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M E A S U R E M E N T  O F  I 1 3 1  A N D  O T H E R  F IS S IO N  PR O D U C TS  

O N V E G E T A T IO N  B Y  G A M M A -R A Y  S P E C T R O M E T R IC  A N A LY S IS

IN T R O D U C T IO N

131M easu rem en ts  of I  and the " to ta l b e ta ” ra d io a c tiv ity  on veg eta 

tion  sam ples have been used fo r a num ber of yea rs  to  es tim a te  the extent 

of contam ination  fro m  acc iden ta l re lease s  of rad io iso topes in  plant o p e ra 

tio n s . The in te rp re ta tio n  of these m easurem ents  has becom e m o re  d i f f i 

cult in  recen t yea rs  due to the increased  background ra d io a c tiv ity  fro m
131fa llo u t fiss io n  p ro d u cts . A m o re  sen s itive  m ethod o f m easu rin g  I  was

re q u ire d , since th is  isotope is the one m ost fre q u en tly  re lease d  by fau lty

plant opera tion , and has a re la t iv e ly  low p e rm is s ib le  concentration  on
131veg eta tion . The m ethod p re v io u s ly  used fo r the I  d e te rm in a tio n  re q u ire d

131a ch em ica l sep ara tio n  w hich involved leaching of the I  fro m  a. vegetation

sam ple w ith  a. hot, d ilu te  HNCX solution fo llow ed by a c a r r ie r  p re c ip ita tio n
131 ( 1 ) 1 3 1of I  as s ilv e r  io d id e . ' The I  was then m easured  by beta counting.

Th is  procedure was found lack ing  because of its  low and e r ra t ic  y ie ld , the
131occasional con tam ination  of the I  w ith  o ther fa llo u t rad io isotopes and the

- 6re la t iv e ly  low s e n s itiv ity  (about 6  x 10 juc /gm ) w hich it  p rov ided . The  

•"total beta."' m easurem ent (a c tu a lly  ca lled  a ”n o n -v o la tile  a n a ly s is ” s ince only 

those isotopes w hich re m a in e d  a fte r  ashing a veg eta tion  sam ple w ere  

m easured) was also inadequate since only a gross beta m easurem ent was 

obtained, which provided  no in fo rm atio n  as to the rad io iso to p ic  species  

being m easured .

Th is  paper d escribes  a. sen sitive  p rocedure  based on g a m m a -ra y
131s p e c tro m e tric  ana lys is  fo r the quantita tive  m easu rem en t of I  and s e v e ra l 

of the g a m m a -ra y  e m ittin g  fa llo u t rad io isotopes on vegetation  sam ples .
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S U M M A R Y  A N D  C O N C LU S IO N S

A procedure  based on g a m m a -ra y  s p e c tro m e tr ic  analysis  has been
131developed fo r the d e te rm in a tio n  of I  and s e v e ra l of the lo n g -liv e d  fa llo u t

131 141 -144radio isotopes on vegeta tion . Q uan tita tive  analyses of I  , Ce ,
„  103 -106  „  95 x n 95 , „  140 t 140 . . . , . ..Ru , Z r  -N b  , and Ba -L a  a re  obtained fro m  the m easu rem en t.

131It  was possib le to m easu re  I  (in  the p resence of ex is tin g  leve ls
— 6of fa llo u t rad io iso topes) w ith  a s e n s itiv ity  o f about 1 x 1 0  | ic /g m  on a

150 g ram  sam ple  by m aking a 1 0 -m in u te  m easu rem en t w ith  a m ultichan nel

a n a ly z e r, 3 in . x 3 in . N a l(T l)  s c in tilla tio n  s p e c tro m e te r . The procedure

was som ew hat less sen s itive  fo r the o ther rad io iso to p es . E x p erim en ts  w ith
131la rg e r  sam ples and c ry s ta ls  ind icated that the I  s e n s itiv ity  could be 

im p ro ved  by a fac to r of two to th re e  by doubling the sam ple  s ize  and using a 

la rg e r , 3 in . x 5 in . d ia m e te r  N a l(T l)  c ry s ta l. T h is  la tte r  s e n s itiv ity  

rep res en ts  a 10 -15  fold in c rease  o ver that obtained w ith  the fo rm e r  c h e m i
cal separations technique. ^

The concentration  of the various rad io iso topes  in  a vegetation  

sam ple a re  ca lcu la ted  fro m  the "photopeak counting ra te s "  in the g a m m a -ra y  

sp ectru m , a fte r  m aking  the necessary  Com pton c o rre c tio n s .

The d e te rm in a tio n  re q u ire s  a ten m inute  counting m easurem ent plus 

10 to 15 m inutes fo r d is in te g ra tio n  ra te  ca lcu la tio n s . F o r  these short counting 

in te rv a ls  the re p ro d u c ib ility  appears to be about what one would p red ic t fro m  

counting s ta tis tic s .

T H E O R E T IC A L

G am m a ra y s  re s u ltin g  fro m  the decay o f rad io iso topes a re  em itted

w ith  d is c re te  energy values and undergo only s lig h t attenuation in m a te r ia ls

w ith  low atom ic n u m b e rs . These p ro p e rtie s  have p e rm itte d  quantita tive

g a m m a -ra y  s p e c tro m e tr ic  ana lys is  of c e rta in  m ix tu re s  of rad io isotopes in

sam ples o f tissue and bone fro m  e x p e rim e n ta l a n im a ls , in  vario u s  food
( 2  3 4)

m a te r ia ls  and also in hum ans. 8 8 '  By s im ila r  m ethods of ana lys is  it  is
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possible to q u a n tita tive ly  m easure  the rad io iso to p es , re s u ltin g  fro m  fa llou t  

o r o ther sources, on sam ples o f vegeta tion . The p rob lem  of m easuring  

ra d io ac tive  fa llo u t is s im p lif ie d  by the fact that the m ix tu re  of the fa llou t 

rad io isotopes is  g e n e ra lly  re s tr ic te d  to ra th e r  d e fin ite  com positions.

The in s tru m e n ta tio n  re q u ire m e n ts  and the p rin c ip les  involved in

the g a m m a -ra y  s p e c tro m e tr ic  ana lys is  of m ixed  g a m m a -ra y  e m itte rs  have

re c e n tly  been s u m m a rize d . ^  The equipm ent used in  th is  study is described

in d e ta il in the in s tru m en ta tio n  section . The bas ic  in s tru m en t used was an

R ID L  100 -channel an a ly ze r equipped w ith  a 3 in . x 3 in . so lid  N a l(T l)

c ry s ta l d e tec to r. A coincidence s p e c tro m e te r em ploying two 3 in . th ick  x 5 in.
103d ia m e te r c ry s ta ls  was used fo r the occasional m easurem ents  o f the Ru

* "d 1 ° 6  *•to Ru ra t io .

The g a m m a -ra y  spectrum  of " fre s h  fa llo u t"  rad io iso topes , present 

on vegetation  th ree  to four days a fte r  fiss io n  (see F ig u re  1), is the re s u lt  of 

a com plex m ix tu re  containing m any s h o rt- liv e d  rad io iso to p es . A qu an tita 

tiv e  g a m m a -ra y  s p e c tro m e tr ic  ana lys is  of the in d iv id u a l g a m m a -ra y  e m it 

ting  rad io iso topes in  such a m ix tu re  would be v e ry  d iff ic u lt .

About one w eek a fte r  fiss io n , m any of the s h o rt- liv e d  rad io isotopes  

have decayed, and a less com plex g a m m a -ra y  spectrum  is observed fro m  

a vegetation  sam ple (see F ig u re  2). A fte r  a th re e  to four week decay period , 

the s h o rt- liv e d  rad io iso topes have decayed to in s ig n ific a n t concentrations and

the g a m m a -ra y  spectrum  of a vegetation  sam ple  possesses five  c h a ra c te r is tic
. , 1 , • ox . * ri 141 „  144 t 131 „  103 „  106 „  95 __ 95photopeaks (see F ig u re  3) due to Ce -C e  , I  , Ru -R u  , Z r  -N b  ,

140 140and Ba -L a  . F ro m  th is  tim e  u n til the isotopes have decayed below

detection, it  is possib le to m easure  them  w ith  reasonab le  accuracy  fro m  the
131g a m m a -ra y  spectrum  of the sam ple . The concentrations of I  and 

140 140Ba -L a  on " fas t grow ing" vegetation  d ecrease  m o re  ra p id ly  than would  

be p red ic ted  fro m  th e ir  h a lf - l iv e s  and th e ir  c h a ra c te r is t ic  7 - r a y  energ ies  are  

not usu ally  present in  the g a m m a -ra y  spectrum  of vegetation  sam ples co llected  

two months a fte r  fa llo u t. H o w ever, the concentrations of the isotopes in the
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sp e c tra  observed h e re  a re  in  fa ir  ag reem ent w ith  the isotope concentrations  

c a lc u la te d ^  fo r va rio u s  tim e s  a fte r  fiss ion .

In  addition to occasional la rg e  am ounts o f 11 fre s h  fa llo u t18 fro m  tests

in Nevada, th ere  is a continual slow  fa llou t of rad io iso topes fro m  atom ic

detonations at m o re  re m o te  locations on the globe. The m a te r ia l fro m  these
141 -144tests  consists la rg e ly  o f the longer lived  rad io iso to p es , Ce ,

D 103 -1 06  , 7  95 __ 95 , , . ..Hu , and Z r  -N b  , and does not u su a lly  contain s ign ifican t amounts
- „  140 T 140 ,131of Ba -L a  or I

The g en era l m ethod em ployed fo r m eas u rin g  the concentrations of

the va rio u s  rad io iso topes is g ra p h ic a lly  i llu s tra te d  in  F ig u re  4. The counting  
140 140ra te  at the Ba -L a  photopeak is d ire c t ly  p ro p o rtio n a l to the am ount of

140 140 96 96
Ba -L a  p resen t. The 88net counting r a te 81 at the Z r  -N b  photopeak

140 140re q u ire s  a c o rre c tio n  fo r  the con tribu tion  fro m  Ba -L a  and m ay also

re q u ire  a s m a ll c o rre c tio n  fo r some of the o th er isotopes. S im ila r  c o r re c -
103—106 131tions a re  re q u ire d  fo r  the counting ra te  m easu rem en ts  of Ru ~ , I  ,

141 -144and Ce at th e ir  photopeaks. A fte r  these "Com pton c o rre c tio n s ”8

have been m ade, the 88net counting ra te s 88 of the c h a ra c te r is t ic  photopeaks 

a re  p ro p o rtio n a l to the am ount o f the rad io iso tope p resen t.

