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L ? S  TRACT 

A TL3 cl!xi;r.cter technique has  been develo2ed t o  quant i tc t ivePJ  determine 
frst nqd t k e r x . 1  neiitron dosegcs frcn z ixed  r a d i z t i o n  ex9osures. 
neutror. d o s i z e t r j ,  t h i s  cethod t ekes  adva?tage of the  s c a t t e r i n g  of thenna- 

For fast 

. l i z e d  neutrcns f ron  a hydrogenous moderator. 
Tic Ccsirneter Sc2si:lg cons i s t s  of a stmchrd Hanford S e t o - g m a  f i lm  

badge dosizneter. 
s t e e l ,  t i n ,  c e h i u i i ,  md r h o d i m  e r e  ratched so as t o  prodime equal TLD res-  
ponse f r o 2  ;'noton r z c i i ~ ~ ~ i o n s .  
n i n e s  from t h e  TL3 response produced by t h e  c q t u r e  of Eoderated neutrcns i n  
t h e  f i l t e r  rzaterial. !,here heterosencus r e d i e t i o n  fields are encountered, a 
po r t ion  of t3c the,rz!al zeutrons is absorbed i n  one of t h e  rhodium f i l t e r  sand- 
x-iches. '31:s d i f f e r e a t i z l  f o x s  the ?xsis of 1 sys t ex  t o  d i s t ingu i sh  between. 
fzst m d  thrnal neatrons.  
f i l t e r  sys tea  because it hns 
reutrons of 1.26 cV. 
neut rcn  w i t h  E. energy Rear t h e  1.26 eV r q s o n z x e  w i l l  be p re fe ren t i a l l> -  ab- 
sorSeC c z u s h g  t h e  r h o d l u ~  to becoze z c t i v a t r d .  
neutron ezerC.7, t h e  ect i \ f r? t ion of t h e  r h o f i u  should be d i r e c t l y  propor t iona l  
t c  t h e  eqos i l re  o r  t o t a l  f lux.  

l h r i n g  design z?d exsozure,  a large piece  of polyethylene wes used ~ 1 s  a 
phmton. Dosiiieters were a t tached  to t h e  polyethylene and exposed t o  radia- 
t i o n  fro2 vzrious i so to$ .c  r,eutron sources (?G,+ m d  Pu'lje) and monoenergetic 
neut rozs  &e-er&.ed 57 a p o s i t i v e  i o n  ecce le ra to r  . Tnerzlal neutron c q o s u r e s  
-+ere con2uc;ed i n  E czli3rr. ted pzrezf in  tan!< using the PuF4 source t o  supply 
t h e  neutrons.  '3e  Bosjneter c m  a l s o  serve for photon dosimetry. 

3 r e e  f i l t e r s ,  cons is t ing  of ccnbinztions of l ead ,  s t a i n l e s s  

The fast and t t e r m e l  neutron c q o s u r e  i s  deter-  

R ' rodiu~ W E S  picked as t h e  pr ine  c lexec t  of t h e  
unusually l a r g e  resonance zbscrpt ion f o r  

Tne captcre  cross s e c t i c n  a t  1.26 eV is 4500 barns.  Any 

For a p a r t i c u l z r  i nc iden t  

0 0 2 1 9 0 2  
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rqc  sczrc:? f o r  c pcrscr..-.el iletttrcn a c s i r i c t e r  :or ndcquete SEI c ; . t i v i ty  id 
; - t i s f c c t O r j l  C : - . Z ~ C ~  r c rpczse  
. ...1/. conauc%ed zt t j c  ~li: I :w.ZOY~ Labs, ~,cltt..lle-;:~rt:::;es"* cad !juch other tSC 
, , , t d2 .~c i sz s  cs ~~L~ : ;? I z . vc~ ,  0 : i ~  : . ~ : :ge ,  ~ r i d  Xrgcrce ::as l e d  t o  L ::unber of 
r2cs~~;a3?-y 2cc';:eue e c ~ l v e  Ccsix?:q* s y s t e z s .  
i s  a v a i l i b l c  t h t  i s  s u i t i > &  accz rc t r  over t h e  re;tlircd neutron erxr,g spcc- 
trcq -;ithost 2: mc?esir&>le s e c s i t i v i t y  t o  g r r ~ i z  rcdictiorl .  

