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ABSTRACT 

The domain o f  Sol i d  State Track Recorder (SSTR) app l i ca t ions  i n  Uni ted States 
nuclear reac to r  energy programs extends from the harsh h i gh  temperature 
environments found i n  h igh power reac to r  cores t o  very low f l u x  environments 
a r i s i n g  i n  out-of-core locat ions,  c r i t i c a l  assemblies, o r  away from reactors  
(AFR)  experiment,^ . The neutron energy reg ion  a r i s i n g  i n  these appl i c a t i  ons 
i s  very broad, cover ing more than e i g h t  decades from thermal up t o  fus ion  
energies. The range o f  neutron f l ux / f l uence  i n t e n s i t y  i s  even greater ,  
extending over more than t h i r t e e n  decades. As a consequence, use o f  a v a r i e t y  
o f  SSTR i s  en ta i l ed  i n  U.S. Fast Breeder Reactor (FBR), L i g h t  Water Reactor 
(LWR), and Magnetic Fusion Energy Reactor (MFER) programs. A summary s ta tus  
i s  presented o f  selected SSTR experiments undertaken i n  these programs a t  the 
Hanford Engineering Development Laboratory (HEDL) . 
I. INTRODUCTION 

High accuracy goals, t y p i c a l l y  1-3% ( l a ) ,  have been estab l ished f o r  i n - s i t u  
measurement o f  nuclear parameters i n  U.S. r eac to r  energy programs. These 
h igh  accuracy goals have no t  been a r b i t r a r i l y  defined. The economics o f  
nuclear power demands optimized reac to r  design. Safe and r e l i a b l e  reac to r  
operat ion requ i res  h i g h l y  accurate knowledge o f  the  s p a t i a l  dependence of 
the neutron f l u x  and key nuclear react ions,  such as i s o t o p i c  f i s s i o n  ra tes.  I 

! 
I 

These hi'gh accuracy goals a re  not e a s i l y  .at ta ined,  as i s  a t t es ted  t o .  by the  i 
cost  and e f f o r t  a1 ready expended. A d i v e r s i t y  o f  experimental and c a l  cu l  a t i ona l  i 
proced!!!-es j c  regu i rkd t o  achieve t h e s e  goals. No s i ng le  technique can adequately 
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extensive basic nuclear data,  suct~ as cross sect ions,  obligates a multi- 
method approach. Within t h i s  context, selected contributions of SSTR 
techniques to  United States  nuclear reactor energy programs will be described. 
Efforts in FBR,  LWR, and MFER programs a re  discussed separately i n  sequel. 
Conference space and time allotments permit only a general review of selected 
applications, and in f ac t  those applications t h a t  have been singled out can 
only be br ie f ly  touched upon. The reader may, however, consult the spec i f i -  
ca l ly  ci ted references f o r  further de ta i l s .  

Applications of SSTR i n  reactors a r i s e  i n  three broad power ranges: (1 )  Very 
Low Power (VLP), which i s  typical of c r i t i c a l  assembly work; ( 2 )  High Power 
(HP), which i s  representative of the in-core region of power reac tors ;  
(3 )  Low Power (LP), which i s  an intermediate power range between c r i t i c a l  
assembly and high power reactor environments. The HP needs of reactor  energy 
programs are  the  most urgent. In HP environments, where high fluence (HF) 
i r radiat ions a r i s e ,  the l imitations of SSTR must necessarily be defined. To 
t h i s  end, emphasis has been placed on mica and natural quartz c rys t a l s ,  which 
a re  outstanding SSTR candidates fo r  accurate HF applications.  Three major 
e f f ec t s  which can 1 imi t SSTR-HF appl icabi l i ty  are:  (1 ) annealing, (2 )  radiation 
damage, and (3) background track production. I t  m u s t  a l so  be noted t h a t  the 
existence of track pile-up produces accuracy l imitat ions a t  higher t rack 
densi t ies .  Each of these effects  can play a s igni f icant  ro le  i n  defining the 
high fluence limit of appl icabi l i ty  of a given SSTR. I t  must  be s t ressed  t h a t  
these d i f fe rent  e f f ec t s  a c t  i n  consort ra ther  than independently t o  produce a 
high fluence limit. For example, radiat ion damage of the c rys ta l  l a t t i c e  
produced by a high fluence of f a s t  neutrons i n  a given SSTR can a l t e r  SSTR 
annealing charac ter i s t ics  dramatically. Hence, track fading due t o  annealing 
can be considerably enhanced due t o  the damage of the SSTR crystal  l a t t i c e  t h a t  
is produced a t  high fluence. In this mgard, i n i t i a l  e f f o r t s  t o  define the 
domain of ap l i c a b i l i t y  of SSTR f o r  HP reactor  environments have already been 5 described(l9 ) and fur ther  work on n eal ing e f fec t s  w i l l  be presented i n  a 
companion paper a t  this conference. 737 