131In  o rd e r to obtain a m axim um  counting e ffic ien cy  fo r I  , w ith  a

m in im u m  counting ra te  fro m  the n a tu ra l ra d io a c tiv e  background plus the

Com pton fro m  h igher energy g a m m a -e m itte rs  in  the sam ple , a ra th e r  n a rro w
131energy in crem en t w hich  contained only the cen te r portio n  of the I  photo

peak was used. Th is  energy in crem en t and the energy  increm ents  used fo r  

m easuring  the o ther fa llo u t rad io isotopes a re  ind icated  in  F ig u re  4.

A discussion of the sp ec ific  conditions fo r  m aking the 7 - r a y  s p e c tro 

m e tr ic  m easurem ents  and the m ethods used fo r  c a lib ra tin g  the equipm ent 

and ca lcu la ting  the d is in te g ra tio n  ra te s  a re  included in  the e x p erim en ta l 
section .
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IN S T R U M E N T A T IO N

An R ID L  1 00 -chann el an a ly ze r equipped w ith  a N a l(T l)  detector  

was used fo r the g a m m a -ra y  s p e c tro m e tric  m easu rem en ts , A photograph  

of the a n a ly z e r, d e te c to r, and associated  lead  sh ie ld  is shown in F ig u re  5,

It  w il l  be noted that an R ID L  pulse g en era to r is also included in F ig u re  5. 

Th is  in s tru m e n t, although not used in  the s p e c tro m e tr ic  m easu rem en ts , 

was re q u ire d  fo r m aking  sen s itive  ze ro  ad justm ents and p erio d ic  l in e a r ity  

m easurem ents  on the a n a ly z e r. The g en era l opera tions of the R ID L
(7)

1 0 0 -channel an a ly ze r is included in the in s tru c tio n  m a n u a l. ' '

The d e te c to r-s a m p le  a rran g em en t is  also shown in  F ig u re  5. The  

detector is a 3 in . x 3 in , N a l(T l)  c ry s ta l (H arsh aw  C h em ica l Com pany) 

m ounted on a 6363 D uM ont m u lt ip lie r  phototube. The sam ple con ta iner, 

a 9-ounce glass ja r ,  is cen tered  d ire c t ly  on top o f the c ry s ta l.

The ’’ ze ro  se ttin g ” o f the an a lyze r is  m ade by adjusting its  energy  

response to p e rm it z e ro  energy to coincide w ith  the lo w er edge of channel 

one. Th is  is achieved by feeding 9 0 -v o lt pulses and then 1 0 -v o lt pulses fro m  

the pulse g en era to r into  the an a ly ze r and adjusting  the mlo w er le v e l se tting” 

o f the an a ly ze r so these pulses fa ll  at the lo w e r edge o f channels 90 and 10, 

re s p e c tiv e ly .

A high vo ltage of about. 900 vo lts  was used on the m u lt ip lie r  photo-
1 31tube and was adjusted to cen ter the 0, 356 M ev  I  photopeak in  channel 12. 

Th is  provides a channel w id th  o f about 0. 031 M ev .
106F o r  m aking the Ru m easu rem en t, a coincidence s p e c tro m e te r  

em ploying two la rg e  N a l(T l)  detectors  was used. The th eo ry  and opera tion  

o f a coincidence s p e c tro m e te r has been describ ed  p rev io u s ly . ^  The  

detectors  and sam ple  a rran g e m en t a re  i llu s tra te d  in  F ig u re  6 . The detec

to rs , two 3 in . x 5 in . d ia m e te r N a l(T l)  c ry s ta ls  m ounted on 6364 DuM ont 

m u ltip lie r  phototubes, v iew  the sam ple w hich is  p laced d ire c tly  between  

them .
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D e te c to r

F IG U R E  5

S p ectro m ete r System  Showing 
Location  of D e tec to r and Sam ple in  Lead  Shield

A E C -O S  R IC H L A N D , W A S H .
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L>;tectors

F IG U R E  6

D e te c to r -  Sam ple A rra n g e m e n t  
of the Coincidence S p ectro m e te r

lE C 'G B  H IG H L A N D , W A S H .
U N C L A S S IF IE D
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106The Ru m easu rem en ts  w ere  m ade using p u lse -h e ig h t an a lyze r

window w idths o f th re e  vo lts  (about 0 .0 9 0  M ev) w ith  m u lt ip lie r  phototube

voltages of about 900 v o lts , and a m p lif ie r  gains su ffic ien t to cen ter the
106c h a ra c te r is t ic  0 . 513 and 0. 624 M ev  photopeaks o f Rh in  these windows

at pulse heights of 1 6 .9  and 20. 5 v o lts , re s p e c tiv e ly . The re s o lv in g  tim e  of

the coincidence an a ly ze r was 0 . 25 p sec. The coincidence background under

these conditions was 0 .1 4  c /m . The reso lu tio n s  of the two 3 in . x 5 in .

d ia m e te r N a l(T l)  m u lt ip lie r  phototube d etec to rs  w e re  12 to  13 p er cent at 
137the Cs photopeak. The counting e ffic ien cy  (counting ra te /a b s o lu te

106d is in te g ra tio n  ra te ) fo r  Ru under these conditions was about 0 .0 2 5  per cent.

E X P E R IM E N T A L

A 3 in . d ia m e te r  by 3 in . th ic k  N a l(T l)  c ry s ta l was chosen fo r  th is  

study since i t  provided good reso lu tio n , reaso n ab le  s e n s itiv ity , and was  

ava ilab le  in  conjunction w ith  a m u ltichan ne l a n a ly z e r. A nine ounce bottle  

(2. 9 in . d ia m e te r by 3. 5 in . high) was used as a sam ple  con ta iner. A 

conta iner of th is  s ize  w i l l  hold betw een 150 and 200 g ram s of sage brush  

g reen s .

A b r ie f  study w ith  la rg e r  c ry s ta ls  and sam ples ind icated  that a

h igher s e n s itiv ity  than that ava ilab le  w ith  a 3 in . x 3 in . c ry s ta l and a
131nine ounce con ta iner was possib le . The counting ra te  at the I  photopeak

was increased  by a fa c to r of about 1 .7  by doubling the sam ple s ize  and

using a 16 -ounce b o ttle  as a co n ta in er. The use of a la rg e r  c ry s ta l,

3 in . x 5 in . d ia m e te r , and the nine ounce con ta iner increased  the counting

ra te  by a fac to r o f 2 .3 .  The use o f both the la rg e r  sam ple  and c ry s ta l
131provide a fo u r -fo ld  in c re a s e  in  the counting ra te  at the I  photopeak.

131These I  photopeak counting e ffic ien c ies  a re  com parab le  w ith  the 

3 in . x 3 in . c ry s ta l, nine ounce con ta iner com bination  in  Tab le  I.
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T A B L E  I

R E L A T IV E  C O U N T IN G  R A T E S  A T  T H E  I 131 P H O T O P E A K

F O R  V A R IO U S  C R Y S T A L  AN D  S A M P L E  S IZES

Sam ple Size

9 ounce bottle  (1 un it I*

16 ounce bottle  ( 2  un its  I*
1319 ounce bottle  (1 unit I  ) 

16 ounce bottle  ( 2  un its  I*

D e tec to r Size

3" x 3"

3" x 3"

3” x 5" d ia m e te r  

3" x 5" d ia m e te r

R e la tiv e  
Counting R ate

1

1 .7  

2 .3  

4. 0

The g a m m a -ra y  sp ec tra  obtained fo r these com binations are  

com pared in  F ig u re  7.

Although the la rg e  c ry s ta l does prov ide  a h igher counting e ffic ien cy
137it has the disadvantage of low reso lu tio n  (about 12 per cent at the Cs 

photopeak com pared w ith  9. 5 per cent fo r  the th re e  inch c ry s ta l) and about 

tw ice  the background counting ra te . The background sp ectra  fo r the  

3 in . x 3 in . and 3 in . x 5 in . c ry s ta ls  a re  com pared  in  F ig u re  8 .

In  spite o f the high background and low reso lu tio n  obtained w ith  a 

la rg e  c ry s ta l, it  is apparent that a g re a te r  s e n s itiv ity , probably a fac to r of 

two to th re e , could be obtained if  the la rg e r  c ry s ta l and sam ples w e re  used.

C A L IB R A T IO N S

The g a m m a -ra y  s p e c tro m e te r was c a lib ra te d  fo r the d e te rm in a tio n  

of fa llo u t rad io iso topes by m easu rin g  the counting e ffic ien cy  of standard ized  

aqueous solutions o f the ra d io c h e m ic a lly  pure isotopes in  nine ounce bo ttles . 

I t  was fe lt  that th is  m ethod of c a lib ra tio n  was b e tte r  than try in g  to u n ifo rm ly  

d is trib u te  a rad io iso tope over 150 g ram s of vegeta tion  in  a nine ounce bo ttle . 

Both w a te r and vegeta tion  a re  composed of low atom ic  num ber m a te r ia l;
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 3"x 3" DIAMETER CRYSTAL
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FIGURE- 7
GAMMA-RAY SPECTRA OF DIFFERENT  
SAMPLE AND CRYSTAL COMBINATIONS.
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th e re fo re , th e ir  attenuation o f g a m m a -ra y s  would be expected to be v e ry  

s m a ll and about equal. T h is  assum ption was checked by m easuring  the  

g a m m a -ra y  spectrum  o f a 125 g ram  sam ple o f vegeta tion  in  a nine ounce 

b o ttle , then adding 75 m l of w a te r and re -m e a s u r in g  the spectrum . The  

two sp ec tra  agreed at e v e ry  point w ith in  e x p e rim e n ta l e r r o r .