The use or' X ' A  nuc lear  ezxls lcn  ccntinues tacky at cany u n i v c r s i t i e $  end 
where the p o p c r t i e s  of the  exulsion a re  not  d e t r i m n t a l  

'GO t h e  accurrtte zezsureaent of h ich  er,erm neutron mi charGcd p r r t i c l c  radia- 
t i on .  
o t l e r  types  of r ed ia t ion ,  t h e  i c t e  q r e t n t i c n  of nuc icar  t r a c k  emalsion i s  ~ t ,  
k c s t  d i f f i c u l t  c:d i n  r:mAy ~ C S ~ C Z C C S  i q o s s i b l e  due t o  the i n t e r f e rence  reac- 
t i o n  i n  t h e  exulsicn. 
neutron s p c c t r m  is nixed with G P F ~ Q  rcsdietion, no  l o g i c a l  r e s u l t s  cen t e  
obtained from t h e  2% sys t en  s ince  the  low enzrGy cutof f  of t he  enuls ion rr.ay 
5e es high es 0.8 ;!eV, which i s  e.?proxirscrtely t h e  most yrobcrble energy of t h e  
f i s s i o n  ncutrcn spectrum. 

The shortcoxin(;s of  enuls ions 'neve led t o  num-ous inves t iga t ions  of 
-rarious luuiinescent materials, f i s s ioneb le  n e t e r i e l s ,  TL33, cnd elements Which 
may be ac t iva ted  by neutrons of various energies .  
(rhoriium) has been inves t iga t ed  t o  deternine i t s  c h a r a c t e r i s t i c s  when exposed 
t o  nixed r&d.iition f i e l d s  ozd i s  of un ive r sa l  i n t e r e s t .  This r epor t  inc ludes  
what i s  knovn E t  t h i s  t i z e  tibout ",he c h a r c c t e r i s t i c s  of a rhodim-TlD coxbin&- 
t i c n  dosimeter developed with t'nc i n t e n t i c n  cf rep lac ing  nuclezr  emulsion 
fib.. 

czn t in2e2  fcl- a t  l c c s t  the  1 s t  t e n  ycn rs .  - 
-. . I ,- 

ht 8s ;ret ,  no pnss ive  device 

energy sites, 

J;t i c s t z l f e t i o n s  where rar-sticn f i e l d s  arc G r?.ixtul.e of neutron ma 

I n  m a y  ceses near  r eac to r s  where a deerzdcd f i s s i o n  

A p a r t i c u l a r  element 

His tory  

I n  ear l y  1963, i nves t igz t ions  of t h e  use of v&ricus cozhinet ions of rho- 
diu2  cad?..iu??, t i n ,  uld i r o n  es f i l t e r s  i n  f r o n t  of ordirrary beta-gama dosi-  
n e t r j  film s t z r t e d ,  F ieme 1. ?hodim was picked es t h e  p r i c e  e l m e n t  of t h e  
f i l t e r  s p t m  because it hes an unusually l a rge  eSsorptIos resozancc f o r  ncu- 
t r c n s  of 1.26 eV. The cross sec t ion  of 1.26 e V  t s  4500 bprns zo:.l;?a-ed t o  t h e  
2200 meter/sec c ross  sec t ion  of l 5 O  barns.  
systex is the3 t o  cause high energy neutrons inc iden t  on the dosimeter and 
hums body t o  5c noderate& ami j ecksca t t e red  i n t o  %he yhofliun. 
wi th  energy .-,e= t h e  1.26 eV res3cmce w i l l  be s r e f c r c n t i a l l y  zbsorbed causing 
t h e  r h o d i m  to becone ac t ivz t ed .  
t h e  cc t ive t ion  of t h e  rhodim shculd be d i r e c t l y  p rcpor t iona l  t o  t'ne neutron 
exposure or  t o t a l  flux. 

The b a s i c  idea of the rhodium 

Any ncutrcn 

For a p a r t i c u l a r  i nz iden t  neutron e n e r a ,  

The path of M inc ident  fest  ncctror: is as follows: 

(1) 

(2) 
( 3 )  Beckscatter from the L ? a y  t o  t h e  neutron dosimeter. . 
( 4 )  

Penetrzt ion through the  dosimeter c o q o n e n t s  i n t o  the bo*, or pene- 
t r a t i o n  i n  t h e  bo& n e w  t h e  dosimeter.  
Xoderation i n  tine boCy t i s s u e s .  