Although these HF e f f ec t s  are  not ac tua l ly  separable, our work t o  da te  suggests 
tha t  radiation damage of the crystal  l a t t i c e  i s  the  most ser ious HP l imi ta t ion  
of SSTR. However, the existence of t h i s  spec i f ic  l imitat ion f o r  HF-SSTR f i ss ion  
r a t e  observations i s  not a complete d e f i c i t .  Indeed, i t  i s  on t h i s  very basis 
tha t  the concept of the SSTR radiation damage monitor has been advanced. In HF 
applications,  'a number of SSTR a t t r ibu tes  have exhibited s igni f icant  f l  uence 
dependence. For minerals , SSTR charac ter i s t ics  depend intimately upon crystal  
l a t t i c e  s t ruc ture .  Hence, fo r  su f f i c i en t ly  high neutron fluence, radiat ion 
damage of the l a t t i c e  a l t e r s  SSTR properties.  In par t icu lar ,  t rack reg is t ra t ion  
a s  well as bulk and track etch rates  undergo substant ial  change. Consequently, 
fo r  HF i r rad ia t ions ,  any of these SSTR observables afford a unique measure of 
radiation damage. 

11. FAST BREEDER REACTOR (FBR) APPLICATIONS 

A .  -- Chat-acterization of the Fast Test Reactor (VLP, L P ,  H P )  
I 
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f o r  operation l a t e r  t h i s  year. FTR w i l l  p rov ide the  means t o  develop and 
opera t iona l l y  t e s t  FBR coinponents and t o  ga in  operat ing experience f o r  
fu ture  FBFI. 

A reactor  charac te r i za t ion  program has been planned and scheduled f o r  FTR . 

s ta r tup (4 ) ,  which consists o f  VLP, LP, and HP i r r a d i a t i o n s .  SSTR experiments 
a t  VLP w i l l  concentrate on absolute f i s s i o n  ra tes  o f  the  h ighest  poss ib le  
accuracy(5) using both vacuum evaporated and e lec t rodepos i  t e d  f i s s i o n  sources. 
I n - s i t u  comparisons and i n t e r c a l i b r a t i o n s  w i l l  be c a r r i e d  out  w i t h  absolute 
NBS f i s s i on  chamber(6) a t  core center  us ing a x i a l  l oca t i ons  near midplane and 
approximately 40 cm below midplane. I n  t he  LP and HP i r r a d i a t i o n s ,  SSTR 
experiments will focus on f i s s i o n  product y i e l d s  and i n t e g r a l  f i s s i o n  ra tes 
fo r  power l e v e l  determinat ion and neutron dosimetry. For the  measurement of 
f i s s i on  product y i e l d s ,  SSTR are used i n  con junct ion w i t h  the rad iomet r i c  f i s s i o n  
samples which are then CI a n t i t a t i v e l y  analyzed by absolute beta o r  gama count ing 
a f t e r  the i r r a d i a t i o n .  (7 y 
Dosimetry capsules a re  designed t o  f i t  i n s i d e  of f u e l  p ins  i n  the  FTR core 
matr ix .  A t y p i c a l  LP capsule i s  shown i n  Figs.  1  (a,b). SSTR observations 
w i l l  genera l ly  be conducted i n  empty f u e l  p ins ,  w i t h  the except ion o f  a  s i n g l e  
experiment t h a t  has been designed t o  eva luate  the  pe r t u rba t i on  created due t o  
measurements i n  empty f u e l  pins. LP and HP measurements w i l l  be madeat var ious 
loca t ions  throughout the FTR core w i t h  t he  f o l l o w i n g  isotopes:  232Th, 233U,  
2 3 5 u  2 3 8 ~  , , 237Np, 2 3 9 P ~ ,  2 C 0 P ~  and 2 4 1 P ~ .  