The g a m m a -ra y  sp ec tra  of ra d io c h e m ic a lly  pure sam ples of 

isotopes found in fa llo u t, m easured  as aqueous solutions in  nine ounce 

b o ttles , a re  included in Appendix A . The a re a  of the photopeaks used fo r  

the m easurem ents of these isotopes is ind icated .

The s tandard ized  rad io iso topes used fo r  these ca lib ra tio n s  w ere  

ca lib ra te d  by beta counting.

The g a m m a -ra y  counting e ffic ien c ies  o f these rad io isotopes at 

th e ir  photopeaks a re  s u m m a rize d  in  T ab le  I I .  A lso  included in T ab le  I I  

a re  the fra c tio n s  o f the photopeak counting ra te s  in  o ther channel in te rv a ls  

0^  w here  "Com pton co rrec tio n s"  m ay be needed. The wphotopeak counting

e ffic ien cy  fac to rs" lis te d  in  Tab le  I I  a re  equal to the absolute d is in te g ra tio n  

ra te s  divided by the observed  counting r a te s . A d is in te g ra tio n  ra te  is thus 

calcu la ted  fro m  the observed  photopeak counting ra te  by m u ltip ly in g  by th is  

fa c to r a fte r  any n ecessary  Com pton c o rrec tio n s  a re  m ade.

A s im ila r  co m p ila tio n  s u m m a riz in g  the photopeak counting e ffic ie n -
141 144cies and Com pton c o rre c tio n  fac to rs  fo r m ix tu re s  of Ce -C e  and

„  103 _  106 . . . _  . . _ T Ru -R u  is g iven in  T ab le  I I I .



T A B L E  I I

PH O TO  P E A K  C O U N T IN G  E F F IC IE N C IE S  A N D  C O M P T O N  C O R R E C T IO N  F A C TO R S

Photopeak
Counting
E ffic ie n c y

Compton C o rre c tio n  F a c to rs , S ^ p T a l f c / M

Isotope
H a lf - l i fe ,

Days

Photopeak
E n ergy
M e v ^ '

Photopeak
Channels 1

s
s

fe
« 

ef 
j

CD

Channels
4 - 5

Channel
1 2

Channels  
16 -  17

Channels  
24 -  26

C e 1 4 1 32 0 .1 3 4 4 - 5 34. 98

C e 1 4 4 - P r 1 4 4 290 0 .1 4 5 4 - 5 2 2 3 .2 1 * 0 . 0 1 1 0 0 .0 1 2 4 0 .0 1 6 1

j l  31
8 . 05 0. 364 1 2 51. 33 0. 593 0. 0215 0 .0 1 5 6

„  103 Ru 40, 0 0. 498 16 -  17 36. 59 0. 369 0 .0 8 2 2

„  106 Ru 365 0. 513 16 -  17 197. 62 0 . 6 8 6 0. 152 0 .0 5 2 5
„  95 95 Z r  -N b 63. 3 0. 754 

and 
0. 764

24 -  26 4 2 .3 7 * 0 .321 0 . 1 2 1 0. 215

B a 1 4 0 - L a 1 4 0 1 2 , 8 1 . 60 51 -  55 2 0 2 .4 3 * 1, 877 0. 545 1. 735 0. 599

K 4 0 4, 7 x 10U 1. 46 45 -  50 904 .97 0. 663 0. 189 0. 230 0. 205

*  M u ltip ly in g  by th is  fa c to r g ives the D /M  of the eq u ilib riu m  m ix tu re .

-1
9

-
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T A B L E  I I I

P H O T O P E A K  C O U N TIN G  E F F IC IE N C IE S  A N D  C O M P T O N  C O R R E C T IO N  F A C T O R S  

FO R  M IX T U R E S  O F C e 1 4 1 -C e 1 4 4  A N D  F O R  R u 1 0 3 -R u 1 0 6

Photopeak
Counting

io q  inR E ffic ie n c y  Com pton C o rre c tio n  F a c to r
Ru : Ru F a c to r  D /M  Channels Channel Channels  

R atio  ________ C /M  4 - 5  12 16 -  17

Com pton C /M  
Photopeak C /M  

Channels  
24 -  26

Ce

3:1 46. 3 0 . 3 8 8 0 . 0 9 1 8 0 . 00305

2 : 1 50. 6 0. 395 0 . 0 9 3 5 0 . 0044 5

1 : 1 62.1 0 . 419 0 .0981 0. 00820

1 : 2 8 0 . 4 0 . 455 0 . 1 0 5 0 .0142

1:4 105.  3 0. 504 0 . 1 1 5 0 .0223

1 : 1 0

141 _  0  144 : C e -P r
R atio

141 .3 0. 574 0 . 1 3 0 0 .0341

3:1 44.  9 0 . 0006 90 0 . 000686 0.000891

2 : 1 50.1 0 . 00 0 8 8 6 0 . 0009 98 0 . 00130

1 : 1 63 . 0 0 . 0 0 1 6 4 0 . 00185 0 . 0024 0

1 : 2 83. 7 0 . 0 0 28 5 0 . 00322 0 . 0 04 1 8

1:3 99.  8 0 . 0 0 34 0 0 . 0 04 2 8 0 . 00555

1:4 112.  5 0 . 0045 3 0.00511 0 . 00663

1 : 1 0 154.  8 0 . 00701 0 . 00790 0 . 0103
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M E A S U R E M E N T  O F  C e 1 4 1 ~ 1 4 4  A N D  Ru1 0 3 -R u 1 0 6  IS O T O P E  R A TIO S

140 140F o r  g a m m a -ra y  s p e c tro m e tr ic  ana lys is  o f m ix tu re s  o f Ba -L a  ,
„  95 „  95 _  103 -106  T131 , _  141 -1 44Z r  -N b  , Ru , I  , and Ce on veg eta tion , it  is n ecessary
. . .. .. ,  0  103 . _  106 , ,  „  141 . „  144 „  1 -to know the ap p ro x im ate  ra tio s  of Ru to Ru and of Ce to Ce - P r

103 106The g a m m a -ra y  energ ies  respo nsib le  fo r  the p r in c ip a l Ru and Ru
141 144photopeaks ( 0 . 4 9 8  and 0. 513 M ev , re s p e c tiv e ly ) and the Ce and Ce

photopeaks (0 . 145  and 0 . 1 3 4  M ev , re s p e c tiv e ly ) a re  not reso lved  by the

sp e c tro m e te r and they appear in  a spectrum  as sing le  peaks (see F ig u re  4);
, .. . ,  „  103 . „  106 141 144how ever, the sp ec tra  o f Ru and Ru and o f Ce and Ce a re  so m e

what d iffe re n t, and it  is n ecessary  to know the ap p ro x im ate  ra tio s  o f these
131isotopes in  the sam ples o f in te re s t i f  a high s e n s itiv ity  fo r I  is to be

141 144obtained. An occasional m easu rem en t of the ra tio s  o f Ce to Ce and 
103 106of Ru to Ru is su ffic ien t since these ra tio s  do not v a ry  g ro s s ly  in

fa llo u t over a given a re a , and a re la t iv e ly  la rg e  change in  the ra tio s  has
131only a s m a ll e ffec t on the s e n s itiv ity  o f an I  d e te rm in a tio n . The ceriu m

isotopes a re  e a s ily  sep arated  fro m  veg eta tion  sam ples by conventional ra d io -
141 144ch em ica l m ethods and the ra t io  o f the Ce :Ce can be m easured  by beta  

counting techniques o r by g a m m a -ra y  s p e c tro m e tr ic  an a lys is . The ru th e 

nium  rad io iso topes a re  ra th e r  d iff ic u lt  to sep ara te  fro m  la rg e  vegetation

sam ples; how ever, i t  has been found possib le to independently d e te rm in e  
106the Ru in the nine ounce bottled  sam ples by m easu rin g  the coincidence

106counting ra te  o f the Ru 0. 513 and 0. 624 M ev  photon cascade.

The coincidence counting a rran g e m en t fo r the m easu rem en t o f Ru*®^

in a nine ounce bo ttle  of vegetation  w ith  two 3 in . x 5 in . N a l(T l)  detectors

is  shown in F ig u re  6 . The opera tion  of the coincidence s p e c tro m e te r and

the re q u ire d  in s tru m e n t setting  a re  discussed in the in s tru m en ta tio n  section.

The o v e ra ll coincidence counting e ffic ien cy  o f the in s tru m e n t is m easured
106by counting a standard  aqueous sam ple o f Ru in  a nine ounce b o ttle . The  

sam ple to be analyzed  is then counted.
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106The coincidence counting e ffic ien cy  fo r  Ru is low , 0 . 0 2 5  p e rc e n t. 

T h is  is p a rt ly  due to its  decay schem e since only 11 p er cent o f the d is in te g ra 

tions include these coincidence photons^1 but is a lso  due to the obviously

poor g eo m etry  affo rd ed  by such a la rg e  sam p le . The counting ra te  was high
106enough, how ever, to p e rm it  reasonab ly  acc u ra te  Ru d e te rm in a tio n  fro m  

an overn ight count.

To d e te rm in e  the in te rfe re n c e  fro m  the o ther fa llo u t rad io isotopes  

in  the coincidence m easu rem en t o f R u193, the coincidence counting ra te s  

of pure sam ples o f each of these rad io iso topes w e r e  m easu red . The co in c i

dence counting e ffic ie n c ie s  o f these isotopes a re  com pared  w ith  R u 1 9 9  in  

Tab le  IV .