C q t u r e  by an ac t ivs t icm f o i l  i n  t h e  dosimeter,  

Film was f irst  chosen for  a rruaber of reasons $he s a n s i t i v i t y  m a t e r i a l  
t o  d e t e c t  t he  decay p ro iuc t s  of t h e  a c t i v a t e d  f o i l s ? l !  Fib i s  ext rene ly  
s e n s i t i v e  t o  t he  beta and gx--.a red ie t ion  e z i t t e d  by rhodium. Tnc energ ies  
of t h i s  rz6 iz t ion  occur a t  t h e  peak i n  t h e  unshielded respcnse of t h e  flh. 
'The f i h  i s  i i ren t ize l  t o  f iLz  used i n  t h e  rout ine  beta-gzxna dcsiaeter used 
for  p e r s u x e l  ixmitor:cg; t k ~ s ,  no u n u s u d  processing vas requi red  for  t h e  
neutron aosir?.eter fib., R i e n  ',L3 naterinJs becxne r ead i ly  e v a i l z b l e ,  it was 
chosen as t'ne s e n s i t i v i t y  ma';crizl because 02 i t s  c h a r a c t e r i s t i c s .  

3 
. .  
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APver  z.-y prcl i :? inery ciesigns us ing  rzetai f o i l s  of vzxying th icknesscs  , 
a final dcslgr, ~2.s Ceterriinec? by ca lcu lz t ion  znC exper icenta t ion  i n  12id 1965. 
Tne c o n f i g x e t i c n  of t h e  6osi:nctcr io given i n  Figure 1. 
m?d th ickcosses  are 2s f o l l o v s :  

Tne f i l t e r  ma te r i a l s  ' 

y F i l t e r  
. .  

ikdgc Frcnt  Sn-0.040" Cd-0.030" Sn-O.030" 
S tn  Ctccl-O.OO3" Ph-0.010" Rh-0 .010" 

Bedae Back Pb-0.010" Fb-0 0 10" Fb-0.010'' 
Sn-0 010'' Rh-0.010'' Rh-0.010'' 

Uith t h e  sbove f i l t e r  cozbinat ions,  t h e  TLD response behind tine t h r e e  f i l t e r s  
Sue t o  gc:a r ed ia t ion  is e s s e n t i a l l y  cquzl f o r  eiiergics l y ing  i n  t h e  range 
0,020 ReV t o  3 KeV. 

::'noton r e c a t i o n .  
by g&mm Yzdiation mi "53&j ocdcrEted" fzst r,eutrons. 
due t o  p r c z ~ t  gm-za r z e i z t i c n  z f t e r  t h e r m 1  xleutrcn capture  i n  the czilmium. 
Tne YesFozse at t h e  t in-r 'ncciiw f i l t e r  i s  ?roCuce6 by gmza r z s i a t i o n ,  fest 
ne-&rc:is ~i,?d t h e r m 1  w x t r o n s .  

of r s d i E t l o n  (shoton , thernz l  neutron, a d  intcr : redizte  . t o  fnst neutron)  
thrcugk 8 s e t  of si;;?ultz;leous q m t i o n s .  
' ,h ichess  t o  y i e l d  essccLia l ly  zero res?orisz behind a l l  t h r e e  f i l t e r s  f o r  b e t a  
2 b i c l e s  of enerz ies  c 3  XeV. 
3 e  ze ro  i n  t h e  fo l lcx lng  3er ivz t ions .  
t h e  follc. ; ln& equat ions 3.escriSe nzthematiczl ly  the TLD response behind each 
f i l t e r  region: (1) 

The response behind t h e  t in - i ron  f i l t e r  is produced a h o s t  e n t i r e l y  by 
The respcns~ behind t h e  cedmiun-rhodim f i l t e r  i s  produced 

Some response i s ,  a l s o ,  

Yi th  this syster, t h r e e  q a z n t i t i e s  Ere ceEsured z?d r e l a t e d  t o  t h r e e  t y p s  

';;?e f i l t e r s  a r e  of s u f f i c i e n t  Censity 

Tac resFonse $0 b e t a  r a d i a t i o n  i s  assuiied t o  
Generallj., i n  ;L r ixed  r a d i z t i m  f i e l d ,  

, 

9.. = th 
- 

DA - 
0021904 

Response behir.d f i l t e r  A due t o  photon r ad ic t ion .  

F?csnonsc benind f i l t e r  A due to i r i ternediEte  end fast neutron 
rzdi r t i o n  

f 

Eespmse bekind f i l t e r  A'6ue t o  t h e r n z l  neutrorl rctdiztion 

i o t a 1  resaonse behind f i l t e r  A. 
, 

f 
I 

. c  
b .  
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F i l t e r s  3 m d  C a r e  chosen so the  respocse i s  equal  when t h e  sys t en  i s  
cx?osed t o  i n t c m e 2 i z t c  and fas t  neutrons.  