Fast f luence estimates f o r  the LP and HP exposures are  10' and 1021 neutrons/cm2, 
respect ive ly .  'As  a consequence, LP and HP f i s s i o n  deposi ts have been prepared 
by electrodeposi t i on and 1 i e  i n  t he  sub-nanogram/cm2 regime. F i ss i on  deposi ts 
o f  such low mass have never before been q u a n t i t a t i v e l y  prepared f o r  SSTR work. 
Deposit masses have been detennined t o  b e t t e r  than 1% and v a r i a t i o n s  i n  un i f o rm i t y  
are  genera l ly  less  than 10%. F o r ' t h e  LP i r r a d i a t i o n  a t  400°F, mica SSTR have 

. been incorporated and t r a c k  dens i t i es  o f  t he  o rder  o f  105/cm2 a re  an t i c i pa ted  
so t h a t  manual scanning techniques can be used. I n  the  HP i r r a d i a t i o n  a t  
700-1000°F, na tu ra l  quartz c r y s t a l  (100 plane) SSTR have been incorporated 
and t rack  dens i t i es  o f  the order o f  10e/cm2 a re  an t i c i pa ted  so t h a t  scanning 
e lec t ron  microscopy (SM) techniques w i l l  be necessary, 

B. C r i t i c a l i t y  Safety -. - . . . . Studies 

C r i t i c a l  Assembly Experiments (VLP) 

As p a r t  o f  the U.S. Advanced Fuel Recycle Program, c r i t i c a l  mass measurements 
have been made o f  several l a t t i c e s  cons i s t i ng  o f  mixed ox ide (Pu02-U02) FTR f u e l  
p ins  i n  water a t  se lec ted i n t e r - r o d  spacings. I n  a d d i t i o n  t o  p rov id i ng  a  
re1 i a b l e  technolog ica l  basis f o r  nuc lear  c r i t i c a l i t y  con t ro l ,  these c r i t i c a l i t y  
safety studies are designed t o  prov ide benchmark data f o r  v a l i d a t i o n  o f  cross 

' sec t ions  and c a l c u l a t i o n a l  techniques used f o r  mixed plutonium and uranium 
systems. I n  order  t o  character ize some o f  the  l a t t i c e s  more oroughly, 
spa t i a l  f i s s i o n  r a t e  d i s t r i p u t i o n s  were measured us ing SSTR.(Qv These f i s s i o n  
1-2 tz  tl-;.:-crs~r call:;zt c.;)) : : '  ~c ;p:;?;i:-cd :::'t,C: c z l c u l  c!:a?es, b u t  c i n r e  SSTF; 
n h ~ ~ r v z t f o n y  ? r n v i d e  ?bqcltrtc f i s s i o n  r a t e s .  t h e  d a t a  \.;?re 21s: :  z r e d  a s  i n c z t  - - - .-, &:.-. - - . . '  . . iu ml;i t j p j e - f o i i  u n ~ 0 i d - i ~ : ~  ~ , - , c l r ~ ,  ~ i i ~ i - ,  hnirii-i i i-'; dei ' iv2 a i j j i i ~ t e i  fieutl-cn 
y n = c t r = .  T:LF P Y ~ . ~ C ? I ; ! ? ~ . V  hi?!> ~ p i > ~ i $ i v i t . y  c f  t h e  SSTR i ~ p t h o d  a f fo rd5  i n - s i t s  
dosimetry f o r  c r i t i c a l  illass masurements w i t h  n e g l i o i b l e  s p a t i a i  and spect ra l  
per turbat ions.  