T A B L E  IV

C O M P A R IS O N  O F  T H E  C O IN C ID E N C E  C O U N T IN G  E F F IC IE N C IE S

O F  O T H E R  F A L L O U T  R A D IO IS O T O P E S  W IT H  R u 1 0 6

Coincidence ^ 
Isotope Counting E ffic ie n c y , x 10

Ru1 0 6  2 . 4 8

B a 1 4 0 - L a 1 4 0  0 . 7 1 6

Ru 1 0 3  < 0 . 0 0 1

Z r 9 5 - N b 9 5  < 0 . 0 0 1

I 1 3 1  < 0 . 0 0 1

C e 1 4 1  < 0 . 0 0 1

C e 1 4 4  < 0 . 0 0 1

The data in  T ab le  IV  ind icate  a n eg lig ib le  in te rfe re n c e  in  the

coincidence counting o f R u 1 9 3  fro m  a l l  the isotopes except B a 1 4 9 - L a 1 4 9 .
140 140Since B a -L a  is m easu red  d ire c t ly  fro m  the g a m m a -ra y  sp ec tru m , a 

c o rre c tio n  fo r its  con tribu tion  can e a s ily  be m ade. T h is  w il l  only be neces 

s a ry  in  re la t iv e ly  fre s h  fa llo u t m a te r ia l.
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106The Ru d is in te g ra tio n  ra te  is ca lcu la ted  fro m  the coincidence  

counting ra te  by the fo llow ing  equation.

( 1 )
106

D /M  R u * ^  -  D / M  of Ru standard  x "net coincidence C /M  of sam ple"
coincidence C /M  standard  Ru

N et coincidence C /M  of sam ple =

observed C /M  -  D /M  B a * ^ - L a " L‘±u x (B a ±‘±u-La"L‘±u coincidence
counting e ffic iency)

= observed C /M  - ( D / M  B a ^ ^ - L a ^ ^  x 7 . 1 6  x 10 ^ )

D IS IN T E G R A T IO N  R A T E  M E A S U R E M E N T S  

140The L a  photopeak at 1. 60 M ev is used as a m easu re  of the  
140 140Ba -L a  content o f the sam ple . The con tribu tion  fro m  o ther fa llo u t

rad io iso topes at th is  energy appears to be co m p le te ly  n eg lig ib le ; thus, the
140 140counting ra te  at 1 . 6 0  M ev peak is  p ro p o rtio n a l to the Ba -L a  content.

140 140The d is in te g ra tio n  ra te  of Ba -L a  is ca lcu la ted  by m u ltip ly in g  the
140 140observed counting ra te  in  channels 51 to 55 by the Ba -L a  counting  

e ffic ien cy  fac to r (T a b le  I I ) .

( 2 )

D /M  B a ^ ^ - L a ^ ^  = 2 02 . 4  x C / M  in  channels 51 to 55.
95 95 103 -106

The m ethod se lec ted  fo r ca lcu la ting  the Z r  -N b  , Ru ,
141 -1 44  131Ce , and I  content of a sam ple m ay depend on the average age of

the m ix tu re  being m easu red . F o r  re la t iv e ly  fre s h  m a te r ia l the con tribu tion  

to the g a m m a -ra y  spectrum  of a sam ple fro m  rad io ru th en iu m  and ce riu m  is
I 0 o 14.1 1 n o  141

a lm o st e n tire ly  due to Ru and Ce . Since both Ru and Ce have
106 144high e ffic ien c ies  (see T ab le  I I )  com pared w ith  Ru and Ce , and since

they do not e m it g a m m a -ra y s  of energ ies g re a te r  than 0 . 4 9 8  (and som e 0 . 611 )

and 0 . 1 45  M ev , re s p e c tiv e ly , the ra d io ru th en iu m  and ceriu m  o ffe r a lm ost
131no in te rfe re n c e  in  the m easu rem en t of h igher energy  photopeaks. The I

95 95 103-106
does o ffe r a s m a ll in te rfe re n c e  at the Z r  -N b  and Ru photopeaks,
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131but th is  is neg lig ib le  w here  the I  photopeak is s m a ll com pared w ith  the 

Z r ^ - N b ^  and R u * ^  * *̂® peaks (see s p e c tra , Appendix A ). F o r  such 

sam ples the observed counting ra te  m easu rem en t at each photopeak re q u ire s  

Com pton co rrec tio n s  only fo r  those rad io iso topes w hich have h igher energy  

photo peaks.

I t  w il l  be shown la te r  that even fo r  sam ples that do contain c o n s id e r-  
144 106able amounts o f Ce and Ru , only a s m a ll e r r o r  in  the net counting 

ra te  m easurem ents is produced by neg lecting  th e ir  contribution  to h igher  

energy photopeaks.

106 144W here Ru and Ce a re  respo ns ib le  fo r a m a jo r  fra c tio n  o f the
131ru then ium  and c e riu m  photo peaks, a m o re  p re c is e  m easu re  of the I

* * n 7  95 , t195 _  103 -106  , _ 141 -144  . . .content as w e ll as the Z r  -N b  , Ru , and Ce content of

the sam ple is obtained i f  an equation re la tin g  the m utual in te rfe re n c e  of

these rad io isotopes is used in  ca lcu la ting  th e ir  d is in te g ra tio n  rates.

The g en era l p rob lem  of m aking in te rfe re n c e  co rrec tio n s  in  a four 

component system  is discussed in Appendix B . The equations fo r c a lc u la 

ting  the net counting ra te s  o f these isotopes invo lves the solution of four  

sim ultaneous equations w ith  four unknowns. The g en era l solutions of these  

equations a re  included in Appendix B . Although these equations a re  com plex  

because o f the la rg e  num ber of constants invo lved , they becom e v e ry  s im p le  

when the n u m e ric a l values o f these constants a re  substituted into the 

equations.

Substituting the "Com pton c o rre c tio n  va lu e ’* (fro m  Tab les I I  and I I I )  

fo r  R u * ^ - R u * ^  and Ce* ' * * -Ce* ' * ' *  ra tio s  o f 2:1 and 1:3,  re s p e c tiv e ly , (the 

ra tio s  observed in  th is  study) the equations fo r  ca lcu la tin g  net counting  

ra te s  a re ;
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ok qr;* , q 5 q c;
C /M  Z r  -N b  = K x C /M  at Z r  -N b  photopeak -  (contributions

,  D 106 131 „  144,fronn Ru -  I  -  Ce )

= 1. 004 x C /M  in channels 24 through 26 -  ( 0 .00113  C / M  in (3)

channels 16 and 17 + 0 . 0123 6  x C / M  in channel 12 +

0 . 0055 2  x C / M  in channels 4 and 5)

C /M  Ru103 ' 106*  = 1 . 0 0 4  x C / M  in channels 16 and 17 -  (0. 2125 x

C / M  in channels 24 through 26 + 0. 0165 x C / M  in channel 12 + (4)

0 . 0 030 6  x C / M  in channels 4 and 5)

I O I *
C / M  I  = 1. 004 x C / M  in channel 12 -  (0. 1012 x C / M  in channels

24 through 26 + 0 . 0926  x C / M  in channels 16 and 17 + (5)

0 . 00246  x C / M  in channels 4 and 5)

C /M  C e 1 41 - 144*  -  1 . 0 0 4  x C / M  in channels 4 and 5 -  ( 0 . 1784  x C / M

in channels 24 through 26 + 0. 3413 x C / M  in channels 16 and ( 6 )

0 * .  17 + 0 .5851  x C / M  in channel 12)

The d is in te g ra tio n  ra tes  of the above rad io iso topes a re  ca lcu la ted  

fro m  th e ir  ’'net counting ra tes"  by m u ltip ly in g  by th e ir  resp e c tive  counting  

e ffic ien cy  fac to rs  (T ab les  I I  and I I I ) .
103F o r  sam ples w hich  contain r e la t iv e ly  la rg e  am ounts of Ru and

141 106 144Ce com pared w ith  the Ru and Ce , the con tribu tion  to h igher energy

peaks by ra d io c e riu m  and ru then ium  becom es n e g lig ib le , and the equations

assum e the s im p lif ie d  fo rm s  w hich fo llow . The c o rre c tio n  fo r any co n trib u -  
140 140

tion  fro m  Ba -L a  is included in these equations.

140 140*  I f  Ba -L a  w e r e  p resen t, a c o rre c tio n  fo r its  in te rfe re n c e  would  
be m ade b e fo re  applying these equations (see equations 7 through 10).
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qk  q c
C / M  Z r  -N b  = C / M  in channels 24 through 26 -  (0 . 599 x C /M  in

channels 51 through 55) ^

C /M  R u * * ^  = C /M  in channels 16 and 17 -  ( 1 . 7 35  x C / M  in channels

51 through 55 + 0. 215 x C /M  in channels 24 through 26) ^

131
C /M  I  = C /M  in channel 12 -  (0 . 545 x C /M  in channels 51 through

55 + 0 . 121  x C / M  in channels 24 through 26 + 0 . 0935  x C / M  (9) 

in  channels 16 and 17)

, 1 4 1 _ i 4 4
C / M  Ce = C / M  in channels 4 and 5 -  (1 . 877 x C /M  in channels

51 through 55 + 0. 321 x C /M  in  channels 24 through 26 + 0.395  

x C / M  in channels 16 and 17 + 0 . 5 9 3  x C / M  in channel 12)

The constants in  these equations a re  taken  fro m  Tab les  I I  and I I I ,
. D 103 -106  141 -144  .. . t _ .. .fo r the Ru and Ce ra tio s  of 2:1 and 1:3,  re s p e c tiv e ly .

Equations 3 through 6 involve no app ro x im ations  and give the u l t i 

m ate s e n s itiv ity  in ca lcu la tin g  d is in te g ra tio n  r a t es  fro m  the g a m m a -ra y

spectrum  of m ix tu re s  of these isotopes. These equations a re  obtained fo r
.. „  103-106  , „  141 -144  . . , , ... .. ..o ther Ru and Ce m ix tu re  by substitu ting  the p ro p er Compton

c o rre c tio n  values fro m  T ab le  I I I  into equation A -D  of Appendix B.