A11 three f i l t e r s  provide unequal r eqonscs  t o  themal neutron. 

__-- 
3 :. 

Usicg t k e  cocdi t ion given I n  equatior% 4 2r.d subtra*:ting equations 2 and 
3 ,  t h e  r e s u l t  i s  a r e l e t i o n  between d e n s i t i e s  t h e  t o  tilermal neutrons. 

As l o n ~  es t he  2ssunptior.s hold, t h i s  r e k t i o n s h i p  C U I  be used t o  nessure 

Af te r  sLbtract ing equations 1 8112 2 end -7:glying c m d i t i o n  4, t h e  r e s u l t -  

t h e m s l  neutror, exposure, s ince  the d i f fc rcnce  ( D C  - aB) i s  due only t o  thermal  
ccxt rocs .  

i n 2  e p z t i o r i  gives t h e  relationship of t h e  resFonse +.>.e t o  f a c t  u d  thermal  
neut rcxis . 

( d )  

11 The q u z t i t y  (DBtE - I+,; must be 2eternined by zxposures i n  e. pure" 
4.' uner rLr r l  neutro:: f i e l u .  
f i e d  to:  

3 e  t c n s t m t  K c2n be  determirred and cquztion 6 modi- 

Thus, oice k i s  Zeteninec2, i t  i s  poss ib l e  t o  se>are te  t he  d i f f e rence  due 
t o  fcst a : d  i n t e rxed iz t e  ceutrons from t h e  differefice the  t o  therm21 ncut rcns .  
Tiese differences Ere then r e l a t eL  t o  t h e  neutron expos're. For @rims md l o w  
energy  hoto on r ad ie t ion ,  response r e d i n g  at t h e  t in-ircrr  f i l t e r  i s  c z l i b r a t e d  
t o  exposure. 

nagnet ic  raClEtion, t o  t k e r n z l  neutrons,  z ? B  t o  fL . s t  a i 2  Lnterxcdiate  neutrons.  
'The b r s i c  prc5le.a w i t h  t h i s  t y i - 2  of ncutrcn 2os ixc tc r  i s  i t s  ncn-linczr e n e r w  
response.  5 e  non-l inezr i ty  nzkes necess=ry P. c z l i b r a t i c n  of C,hc dosimeter i n  
a f a s t  rieutrcn f i e l d  c k s e i y  duplicatinG t h e  Eeutron s 2 c c t r u 3  t o  be enccuntercd 

Three q z a t i t i e s  of i:nporter?ce can be determined: e:;>osurc t o  e l ec t ro -  



5:inosures L5d Eesul t s  
L_ 

The flrst  s t e p  i n  developing the  d o s i m t r y  s y s t e n  i s  t o  achieve gmma 
equivalenc2 f o r  a l l  t h r e e  ,netal f i l t e r s .  Tnis is  a process  of ca l cu le t ion  m d  
t r i a l  u n t i l  a s z t i s f a c t o r j  comproxise i s  reeched. For e x y r i x e n t a l  purposes,  
t h e  X-re;. sources ~ 1 6  r e d i m  a d  coSalt-60 sources  ye re  used. A l a r g e  n m k e r  
of exnosurcs ifere xa6e to variois  ezeygics cf eexi~a end X-rcy r a3 in t ion .  Die 
Cmma e n e r a  rcsncnsc w z s  then cietel?;,ir.ed by cezsur ing  the  r e l a t i v e  s e n s i t i v i t y  
2s a f u ~ c t l o n  or' c n e r g r  x h i l e  kee2ing the e q o s u r e  c o n s t a t .  
s:?c;;m ic F i p - e  2. 
T'a5lc I .  

use i n  evelucking f r s t  neutrcn ex?osures, a s e t  of ther -z l  neutrcn ex-,osures 
-:2s rr.cr2e cslng t h e  PUF4 s3urcI. i n  2 large c a r a f f i n  tmk. The er.ount of 2cra- 
f f i n  betvcea t n e  source u l B  t h e  badge i s  z6e;uete t o  noder-zte ~ o s t  of t h e  fast 
ncutror?s e:ritted fron t > E  source,  b a t  a fetr ;"est ne9tror.s t i re  s t i l l  ?;resent. 
T h ~ s ,  the Zeterzinzt ion 02. t h e  constzqt 'r. i s  sor:eufiat 5r.nccuratc.  Tne r e s u l t s  
f o r  tLier?nzl neutron exsosr:res 8re shcm i n  Figure 3 .  For t h e  ~~easurcrnents  