SSTR nleasurements were carried out using mica track recorders with isotopic  
f iss ion deposits of 2 3 % ,  '38U, 2 3 2 ~ h ,  and 2 3 7 N p .  To measure spa t ia l  and 
isotopic f i ss ion  rates  simultaneously, deposit thicknesses were adjusted 
using thi.n deposits of negligible f i ss ion  fragment sel  f-absorption as we1 1 , 

as asymptotically thick f iss ion f o i l s .  The sens i t iv i ty  of asymptotic 
f i ss ion  f o i l s  i s  independent of the thickness and has been previously deter- 
mined. (5,101 

An overall e r ro r  of roughly 3-57: ( l a )  was at ta ined fo r  SSTR absolute f i ss ion  
ra te  observations in these c r i t i c a l  safety s tudies .  These SSTR measured 
f i ss ion  ra tes  were i n p u t  t o  the SAND-I1 code togeth r with an i n i t i a l  'i spectrum calculated with the KENO Monte Carlo code. 11) The SAND-I1 code' 
produced an adjusted calculated neutron spectral  shape which agreed w i t h  the 
measured data. Results from two c r i t i c a l  assembly exposures a t  midplane are  
shown in  Table 1 together with SAND-I1 calculated neutron f luxes,  which 
possess uncertainty estimates of 10-1 5% ( l a ) .  

TABLE 1 

CRITICALITY SAFETY MID-LATTICE FISSION RATES AND GROUP NEUTRON FLUXES 

Lat t ice  Pitch 0.77 cm 1.90 cm 
Relative Fission Rates: 

(fissions/atom-sec) 
235U ( n , f )  1.28 x 10::: 2.28 x lo-'' 
238U ( n , f )  1.19 x lo-,, 2.00 x 10::; 
232Th (n , f )  3.60 x lo-,, 4.00 x lo-,, 
23'Np (n , f )  8.52 x 10 9.50 x 10 

Relative Flux (n/cm2-sec) 
The rma 1 1.85 x lo6 4.31 x lo6 
E > 0.1 MeV 9.04 x lo7 9.32 x lo6 
E > 0.1 MeV 3.48 x 10' 4.48 x lo6 
Total 1.25 x lo8 1.92 x lo7 
Average Energy (MeV) 0.92 0.70 

The extent of modifications I n  calculated spectra may be inferred by a 
comparison of measured and calculated 2 3 5 U  (n , f )  t o  2 3 8 U  (n , f )  r a t io s .  For 
the 0.77 cm pitch l a t t i c e  t h i s  r a t i o  was measured t o  be 107 a s  compared w i t h  
the calculated (KENO) value of 119, an 11% difference. For the 1.90 cm pitch 
these were 1140 measured and 1236 calculated,  an 8% difference. A t  o ther  
l a t t i c e  posit ions,  comparable differences were observed. As indicated by 
t h i s  one spectral  index, therefore,  the  KENO calculat ions produce a reasonable 
approximation t o  the neutron spectrum. However, improvements i n  flux-spectrum 
values can be obtained using SSTR observations i n  unfolding codes, such as  
SAND-11, which may then be used f o r  comparisons w i t h  l a t t i c e  calculat ions o r  
in perturbation calculations t o  derive e f f e c t s  of poison o r  geometry changes. 