The use o f these p re c is e  equations does p e rm it  a m o re  accurate
131m easu rem en t o f the fa llo u t isotopes and I  ,* how ever, the increased  accu-

95 95r acy  is not s ig n ifican t fo r m ost sam ples . The concentrations of Z r  -N b  , 
r u103 106^ an(j c e 141 144 w ere  ca i cui at ed fo r  a set of five  ty p ic a l

sam ples by use of the p re c is e  equations 3 through 6 , and also by use o f the
103 106ap p ro xim ate  equations 7 through 10. The ra tio s  of Ru to Ru and 

141 144Ce to Ce w e r e  about 2:1 and 1:3,  re s p e c tiv e ly . The values obtained  

are  su m m arized  in T ab le  V .

o § n g g g g 8 S g L
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t a b l e  v

C O M P A R IS O N  O F  T H E  C O N C E N T R A T IO N S  O F F A L L O U T  IS O TO P E S  

C A L C U L A T E D  B Y  T H E  P R E C IS E  A N D  A P P R O X IM A T E  E Q U A TIO N S

C alcu la tion
M ethod Z r 9 5 -N b 9 5

(p c /g ra m  x 1 0 9 ]

„  103 106 Ru

)

I 131 C e 1 4 1 " 1

P re c is e 2 2 . 2 7. 43 4. 01 50 .1

A p p ro x im a te 2 2 . 0 7. 29 3. 95 50. 4

P re c is e 47. 9 1 1 .9

oo

73. 2

A p p ro x im ate 47. 7 1 2 . 1 6 . 61 75. 8

P re c is e 76. 0 29. 9 6 . 74 149

A p p ro x im ate 75. 4 29. 6 6 . 57 149

P re c is e 20. 9 6 . 32 1 . 60 46. 7

A p p ro x im ate 20. 7 6 . 23 1. 54 46. 9

P re c is e 20. 7

00COCD 1 . 1 2 40. 7

A p p ro x im ate 2 0 . 6 6 . 32 1. 07 40. 9

T a b le  V  shows that a v e ry  s m a ll e r r o r  is  produced in the m e a s u re 

m ent of these isotopes by use of the ap p ro x im ate  equations. The e r r o r s  
131in the I  m easurem ents  appear re la t iv e ly  la rg e , but these e r r o r s  a re  

s m a ll com pared  w ith  the detection l im it  of 1 x 10  9 y c /g  which is  discussed  

la te r .
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N A T U R A L  R A D IO A C T IV IT Y

40The isotope K  is  p resen t in vegetation  at a re la t iv e ly  low specific

a c tiv ity  and it  is  possib le  to es tim a te  the concentration  of th is  isotope in
140 140sam ples which contain no Ba -L a  . To  obtain a m easurem ent of the  

40K content of sage brush , an 1800 g ram  com posite  sam ple  of old sage

brush  fro m  sam pling  zones through the a re a  was ashed, the ash p laced  in
40a nine ounce bottle  and the g a m m a -ra y  sp ectru m  m easured . A K s p e c i

f ic  a c tiv ity  of 1.18 x 10   ̂ p ,c /g ram  was found w hich ind icates a potassium

content of 1. 41 p e r cent of the fre s h  vegetation  w eight. T h is  concentration  
40of K  o ffe rs  only a s m a ll in te rfe re n c e  in  the m easurem ent of the fa llo u t

40isotopes since only 11 p e r cent of the K d is in te g ra tio n s  involve the e m is -
40

sion of a g a m m a -ra y . N eg lec ting  the in te rfe re n c e  fro m  K  would produce
“ 8  131an e r r o r  of about 5 x 10 p ,c /g ram  in an I  m easurem ent.

40The counting e ffic ie n c y  and Compton c o rre c tio n  fa c to rs  fo r  K  a re
40included in T ab le  I I .  A  g a m m a -ra y  sp ectru m  of K is  included in  

Appendix A.

O B S E R V E D  C O N C E N T R A T IO N S  A N D  E S T IM A T E D  D E T E C T A B L E          ----------------------
C O N C E N T R A T IO N S  O F  I  A N D  T H E  F A L L O U T  R A D IO IS O TO P E S

131The s e n s itiv ity  fo r  the m easurem ent of I  and each of the fa llo u t  

rad io isotopes in  a vegetation  sam ple depends on the concentrations of the 

other rad io isotopes in the m ix tu re , and it  is  th e re fo re  im possib le  to state  

detection lim its  w hich w il l  cover a l l  sam ples.

The detectable am ount of each isotope in a sp ec ific  sam ple can be

ca lcu la ted  fro m  the va ria n c e  of the m easurem ents . W here  a s m a ll in te r  -
40fe re n c e , such as n a tu ra l ra d io a c tiv ity  f ro m  K  , is  p resen t but is neglected  

in ca lcu la tin g  the rad io iso tope concentrations, the m agnitude of the in te r 

fe ren ce  m ust be considered  in e s tim a tin g  the detection  l im it .  A lso , since  

the exact ru then ium  and the c e r iu m  isotope ra tio s  fo r  each sam ple a re  not 

used in m aking a Com pton c o rre c tio n , the e r r o r  re s u ltin g  fro m  th is  source  

m ust a lso  be considered.
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T o  de te rm in e  the average s e n s itiv itie s  of the rad io isotope m easure

m ents and at the sam e t im e  obtain data on the concentrations of the fa llo u t

isotopes on vegetation , a s e r ie s  of about 90 vegetation  sam ples w ere
131obtained fro m  rou tin e  sam pling  locations and ana lyzed  fo r  I  and the fa llo u t 

rad io iso topes. The sam ples w ere  co llected  fro m  the vario u s  sam pling  zones 

in and around the H anfo rd  A to m ic  P roduct O perat.ions(see map in Appendix C). 

Ten vegetation a liquots fro m  each zone w e re  com posited into  150 gram s  

sam ples fo r  g a m m a -ra y  s p e c tro m e tric  an a lys is . The re s u lts  a re  included  

in Appendix C. The ap p ro x im ate  s e n s itiv ity  le v e ls , at the 97. 5 p e r cent 

confidence le v e l, a re  given in Tab le  V I.  The values a re  the quantities  of 

the rad io isotopes which would give an average  counting ra te  h ig h er than the 

background (Com pton counting ra te  plus background) 97. 5 p e r cent of the 

t im e .

T A B L E  V I

A P P R O X IM A T E  S E N S IT IV IT Y  L E V E L S  

F O R  T H E  F A L L O U T  R A D IO IS O T O P E S

R adio isotope D etec tion  L im it ,  |j.c /g ram  x 10

„  140 ,  140 B a -L a

r j  95 TVTV95 Z r  -Nb

Ru

,131

103-106*

Ce 141-144**

2. 5 

0. 64 

1.1 

0. 87

3. 3

*  Ru
* *  Ce

103,

141

106Ru ra t io  of 2:1
144Ce ra t io  of 3 :i
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DISCUSSIO N

131It  is  essen tia l that any ana lys is  of vegetation  fo r  I  and the fa llo u t  

isotopes be a f le x ib le  one, since la rg e  changes in concentrations as w e ll as 

com position m ay be produced by lo ca lize d  o r g e n era lized  fa llo u t fro m  w eap 

ons tes ting  locations in  Nevada o r o ther locations on the globe. G a m m a - 

ra y  s p e c tro m e tric  m easurem ents  provide an id e a l m ethod of an a lys is , since  

the addition of a s ig n ifican t amount of any g a m m a -e m ittin g  rad io isotope  

to the vegetation , e ith e r  fro m  fa llo u t, p lant opera tion , o r o ther sources, 

w il l  be observed in  the g a m m a -ra y  sp ectru m  of the sam ple. A lso , it  is

u su a lly  possib le to id en tify  and es tim a te  the concentration  of such isotopes.
137E xam ples  of such cases w ere  the observations of Cs in two vegetation

sam ples fro m  zone B (see Appendix C ). I t  was possib le  to a ttr ib u te  th is  
137Cs to plant operation .

131The detectable concentration  of I  would of course in c rease  i f  the

concentrations of the o ther rad io isotopes w ere  to in c rease . In fre s h  fa llo u t,
131th is  is not a p ro b lem  since la rg e  am ounts of I  a re  associated  w ith  the

131fa llo u t m a te r ia l and a low I  s e n s itiv ity  is  not re q u ire d .

As shown in the E x p e rim e n ta l section (see T ab le  I ) ,  the counting e f f i -  
131ciency of I  is  in creased  by using a la rg e r  c ry s ta l o r sam ple . These data

131ind icate  that the s e n s itiv ity  of the I  m easu rem en t m ight be in c rease d  by  

a fa c to r of two to th re e  by use of a 300 g ra m  sam ple  (16 ounce ja r )  and a 

3 in. x 5 in . d ia m e te r c ry s ta l.

131The u ltim a te  s e n s itiv ity  fo r  I  m easu rem en t could be obtained by

using a la rg e  w e ll c ry s ta l, perhaps 10  in . x 1 0  in. w ith  a th re e -in c h  w e ll fo r

counting a vegetation sam ple. I f  such a c ry s ta l could be obtained w ith  good
131reso lu tio n  p ro p e rtie s , the s e n s itiv ity  fo r  the I  m easurem ent m ight be 

in c reased  by a fa c to r  of ten.
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131The quantita tive  m easu rem en t of I  and the fa llo u t rad io isotopes in 

la rg e  vegetation  sam ples re q u ire s  that the rad io iso topes be reasonab ly  w e ll  

d is trib u ted  throughout the sam ple . I f  the m a jo r ity  o f the ra d io a c tiv ity  w ere  

concentrated in a "hot p a rtic le "  a gross e r r o r  in the m easured  rad io isotope  

concentrations could re s u lt , how ever, the re la t iv e  concentrations would be 

e ss en tia lly  c o rre c t. The m easurem ent o f s e v e ra l dup licate  vegetation  

sam ples (see Appendix C) showed exce llen t ag reem ent ind icating  that the 

rad io isotopes w ere  reasonab ly  w e ll d is trib u te d  on vegetation  sam ples.

A N A L Y T IC A L  P R O C E D U R E

A quantity of 150 g ram s of sage brush  o r o ther types of vegetation  to

be m easured  is cut and placed in  a nine ounce ja r .  It  is convenient to use a

hand press o f some type to aid  in  packing the vegeta tion  into the ja r .  The

z e ro  setting of the 1 0 0 -chann el a n a lyze r is checked as described  in  the

in stru m en ta tio n  section , and the phototube high voltage is adjusted to center 
131the I  photo peak (0 .3 6 4  M e v .)  in  channel 12. The g a m m a -ra y  spectrum  

of the sam ple is then m easured .