%ne resul t ,  i s  
Tie TLD response reedings f o r  t h i s  s t u Q  zre s h a m  i n  

To deterxifie t h e  t hema1  necf,rcn rzsy?onse z.nd obta in  a veluc f c r  k to 

. naZe, t:ie tverege valxe clf ic vas fo.;?ci t o  be 1 .G.  
Zqosxre  r z q o n s e  f o r  ?st neLt-ons was reesured  us ing  a PuF4 source with 

varying ler.gth?s of exposure t h e .  
nini1nu-n Ce:ect&le exposure i s  L3out 10 m a d s  f o r  t n e  ?uF4 spectrurii. These 

'3e res*onse i s  i i n e z r  v i t h  e q o s u r e .  " h e  

0 0 2  

<eta Ere s?o-+-x or: F i p r e  4 .  
using a q c s i t i v e  ion scce le ra to r .  
e n e r m  neero i i s  f ro3 0.027 : k V  t o  5.0 :-lev an6 t h e  Cifference i n  the C C ~ Y ~ E Z -  

r h o d i m  zr.5 t k e  t i n - l r o n  f i l t e r s  Cetexiined. This d i f f e rence  i s  r e l a t e d  t o  
the  fzs t  neutron exposure i=s sho-m by the  equztions i n  the design sec t ion  of 
this repor t .  
-*  ,tL,nitude . I of t he  .&iffc.rcnce fo r  e given exposure of 100  rads 
cf t h e  incident  neutron energy. 
expcr izez te l  exixxjures Detween 0.027 XeV t o  5.0 IIeV varies 5 y  2 f a c t o r  of 
Lsat 100. I n  a l l  fest ncutron e q o s u r e s ,  t h e r e  WES no s i g n i f i c a n t  tfierrnal 
mut ron  ccnt r ibu t ion .  1;eutrcr. doses vere  cz lcu la ted  us inz  t h e  curve i n  ii3S 
>'.r?clbook 63. Total 3eutron fluence needed t o  w c u m l a t e  the des i r e6  6ose WES 
c2.lCUletct by iisinc kzc,,, l o n g  counter a d  9 - 3  tube responses n v a i l z b l e  from 
=ne h i i o l o g i c a l  Fifiysics Crou?. 
' J s ~ l  conti ' . ions) g r e e t e r  t h w  + Z O S .  - 

T C ~  fzs t  neutron energy resconse w.s. ceasured 
Zx2osures ve re  nade t o  fat end interrnediate  

\*?nile this res?onse i s  r e l a t e d  t o  f o s t  neutron exposure,  the  
i s  a func t ion  

The observed neutron e n e r a  response f o r  t h e  

+ *  Xrxrs i n  t h i s  informztion a re  not (under 

> 

1 q.0 b G 

, 

I .  

i 



Conchs5 on 

I n  the prece2ir.g discassion, t h e  vcrious forrtulae end expcrimentcl R e a -  .. sur-ezrnts Lezcls; t o  e personnel  neutron badge h m e  been prcscnted. 
culer f i l t e r  s p 5 e n  ciescribed hes been developed m d  checked t o  8 logical 
t c r r i n n t i o n .  
over t h e  ;;';A f i k  Sedce, i n  t h a t  it offers goo6 s e n s i t i v i t y  f o r  triemcl and 
in te rxedi+e  ceutrons (w:iercp.s XTA o f fe r s  60 s e n s i t i v i t y  zt t hese  energ ies )  
znd inprove? s e n s i t i v i t y  et high energies .  
a c c ~ r a c y  of this s y s t m  is ~ c o c !  i f  t h e  neutron s p e c t m  i s  kn0-n. The fact  
t h e t  TLD is used, pern i t s  ccnvenient handi ing  of t h e  bzdge, and does not 
?resent t h e  coma1 pro31exs assoc ia ted  with f i ln-- those of h e s t  fogging and 
g a ~ m - r a y  beckground. 

The p z r t i -  

9.e rhociiiun filter badse does provide an exce l l en t  icpl.ovcmeilt 

As k.ns been s t a t e d  Sefore, the 

Re f e re3 ce s .. 

(1) 31mA9, 3 o s i n e t v  Technolog  S tud ie s ,  Dosimetry Technalogy Staff, 
,.overr,ber, 1966. .t 
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Gamma Energy Response Characteristic 
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