Li) diode system 
is shown in Figure 14 of the analysis of a 
Bikini tuna sample. The upper spectrum is a 
result of a gamm-ray coincidence between the 
Ge(Li) and a plastic phosphor shield; the 
lower spectra are those events which were not 
in coincidence. The lower left-hand corner 
of this figu illustra es four energy areas: 
6 5 ~ n ,  5 4 ~ n ,  f97Cs and S$CO. It is obvious 
that the Ge(Li) detector utilized for this 
analysis could not resolve 57~0, 5 4 m ,  or 6 5 ~ n  
if it was just used by itself. However, in 
its anticoincidence operational mode it did a 
good job of resolving these three peaks as 
well as improving the statistics for l3?cs 
analysis. If one were to consider this type 
of anticoincidence analysis further, it would 
become obvious that a combination of NaI(T1) 
and Ge(Li) coincidence techniques might yield 
a high-efficiency, high-resolution system. 
This spectrometer would be constructed like 
that shown in Figure 13 except that the lower 
Ge(Li) detector would be replaced by a NaI (TI) 
crystal.19 In this system one requires a gamma 
ray to deposit its energy in in the NaI(T1) 
detector. This would then open a gate allow- 
ing analysis of the second coincident garma 
ray which has then entered the Ge(Li) detector. 
In Table I1 is an illustration of the radio-. 
nuclides to be measured by this type of window 
arrangement. For example, in grouping B, 
there are five energy windows for coincident 
events. This would require a 6000 channel 
analyzer at the minimum. The first 1000 chan- 
nels would be utilized to store those gamma 
ray events from the Ge (Li) detector which 
were not in coincidence'with anything. The 
second 1000 would be tho-se events in coinciden 
dence with an energy deposition of from 500 to 
700 keV in the NaICT1) detector. The third 
1000 would be those events from 700 to 950 
keV of energy deposited in the NaICT1) detec- 
tor, and so forth; thus, some radionuclides 
would appear in multiple spectra. The 0.511 
MeV peak. from 2 2 ~ a  would trigger the 500-700 
keV gate of the NaI(.Tl) detector, and the 
1275 keV gamma of the 2 2 ~ a  would then be depo- .- t, 

sited in the Ge(Li) coincidence spectra from 
this gate. In addition, the 1022 keV sum from 
2 2 ~ a  would trigger the 950-1250 gate; again . 
the 1275 keV gamma would be recorded in this 
spectra. The utilization of this type of sys- 
tem can be seen in Figure 15, a gamma ray 
spectra of caribou liver. In the operation of 
the detector system to analyze this material, 
a 1022 keV coincidence gated spectrum with a 
window width of 300 keV was utilized. In the 
upper curve the normal Ge(Li) spectrum has had 
the gated coincidence spectrum subt cted. 
The upper spectrum shows only 'OK, "Na, and 
137~s. However, the gated spectrum contains 
6 0 ~ o  and 108m~g in addition. This spectrum 
illustrates the first data obtainable for 
108m~g in an environmental specimen. ~t was 
this anticoincidence-coincidence gated system 
that allowed this type of sample to be ana- 
lyzed for this specific radionuclide. 

mode13-15 a; shown in Figure 13. In this Comparison of NaI (Tl) and Ge (Li) Gamma-Ray 
latter systcm, thc Ga(Li) detector ic cur- Spactromctry ' 

rounded with a NaI (Tl) l9 or $_p$gstic phos- 
phor anticoincidence ~hield.~'-~' In addi- Having been presented with the general 
tion, the radioanalyst might wish to utilize capabilities of single Na1L~1) systems, total 
two germanium detectors16 or a Ge CLi) -NaI (T1) absorption NaI (~1) systems, multidimensional 
coincidence arrangement19 to lower background NaI (T1) systems, as well as a variety of Ge (~i)' 
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' s y s t ems ,  t h e  s c i e n t i s t  might w e l l  be confused 
a s  t o  which s p e c i f i c  d e t e c t o r  would complete  