The background in  the channels o f in te re s t is subtracted  and the
„  140 . 140 . . . . . . . .  ~ 141 -144  _131Ba -L a  is ca lcu la ted  by use of equation 2. The Ce , I  ,
R u l0 3 -1 0 6 , an(j  Z r ^ -N b ® ^  a re  ca lcu lated  by use of equations 3 through 6 ,

o r by use of the ap p ro x im ate  equations 7 through 10.

141 144The average Ce -C e  ra t io  is d e te rm in ed  by p e r io d ic a lly  s e p a ra 

ting  the Ce fro m  a few  sam ples and m easu rin g  its  isotope ra t io  by e ith e r  

beta o r gam m a counting techniques.

103 106The average Ru -R u  ra t io  is d e te rm in e d  p e rio d ic a lly  fro m
106coincidence counting m easurem ents  of the Ru on a few  of the sam ples .

The over a ll counting e ffic ien cy  of the coincidence s p e c tro m e te r fo r Ru^ 

is f ir s t  m easured  by counting a standard  so lu tion  o f R u ^ ^  in a nine ounce 

bottle  fo r one hour (about 1 0 ,0 0 0  counts). The s tandard  is then rem oved  

and the sam ple counted overn igh t.
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106The d is in te g ra tio n  ra te  of Ru in  the sam ple  is ca lcu lated  by use of

equation 1. Subtract the con tribu tion  o f R u * ^  to the g a m m a -ra y  spectrum
103of the sam ple and ca lcu la te  the Ru content by equation 4 o r 8 .
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A P P E N D IX  A

G A M M A -R A Y  S P E C T R A  O F T H E  F A L L O U T  R A D IO IS O TO P E S

- _  141 _  144 t131 „  103 „  106 ^ 4 0  The g a m m a -ra y  sp ectra  of C e , Ce , 1 , Ru , Ru , K  ,
95 95 140 140and e q u ilib r iu m  m ix tu re s  of Z r  -N b  and Ba -L a  a re  presented  as

F ig u re s  9 through 16.
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FIGURE -  9  
Ce141 GAMMA-RAY SPECTRUM  
9oz. BOTTLE AQUEOUS SOLUTION, 
5 .3 5 5  x | 0 4 d /m .

AE C -O I R ICHLAND, WASH.
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CHAN N E L  N U M B E R

FIGURE -  10 
Ce144 -  P r 144 EQUILIBRIUM MIXTURE  
GAMMA-RAY SPECTRUM 9oz.  BOTTLE 
AQUEOUS SOLUTION, 4 .693 x I 0 5 d/m.

A IC > O I SICHLAHD, WASH. UNCLASSIFIED
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FIGURE -  II 
I 131 GAM MA-RAY SPECTRUM  
9oz. BOTTLE AQUEOUS SOLUTION, 
2 . 4 7 2  x I 0 4 d /m .

AKC-GE RICHLAND, WASH.
U N C L A S S IF IE D
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FIGURE -  12 
Ru103 GAMMA-RAY SPECTRUM  
9oz. BOTTLE AQUEOUS SOLUTION, 
3 . 7 8 5  x I 0 4 d /m .

AEC-QE RICHLAND. WASH. UNCLASSIFIED
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FIGURE -  13 
Ru106 GAMMA-RAY SPECTRUM  
9 oz. BOTTLE AQUEOUS SOLUTION, 
3 .4 0 6  x I 0 5 d /m .

AKC-eE RICHLAND, WASH.
U N C L A S S IF IE D
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FIGURE -  14 
Z r 95 -  Nb95 EQUILIBRIUM MIXTURE 
GAMMA-RAY SPECTRUM 9oz. BOTTLE 
AQUEOUS SOLUTION, 9 .4 9 0  x I04 d/m.

A IC 'O I  R IC KLAKD . WASH.

U N C L A S S IF IE D
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FIGURE -  15 
Bo140 -  L a 140 EQUILIBRIUM MIXTURE  
GAMMA-RAY SPECTRUM 9oz. BOTTLE  
AQUEOUS SOLUTION, 1.417 x I 0 5 d/m.

AE C -O I HIGHLAND. W A IH .
U N C L A S S IF IE D
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ENERGY INCREMENT FOR MEASUREMENT

20 30 40

C H A N N E L  N U M B E R
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FIGURE -  16 
K40 GAM M A-RAY SPECTRUM 
9oz. BOTTLE AQUEOUS SOLUTION,
3 .9 7  x I 0 4 d /m .

U N C L A S S IF IE D
AC C -OI RICHLAND. WASH.
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A P P E N D IX  B

M U T U A L  IN T E R F E R E N C E  C O R R E C T IO N S  IN  A  

F O U R  C O M P O N E N T  S Y S T E M

In  a case w here  fo u r rad io iso topes a re  to be m easu red  fro m  a gam m a - 

ra y  spectrum  and each o ffe rs  a con tribu tion  to the  counting ra te  at the photo

peaks of the o ther rad io iso to p es , the ca lcu la tio n  of the "net photopeak counting  

ra te s "  of the in d iv id u a l rad io iso tope re q u ire s  the so lution of fo u r sim ultaneous  

equations fo r  the fo u r unknowns.

A  g en era l so lution  fo r  the system  m ay be ca lcu la ted  as fo llow s:

L e t X ,  Y , Z ,  and W equal "net photopeak counting ra te s "  due to Ce"*'^1""*'^,
t131 „  103-106 . „  95 , T, 95 . . .  , A „  „  , _I  , Ru , and Z r  -N b  , re s p e c tiv e ly , and A , B , C , and D  equal

the observed counting ra te s  of the photopeaks fo r  the m ix tu re  (see

illu s tra tio n ).

<v
aJ

tifl
ti•r-t
tido
U

/ Y x / X y / X z f Xw

Z x Z y Y z Yw

A  < Wx i
B Wy c  ^ W z D ( Z w

X

X Y

X

Z

X
W

E n ergy

The  counting ra te s  X , X y , X z , and X w  a re  the counting ra te s  due
141-144 141 144to Ce and a re  in  a fixe d  ra t io  ( fo r  a g iven Ce to Ce m ix tu re ).

The sam e is  tru e  fo r  the Y 's ,  Z 's  and W ’s.

The ra tio s  of X y /X ,  X z /X ,  Y x /Y ,  etc. , a re  thus known constants  

(and a re  given in  T a b le s  I I  and I I I ) .
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L e t these constants equal through K 12.

K 1 

K ,

K 1 

K,

;1 =
Y x X

CO

ii

Z x
z K 3 =

W x
W

■4 =
X y
X K 5 ' K 6 = -S*
X z

K 8  =
Y z

K 9 =
W z

7 ~ X Y w
X w

K 11 =
Yw

K 1 2  =
Zw

1 0 X ~ Y ' z
F ro m  inspection  of the above illu s tra tio n  i t  is  apparent that X ,  Y ,

Z ,  and W a re  equal to the fo llow ing:

X  = A  -  (Y x , Z x , W x)

Y  = B -  (X y , Z y , W y)

Z  = C - (X z , Y z , W z)

W = D -  (X w , Y w , Z w )

Substituting in  the above K  va lues and a rra n g in g  the equations in  the 

fo rm  su itab le  fo r  so lv ing  by d e te rm in an ts , they become:

X  + K jY  + K 2Z  + K gW = A

K .X  + Y +  K , Z  + K CW = B  4 O b

K ?X  + K g Y  + Z  + K gW = C

K 1qX  + K U Y  + K 12Z  + W = D

Solving the above equations fo r  X ,  Y , Z ,  and W by determ in an ts  

gives the fo llow ing  equations:

X  = -A — Equation A

Y

A

A y. Equation B
A

Z  = Equation C

W  = Equation D
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The A  values a re  in  te rm s  of A , B , C , D , and the constants:

A = [K 5 (K gK jj -  K s) + K 12(K 6K 8 -  K s) + 1 -  K 6K u ] -  K J K . ,  (K gK u  -  Kg) +

K12(K 3K 8 " K 1K 9> + K 1 -  K 3K U 1 + K 7 I K 2 (K 6 K U  ‘  U + K 5<K 1 " K 3K 11> + 

K 12<K 3 " K 1K 6>] -  K 10 I K 2<K6K 8 '  V  + K 5(K 1K 9 ‘  K 3K 8> + K 3 " W

A x  = A [K 5(K 9K u  -  Kg) + K 12(K 6K g -  K g) + 1 -  K g K J  -  B [K 2<KgK u  -  Kg) +

K!2<K3K8 - K1K9> + K1 '  K3K11] + C tK2(K6Kll  " “  + K5<K1 " S V  + 

K12<K3 - K1K6>] - D tK2<K6K8 " K9> + K5<K1K9 " K3K8> + K3 " W

A y  = A [K 12(K 4K g -  K 6K ?) + K 5(K ? - K gK 10) + K 1()K 6 - K j  + B [K ?(K 12K 3 - K 2>

K 10(K 2K 9 '  K 3> + 1 -  K 9K 12] + C r K 12(K 6 ‘  K 3K 4) + K 5(K 10K 3 " 1} +

K 2(K 4 " K 6K 10^ + D t K 5<K 9 " K 7K 3> + K 2(K 7K 6 " K 4K 9 ) + K 4K 3 '  ^

A z  = A [ K 4 (K 8  -  K gK u ) + K 7 (K 6 K n  - 1) + K 1Q(K g -  KgK g)] + B [ K ^  -  K g K ^  +

K10<K3K8 " K1K9) + K9K11 - K8] + C rK4<K3Kll ’ KV + K10<K1K6 '  K3> +
1 -  K 6 K u ] + D  [ K 4 (K 1K g -  KgKg) + K 7 (K 3  -  K ^ g )  + KgKg - K g]

A w =  A  [ K 4 (K u  - K 8 K 12) + K 5 (K gK 1 0  -  K ?K n ) + K ?K 12  -  K 1()] +

B [K 7 (k 2K ]j  " K 1K 12  ̂ + K 10^K 1 " K 2K 8  ̂ + K 12K 8 ™ K ll^ +

C [K 5 (K u  -  K lK l0 ) + K 1 2 (K lK 4  -  1) + K 2 (K 1 0  -  K 4 K u )] +

D  [ K 5 (K 1K 7  -  Kg) + K 4 (K 2Kg -  K x) + 1 -  K 2 K ?]