Th.a r.:sults of  t h i s  ?:-og:-$y i  t o  d a t e  have shonn t h s t  sccurate  SSTR n!aasurements 
f ,ss,oi, , - ~ i c s  c.,, L , ~  ,.i.iidc I [ l  c l - i i i c 3 j  i;;2s5 I GL a 1 j i i c$  ..- -.+ ,:-.-..: . C i j  -i;,k; e);?;:~;.:: 

1 - . - r . . - t .  . . . - .S  I!!.. T"n..+F "I" 
I c I . 3 t 1 L 1 1  C!!!U!!L3 ,\!!~n con;bincd with t h e  i;:i?l tin,? e f o i l  technique have 
great potential t o r  use as a a i i i t i u r ~ d l  .benchmark d a t a  f o r  il~iproverneni arid viili- 
dation of calculational techniques. 



2 .  Fuel Assembly Storage F a c i l i t y  Measurements (AFR) 

I n  a comparable se t  o f  AFR safe ty  experiments, SSTR were success fu l l y  employed 
t o  inves t iga te  the  c r i t i c a l i t y  sa fe ty  o f  an FTR fue l  assembly (FA) s to rage .  
f a c i l i t y .  P r i o r  t o  ac tua l  use i n  FTR, these FA must be s a f e l y  stored.  A 
t y p i c a l  storage f a c i l i t y  fo r  unused reac to r  FA cons is ts  o f  a rec tangu la r  a r ray  
o f  c y l i n d r i c a l  r e t a i n i n g  p i t s  i n  a concrete medium, w i t h  each p i t  l a rge  enough 
t o  house a separate FA. For the FTR storage f a c i l i t y ,  center - to-center  distances 
between FA of 15 cni and 30 cm were used f o r  the  two orthogonal axes o f  t h i s  
rectangular  FA array,  respect ive ly .  For such sub-cr i  t i c a l  arrays,  a very simple 
r e l a t i o n  ex i s t s  between the c r i t i c a l i t y ,  f a c t o r ,  kef f ,  and the  neutron m u l t i -  
p l i c a t i o n  M, namely 

The c r i t i c a l i t y  f a c t o r  f o r  the storage f a c i l i t y  can there fo re  be determined 
from the m u l t i p l i c a t i o n  measurements which can, i n  turn ,  be obtained from 
SSTR observations a t  t he  surface o f  t he  FA. Here, however, on ly  t he  f a s t  

. neutron component @f ( i .e., neutrons above roughly 0.1 MeV) should be used, 
f o r  i t  i s  on ly  the  f a s t  neutron component t h a t  i s  d i r e c t l y  co r re l a ted  w i t h  
the f i s s i o n  process. Hence, one can w r i t e  

where ~l~ ( i n - s i  t u )  i s  the representat ive  fas t  neutron f l u x  w i t h i n  the storage 
f a c i  1 i ty and  source) i s  the f a s t  neutron source spontaneously generated i n  
the f u e l  w i thout  any m u l t i p l i c a t i o n .  

Asymptot ical ly  t h i c k  2 3 5 ~  and 2 3 B ~  f i s s i o n  f o i l s  were employed w i t h  mica SSTR 
for  absolute f i s s i o n  r a t e  measurements i n  the  FTR storage f a c i l i t y .  Exposures 
of about two days a t  the  FA surface provided s u f f i c i e n t  t r a c k  dens i t y  t o  deter -  
mine absol u te  f i s s i o n  ra tes  w i t h  roughly 10% ( l a )  uncer ta in ty .  Absolute f l uxes  
were der ived by us ing these abso u e SSTR f i s s i o n  ra tes  as i n p u t  data i n  the  
SAND-I1 computer un fo ld ing  code. 1 9 j  On t h i s  basis, an average a x i a l  FA value 
of 930 neutrons/(cm2 sec) was found f o r  @f ( i n - s i t u ) .  To determine  source) 
s i m i l a r  FA surface measurenlents were conducted w i t h  SSTR at tached t o  i s o l a t e d  
FA suspended i n  a i r .  Under such condi t ions,  r e t u r n  neutrons are n e g l i g i b l e  
and SSTR observations should provide a f i r s t  approximation o f  
t h i s  manner, an average a x i a l  FA value o f  670 neutron/(cm2 
 source). Using these r e s u l t s  i n  Equations (1) and (21, one f inds a 
c r i t i c a l i t y  f a c t o r  o f  keff = 3.28. 