a h i s  environmental  job. Only through a  com- 
p a r i s o n  of t h e s e  systems can t h e  b e s t  s p e c t r o -  
photometer f o r  t h e  s tudy  be chosen.;l  I n  
F igu re  16 i s  an i l l u s t r a t i o n  comparing t h e  
background.counting r a t e s  of l a r g e  NaI(T1) 
d e t e c t o r s  and Ge ( L i )  systems. The h i g h e s t  
background i s  f o r  two 11" d i a .  by 6" t h i c k  
NaI(T1) d e t e c t o r s  which a r e  be ing  used a s  a  ' 

t o t a l  abso rp t ion  spec t rometer ;  they  have no 
an t i co inc idence  s h i e l d s .  The summed back- 
ground v a r i e s  from 10 t o  100 coun t s  p e r  
minute p e r  peak a r e a  i n  t h e  range from 0  t o  3 
MeV. . This  compares t o  10 t o  100 coun t s  p e r  
1000 minutes  f o r  t h e i r  co inc idence  background 

: t o t a l  peak a r e a .  A 70 c c  Ge(Li)  d e t e c t o r  has 
. a  background which is  comparable i f  n o t  a  . .  

l i t t l e  h i g h e r  than  t h e  NaI(T1) co inc idence  
s p e c t r a .  F igu re  17 i l l u s t r a t e s  a  comparison 

, of t h e  count ing  e f f i c i e n c y  of 6 0 ~ o  a s  a  func- 
: t i o n  of source  d iameter  f o r  t h e s e  l a r g e  

NaI (TI)  and Ge ( L i )  d e t e c t o r s .  The h i g h e s t  
e f f i c i e n c y  of 40% t o  50% i s  f o r  t h e  gamma ray  

: sum mode of o p e r a t i o n  of two o f  t h e  l a r g e  11" 
d i a .  by 6" t h i c k  NaI(T1) c r y s t a l s .  The co in-  
c idence  e f f i c i e n c y  i s  on t h e  o r d e r  of 10% f o r  
t h i s  system when source  d iameter  r anges  from 

j 0  t o  10 inches .  The 70 c c  Ge(Li)  d e t e c t o r  
' v a r i e s  from 2% t o  0.2% e f f i c i e n c y  f o r  t h e  same 
' range of  source  s i z e s ,  much lower t han  t h e  

NaI (T l )  co inc idence  o r  sum e f f i c i e n c i e s .  I n  
F igu re  18 i s  a  rough f i g u r e  o f  m e r i t  comparison 
u t i l i z i n g  t h e  e f f i c i e n c y  from F igu re  17 and 
background from F igu re  16 f o r  l a r g e  Nal(T1) 
and GeCLi) systems.  The e f f i c i e n c i e s  used  f o r  

' t h e  NaI(T1) d e t e c t o r  systems were s t r i c t l y  f o r  
a  s imple  co inc idence  system, n o t  f o r  t h e  exo-- 
ti.?- an t i co inc idence  s h i e l d e d ,  r~~ult ' la i rnensional  - .  Tamma r a y  spec t rometer  systems ; lacussed 
e a r l i e r  i n  t h i s  paper .  The h i g h e s t  f i g u r e  of  

a m e r i t  o b t a i n a b l e  was f o r  t h e  co inc idence  tech-  
: nique u t i l i z i n g  t h e  mul t id imens ional  gamma r a y  

spec t rometer  system; second was u t i l i z a t i o n  of  
t h e  70 c c  Ge(Li)  d iode ;  and l a s t ,  t h e  u t i l i z a -  
t i o n  o f  a  gamma ray  sum technique  f o r  t h e  

l a n a l y s i s  of a  p o i n t  sou rce  specimen. Th i s  
' l a t t e r  f i g u r e  would t h u s  i n d i c a t e  t h a t  f o r  
I l a r g e  environmental  samples and t h e  a n a l y s i s  

of co inc idence  gamma r a y  e m i t t e r s ,  t h e  l a r g e  
NaILT1) mul t id imens ional  gamma ray  s p e c t r o -  
meter would bc t h c  d c t c o t o r  of ohoioo. Baood 