C€JiTTi 1111 J ll'ffP lL
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The K  values g iven  in  T ab les  I I  and I I I  ( fo r  R u ^ 3 -R u ^ 6 and C e ^ -
144Ce ra tio s  of 2:1 and 1:3) a re :

K 1
0. 593 K 5 0 .0 9 3 5 K 9 0. 215

K 2
0. 395

K 6
0 . 121

K 10
0 .0 0 5 5 5

K 3 0. 321 K 7 0. 00428
K 11

0. 0156

K 4 0 .0 0 3 4 0
K 8

0. 0215
K 12

0 .0 0 4 4 5

Substituting these va lues  in to  the above equations g ives these c o m p a ra tive ly  

s im p le  equations

X  = 1. 004 A  -  (0. 5851 B + 0. 3413 C + 0. 1784 D)

Y  = 1. 004 B -  (0. 00246 A  + 0. 0926 B + 0.1012 D)

Z  = 1. 004 C -  (0. 00306 A  + 0. 0165 B + 0. 2125 D)

W = 1. 004 D -  (0. 00552 A  + 0. 01236 B + 0. 00113 C ).

These equations a re  p resented  in  te rm s  of the rad io iso topes, counting  

ra te s , and channel num bers on page 25.

G & g g S S S B S B B S b
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A P P E N D IX  C

S A M P L IN G  ZO N E S  A N D  IS O T O P IC  C O N C E N T R A T IO N S  F O U N D

A m ap showing the vegetation  sam pling  zones is presented as 

F ig u re  17. The rad io iso topes found on com posite vegetation  sam ples fro m  

these zones a re  s u m m a rize d  in  Tab le  V I I .  Notations such as A - l , A -2  

and D - l ,  D -2  ind icate  duplicate sam ples fro m  zones A and D re s p e c tiv e ly .

e e w O S B S E f r r
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T A B L E  V I I

C O N C E N T R A T IO N S  O F R A D IO IS O T O P E S  F O U N D  ON V E G E T A T IO N  S A M P L E S—, —  “ g
(jLtc/gram  x 1 0  )

Date L o catio n , Zone

Ru1 0 3

C e 141

ry 95 95 Z r  -N b

: Ru1 0 6  R a tio  of 2:1

: C e - P r 1 4 4  R a tio  of 1:3

„  103 D 106 T131 Ru -R u  I „  140 j 140 Ba - L a

7 -2 -5 7 O 17. 1 8 . 92 2 . 61 18. 2

7 -2 -5 7 P 23. 8 6 . 27 0. 673 18. 5
7 -8 -5 7 C 22. 4 7. 49 4. 40 16. 2

7 -8 -5 7 F 28. 8 8 . 99 1. 98 15. 6

7 -8 -5 7 I 15. 0 5. 06 1. 27 7. 54
7 -9 -5 7  * B 31. 5 14. 9 7. 56 19. 7
7 -9 -5 7 G 37. 9 13. 1 2. 03 21. 5
7 -9 -5 7 J 25. 3 7. 70 2. 07 12. 4
7 -9 -5 7 M 7. 81 3. 81 0.145 4. 92
7 -9 -5 7 N 11. 1 3. 30 2. 35 5. 08
7 -9 -5 7 O 26. 3 7. 32 1. 41 17. 3
7 -9 -5 7 P 2 1 . 1 5. 92 1. 31 14. 0
7 -10 -57 A 39. 5 9. 15 2. 57 18.1
7 -10 -57 D 27. 2 6 . 52 1. 53 13. 8

7 -10 -57 H 2 2 . 1 8 . 27 0. 949 14. 9
7 -10 -57 K 17. 2 5. 32 0. 679 11. 9
7 -10 -57 L 5. 19 1. 47 0 .124 2. 31
7 -10 -57 R 15. 8 5. 22 0. 330 6 . 71
7 -10 -57 S 9. 67 2. 67 8 . 6 8

7 -10 -57 T 11. 8 3. 03 4. 62
7 -10 -57 U 10. 5 3. 23 0 . 178 8 . 77

*  C s 1 3 7 = 150

t e 141 _ 144 _  144-C e  - P r

46. 0 
40. 0
49. 2
47. 1 
25. 4 
38. 1 
77. 2
50. 1
20. 4 
45. 2 
60. 9 
38. 4 
72. 6
43. 5
44. 6  
35. 9

9. 77 
28. 8
21. 9 
2 0 . 6 
27. 0

-
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T A B L E  V I I  (contd. )

103 -r, 106 „  .. r o 1Ru :: Ru R a tio  of 2:1

Ce 141 1 44
C e -P r  R a tio  of 1:3

Date L o c atio n , Zone _ 95 __ 95 Z r  -N b „  103 „  106 Ru -R u jl31 „  140 j  140 Ba -  L a „  141 _ 144Ce -C e

7-11-57 E 16.1 3. 26 0. 217 7. 74 24. 1
7-11-57 Q 6 . 29 1. 52 - - 4. 78 10. 5
7 -15 -57 C 27. 9 6 . 08 1 . 62 8 . 64 36. 5
7 -15 -57 F 30. 3 7. 29 0.123 13. 5 44. 9
7 -15 -57 I 19. 9 5. 44 0. 0583 7. 61 28. 0

7 -16 -57 G 24. 8 10. 9 1. 89 15. 9 57. 4
7 -16 -57 J 13. 0 4. 04 0. 604 7. 67 31. 0
7 -16 -57 M 7. 8 6 2. 75 0. 532 4. 96 20. 4
7 -16 -57 N 1 2 . 0 4. 45 0. 402 3. 38 17. 6

7 -16 -57 O 28. 2 8 . 78 0 . 218 15. 9 52. 8

7 -16 -57 P 26. 4 11. 9 1 . 30 11. 7 51. 7
7 -17 -57 A 48. 5 12. 4 5. 6 8 13. 4 80. 0

7 -1 7 -5 7 * B 53. 2 20 .7 7. 69 2 1 . 0 95. 2
7 -17 -57 H 24.1 6 . 1 2 1.19 14. 2 48. 7
7 -1 7 -5 7 K 1 0 . 8 3. 63 0.178 7. 27 27. 7
7 -17 -57 L 8 . 03 2.18 - - 5. 83 18. 0

7 -17 -57 Z 9. 83 3. 47 - - 6 . 36 2 2 . 0

7 -18 -57 D 17. 7 9.15 1. 35 6 . 26 29. 7
7 -1 8 -5 7 Q 7. 35 1. 89 - - 3. 36 13. 3
7 -19 -57 E 28. 6 5. 28 0. 667 1 0 . 8 41. 9
7 -2 2 -5 7 C - l 26. 2 6 . 89 2. 23 12. 4 53. 3
7 -2 2 -5 7 C -2 24. 8 8 . 54 1. 50 10. 5 53. 9
7 -2 2 -5 7 F 36.1 9. 58 0. 877 11. 1 62. 3
7 -2 2 -5 7 I 18. 7 4. 81 0.715 7. 33 31. 3
7 -2 3 -5 7 B - l 76. 8 30.1 7. 52 14. 1 134
7 -2 3 -5 7 B -2 80. 4 22. 9 8 . 63 14. 3 127

144

*  C s 1 3 7  -  270
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T A B L E  V H  (contd. )

Ru1 0 3  : Ru1 0 6  R a tio  of 2:1
141 144C e : C e -P r  R a tio  o f 1:3

Date L o catio n , Zone Z r 9 5 -N b 9 5
„  103 D 106 Ru -R u jl31 „  140 T 140 Ba -L a _  141 „  144 _  144 Ce -C e  - P r

7 -2 3 -5 7 G 32. 8 11. 7 1 . 50 10. 3 49. 2
7 -2 3 -5 7 J 16. 0 3 . 1 0 0 . 8 8 6 4. 49 25. 6

7 -2 3 -5 7 M 12. 7 3. 00 0. 444 4.17 19. 0
7 -2 3 -5 7 N 6 . 97 0. 975 0. 937 4.12 13. 0
7 -2 3 -5 7 O 15. 5 4. 97 1. 33 6 . 1 0 25. 0
7 -2 3 -5 7 P 19. 5 4. 52 5. 83 27. 7
7 -2 3 -5 7 R 6 . 54 1. 42 1. 96 3. 01
7 -2 3 -5 7 S 4. 63 2. 69 0. 607 6 . 32 13. 2
7 -2 3 -5 7 T 1 2 . 6 1. 59 0. 247 3. 45 13. 6
7 -2 4 -5 7 A - l 24. 0 6 . 8 8 2. 37 5. 41 28. 3
7 -2 4 -5 7 A -2 23. 8 5. 51 1. 29 5. 41 28. 8

7 -2 4 -5 7 D - l 2 1 .1 6 . 37 1. 78 8 . 45 45. 7
7 -2 4 -5 7 D -2 2 1 . 0 6 . 42 1 . 26 8 . 0 2 40. 0
7 -2 4 -5 7 H 24. 2 1 0 . 8 2. 64 11. 6 63.1
7 -2 4 -5 7 K 2 0 . 0 3. 74 1. 03 5. 24 26. 2

7 -2 4 -5 7 L 7.18 2. 37 0. 0360 2. 77 17. 4
7 -2 4 -5 7 U 2 2 . 0 5. 36 0 . 280 8 . 57 40. 5
7 -2 5 -5 7 Q 4. 75 2 . 28 0. 901 1 2 . 1

7 -2 6 -5 7 E 12. 7 2. 94 0. 303 5. 63 19. 9
7 -2 9 -5 7 C - l 21. 4 5. 27 1 . 82 5. 42 38.1
7 -2 9 -5 7 C -2 30. 0 9. 54 3. 33 1 2 . 0 59. 7
7 -2 9 -5 7 F 27. 8 5. 03 0.190 5. 81 30. 5
7 -2 9 -5 7 I 30. 4 5. 34 0. 679 4. 23 33. 7
7 -3 0 -5 7 A - l 26. 7 6 . 26 2 . 08 6 . 67 30. 7
7 -3 0 -5 7 A -2 24. 3 5. 26 3. 69 5.16 30. 6

7 -3 0 -5 7 E 19. 0 3. 90 0. 229 4. 43 25. 9
7 -3 0 -5 7 G 43. 6 8 . 42 - - 7. 27 48. 6

7 -3 0 -5 7 J 1 2 . 2 1. 95 1. 05 2. 99 17. 7
7 -3 0 -5 7 M 9. 74 1. 59 0. 712 3. 04 13. 5
7 -3 0 -5 7 N 11. 8 2. 63 1 . 01 2. 31 2 0 . 0
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TABLE VII (contd.)

T, 103 TJ 106 T, , . , r, 1Ru : Ru R a tio  of 2:1
141 144C e : C e - P r  R a tio  of 1:3

D ate Lo catio n , Zone 7  95 - - ,9 5  Z r  -N b
D 103 D 106 Ru -R u jl31 B a 1 4 0 - L a 1 4 0

„  141 _  144 _  144Ce -C e  - P r
7 -3 0 -5 7 O 18. 6 5.11 1.15 4. 60 28. 3
7 -3 0 -5 7 P 22. 3 4. 73 0. 336 4. 60 28. 3
7 -3 0 -5 7 V 7. 62 2 .1 1 0. 321 2. 34 11. 5
7 -3 0 -5 7 w 1. 79 0. 664 1. 19 2. 70
7 -31 -57 D - l 17. 0 3. 99 0. 520 4. 71 22. 3
7 -31 -57 D -2 15. 0 3. 45 0 . 628 4. 57 20. 5
7 -31 -57 H 21. 9 5. 35 0. 538 5. 90 34.1
7 -31 -57 K 8 . 98 1. 95 0. 299 2. 36 13. 2
7 -31 -57 L 3. 38 1. 39 0. 456 1. 76 4. 52
7 -31 -57 X 5. 50 0 . 260 - - 1 . 80 4.12
7 -31 -57 Y 6 . 42 2. 04 0. 245 1. 52 8 . 65
8 -1 -57 B - l 31. 9 7. 50 2 . 26 7.11 45. 6
8 -1 -57 B -2 26.1 7. 78 4. 02 5. 84 33.1
8 -1 -57 Q 7. 03 1 . 26 0. 342 2.13 10. 5

G 
O

N
F

T
D
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A B S T R A C T

A g a m m a -ra y  s p e c tro m e tr ic  system  of ana lys is  is described  fo r
131the quantita tive  m easu rem en t of I  and s e v e ra l lo n g -liv e d  " fa llo u t ra d io 

isotopes” on vegeta tion  sam ples . The rad io iso topes 1 *^ *, C e *^ * -144^
103 -106  „  95 „  95 , _  140 _ 140 . . . , .Ru , Z r  -N b  and Ba -L a  a re  d e te rm in ed  fro m  a ten

m inute s p e c tro m e tric  m easu rem en t of a 1 5 0 -g ra m  vegetation  sam ple . The
— 6 131procedure  provides a s e n s itiv ity  of about 1 x 1 0  /n c /g ram  fo r the I

m easu rem en t, and is som ew hat less sen s itive  fo r the o ther rad io iso topes .

The g a m m a -ra y  sp e c tra  o f vegetation  sam p les , co llected  at s e v e ra l 

t im e  in te rv a ls  a fte r  " fre s h  fa llo u t"  a re  p resen ted . The in s tru m en ta tio n  

re q u ire m e n ts , m ethods o f isotope and in s tru m e n t c a lib ra tio n , and the 

calcu la tio n  o f d is in te g ra tio n  ra te s  fro m  the s p e c tra  a re  discussed. The  

analyses of about 90 vegeta tion  sam ples fro m  locations in  and around the 

H A P O  a re a  a re  p resented .
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C -4 , C h e m is try -G e n e ra l 

(M -3 6 7 9 , 20th E d . , R ev . 1)

IN T E R N A L  D IS T R IB U T IO N  

Copy N um ber

1 B . V .  A ndersen
2 G . J . B ehling
3 R . J . Brouns
4 L .  P . Bupp - H . M . P a rk e r
5 A . C . Case -  D . E . W a rn e r
6 H . V .  C lukey
7 J . J. D avis
8 J. W . H ea ly
9 A . R . Keene

10 H . A . K o rn b erg
11 J. M . N ie lsen
12 D . W . P e a rc e
13 R . W . P e rk in s
14 W . H . Reas
15 D . L .  R e id  -  H . A . T re ib s
16 L .  C . Schwendim an - H . G .
17 300 F i le  Copy
18 R eco rd  C en te r
19 - 24 E x tr a

E X T E R N A L  D IS T R IB U T IO N

25 -2 6 A e ro je t-G e n e ra l C o rp o ra tio n
27 A F P R , C u rt is s -W r ig h t , C lifto n
28 A F P R , Lockheed, B urbank
29 -  30 A F P R , Lockheed, M a r ie t ta
31 A ir  T ec h n ica l In te llig e n c e  C en te r
32 A lco  P ro d u cts , In c .
33 A llie d  C h em ica l and Dye C o rp o ra tio n
34 - 37 A rgonne N ational L a b o ra to ry
38 A rm e d  F o rce s  Special W eapons P ro je c t  (Sandia)
39 A rm y  C h e m ic a l C en ter
40 -  43 A to m ic  E n erg y  C o m m iss io n , W ashington
44 -  45 A tom ics  In te rn a tio n a l
46 Babcock and W ilco x  Com pany (N Y O O -1 9 4 0 )
47 Babcock and W ilco x  Com pany (S O O -274)
48 B a tte lle  M e m o ria l In s titu te
49 - 50 B e ttis  P la n t (W A P D )
51 B rookhaven N atio n a l L a b o ra to ry
52 B u reau  of A eronautics
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C -4 , C h e m is try -G e n e ra l  

(M -3 6 7 9 , 20th E d . , R ev . 1)

E X T E R N A L  D IS T R IB U T IO N  (c o n td .) 

Copy N um ber

53
54
55
56
57
58
59
60
61 - 63
64
65
66
67
68 - 70
71 - 72
73
74
75 - 76
77 - 78
79 - 81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98 - 101

102
103
104
105

B u reau  of Ships 
B u reau  of Y a rd s  and Docks  
C hicago P aten t Group  
C o lu m b ia  U n iv e rs ity  (H a s s ia lis )
C om bustion E n g in eerin g , In c . (C E R D )
C u rt is s -W r ig h t  C o rp o ra tio n
D iv is io n  of Raw  M a te r ia ls , W ashington
Dow C h em ica l Com pany (R ocky F la ts )
duPont Com pany, A iken
duPont Com pany, W ilm in g to n
F lu o r  C o rp o ra tio n
F o s te r  W h e e le r C o rp o ra tio n
G e n e ra l A to m ic  D iv is io n
G e n e ra l E le c tr ic  Com pany (A N P D )
G oodyear A tom ic  C o rp o ra tio n  
H anfo rd  O perations O ffice  
Io w a  State C o llege  
K n o lls  A tom ic  P o w er L a b o ra to ry  
Los A lam os S c ien tific  L a b o ra to ry  
M a llin c k ro d t C h em ica l W orks  
M a rq u a rd t A ir c r a f t  Com pany  
M a r t in  Com pany  
Mound L a b o ra to ry
N a tio n a l A d v is o ry  C o m m ittee  fo r  A ero n au tics , C leve land
N atio n a l B u reau  of Standards
N a tio n a l Lead Com pany, In c . ,  W in ch este r
N a tio n a l Lead  Com pany of Ohio
N a va l A ir  D evelopm ent C e n te r
N a va l M e d ic a l R esearch  In s titu te
N a v a l R esearch  L a b o ra to ry
New B run sw ick  A re a  O ffice
New Y o rk  O perations O ffice
N u c le a r D evelopm ent C o rp o ra tio n  o f A m erica .
N u c le a r M e ta ls , In c .
O ffice  o f N a va l R esearch  
P aten t B ran ch , W ashington  
P h illip s  P e tro le u m  Com pany (N R T S )
P r a t t  and W hitney A ir c r a f t  D iv is io n  
P u b lic  H ea lth  S erv ice  
Sandia C o rp o ra tio n  
Sandia C o rp o ra tio n , L iv e rm o re
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C -4 , C h e m is try -G e n e ra l  
(M -3 6 7 9 , 20th E d . , R e v . 1)

E X T E R N A L  D IS T R IB U T IO N  (c o n td .) 

Copy N um ber

106 S y lv a n ia -C o rn in g  N u c le a r C o rp o ra tio n
107 T e c h n ic a l R e search  G roup
108 U nion C arb id e  N u c le a r Com pany (C -3 1  P lan t)
109 -  111 Union C arb id e  N u c le a r C om pany (O R G D P )
112 -  116 Union C arb id e  N u c le a r Com pany (O R N L )
117 U S A F P ro je c t R A N D
118 U . S. N ava l P ostg raduate  School
119 U . S. N ava l R a d io lo g ica l D efense L a b o ra to ry
120 U C L A  M e d ic a l R esearch  L a b o ra to ry
121 - 122 U n iv e rs ity  of C a lifo rn ia  R a d ia tio n  L a b o ra to ry , B e rk e le y
123 -  124 U n iv e rs ity  of C a lifo rn ia  R a d ia tio n  L a b o ra to ry , L iv e rm o re
125 U n iv e rs ity  of R ochester
126 V it r o  E n g in eerin g  D iv is io n
127 V it r o  L a b o ra to rie s
128 -  130 W rig h t A ir  D evelopm ent C e n te r (W C O S I-3 )
131 -  170 T e c h n ic a l In fo rm a tio n  S e rv ice  E xtension
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