' upon t h e  e a r l i e r  d i s c u s s i o n ,  t h e  d e t e c t o r  of 
: choi-ce fnr a p o i n t  sou rce  of s i n g l e  gamma 

ray-emi t t ing  r a d i o n u c l i d e s  would be a  s imple  
! Ge(Li)  d e t e c t o r  w i th  an e f f i c i e n c y  of  abou t  
, 15%. I f  e i t h e r  of  t h e s e  systems has a  cons i -  

d e r a b l e  amount o f  i n t e r f e r i n g  r a d i o n u c l i d e '  
a c t i v i t y ,  it is going t o  r e q u i r e  an a n l y t i c a l  
radiochemical  approach t o  determine which 
system w i l l  y i e l d  t h c  moot d a t a .  I n  p r a o t i o e  
both  systems should  o f t e n  be u t i l i z e d  i f  an , .  

e n t i r e  s e r i e s  of  20-25 r ad ionuc l ides  a r e  t o  
be ana lyzed  i n  environmental  m a t e r i a l s  ranging  
from a i r  and water  t o  yege t a t i on  and animal  

; t i s s u e  t o  man. 
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TABLE I 

ENVIRONrdENTAL RAD @NUCLIDE% 

S I N G L E  7 - R A Y  M U L T I P L E  y - R A Y  S  C O I N C I D E N C E  y - R A Y S  
L 

7 ' B e ,  5 7  C  0 
2 2  

N  a 

4 0 ~  
5 8 

c o  . 
4 6  

S  c 



TABLE I1 

COINCIDENT 6AMMA-RAY ENERGY WINDOWS FOR ENVIROMbIEWTAL RADIONUCLIDES 

ENERGY WINDOW lkeVl  -RAY DETECTED COINC. y-RAY 
GROUPING A GROUPING B I N  Nal (TI) ''WELL" RADlONUCLl DE DETECTED I N  Ge(Li) 

500 500 511 2 2 ~ a  

1 
1275 

570 207Bi 1063 

603 lZ4sb 1692 

605 I% 796 

615 108m 
Ag 434, 723 

65 8 l lOm 
Ag 885 

700 723 Ag 434, 615 lO8m 

796 134~s 605 

- 1 815 SUM 140~a  15 95 

885 l lOm 
Ag 658 

889 4 6 ~ k  1120 

898 88v 1836 

9ZO 1022 SUM " ~ a  1275 

1049 SUM 108m 
Ag 723 

1063 207Bi 570 

1120 4 6 ~ c  809 

1157 SUM 108m 
Ag 615 

1172 6 0 ~ 0  1332 

l b 0  
I 

1275 " ~ a  

I 
511 

1332 %o 1172 

1338 SUM 108m 
Ag 434 

1450 1595 l 4 O ~ a  328, 487, 815 

1692 lZ4sb 603 

1786 SUM 2 2 ~ a  511 

1836 8% 898 

1950 



GAM,MA RAY ENERGY (ME.V) 

46 6 5  Fig .  1. Gamma r a y  s p e c t r a  of Sc,  Zn, 5 9 ~ e  and 6 0 ~ o  t aken  w i t h  a s i n g l e  3 inch '  
d iameter  by 3 i n c h  t h i c k  NaI (Tl) c r y s t a l .  



-GAMMA RAY ENERGY ( M E V )  * 

65 Fig .  2.   amm ma-;a:v spectra of Zn, 4 6 ~ c  and 6 0 ~ o  i n  a  9 i n c h  d i ame te r  by 9 i nch  
t h i c k  l a r g e  N a I  (TI)  w e l l  c r y s t a l .  
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