Some concern e x i  s ted  t h a t  t h i s  c r i t i c a l  i ty f a c t o r  value was t oo  conservat ive 
owing t o  the neg lec t  of s e l f - i i ~ i r l t i p l i c a t i o n  i n  a s i ng le  i s o l a t e d  FA. F i r s t -  
f l i g h t  f i s s i o n  p r o b a b i l i t i e s  were ca l cu la ted  f o r  an i s o l a t e d  FA which revealed 
t h a t  the f a s t  neutron popula t ion cou ld  bc increased by at. l e a s t  15% due t o  such 
a self-niul t i p l i c a t i o n  e f f e c t .  Consequently, the  spontaneous f i s s i o n  r a t e  i n  
FTR fuc.? bras r;;casii:-cd d i r e c t l y  v ! i t t i  SSTR. The ends o f  FTR f t e l  pel l e t s  were 
pol i s i ~ e d  t o  p r o v i d ~ '  s~!;notll, f l a t  surfaces f o r  contact  \.:i t h  liiica SST?. >#n . .  - .  , ,  ,...... .-...,, t:::.: !:.2:*-,;: . : . . i ,!L,,., A;;--:-- : .  , C . .  & . - - - I .  \ I . _ .  .. _ _  J -..- / : t i  : L q m r  . _ _  :.. , .  p.,-fi,-c . I . .._- % 
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o f '  l0Vcrn'. A!, a sy~ ;p to t i c  s e n s i t i v i t y  of  3.0 mg/ci;;l- \sas c a i c u l a t e ~ \  ~ e l  for  t he  
r:;ixca p1utonic;:l o:.:id?-ul-a~li uiii o x i d e  FTK fuel  , w i t h  aii  uncpi-tl;i n tg  csiimated t o  
be about 105 ( l a ) .  This l a t t e r  uncer ta in ty  con t r i bu t i on  i s  the dominant ove ra l l  
c n c c r t ~ i n t y  i n  t h i s  FTR spcntaneous f i s s i o n  observat ion.  



These spontaneous f i s s i o n  observations l e d  t o  a value o f  475 neutrons/(cm2*sec) 
fo r  @f(source), which i n c l  udes a small con t r i bu t i on  from neutrons generated by 
(a,n) react ions i n  the f ue l .  Using t h i s  r e s u l t ,  one f i nds  a c r i t i c a l i t y  f a c t o r  
o f  keff = 0.5 + 0.7 f o r  the FTR storage f a c i l i t y .  (Ac tua l l y  f o r  an i s o l a t e d  FA, 
the se l f -mu l t i p l i ca t i on  conles t o  M = 1.4, which corresponds t o  an i s o l a t e d  FA 
c r i t i c a l i t y  fac to r  of keff = 0.29). Monte a r l o  nalyses us ing KENO I 1  and 
GEM IV computer codes o f  storage faci l i t iesF12,13!  s i m i l a r  t o  the FTR f a c i l i t y  
have y i e l ded  a value of keff = 0.66. Moreover, these analyses are expected t o  
be somewhat h igher  s ince fuel of 31 weight percent p lutonium was assumed fo r  
t h e  Monte Carlo ca lcu la t ions,  whereas SSTR observations were conducted w i t h  
FTR Core-1 fuel,  which i s  on ly  24.2 weight percent plutonium. 

111 LIGHT WATER REACTOR (LWR) APPLICATIONS 

A. Pressure Vessel Survei 11 ance Program 

Aging 1 i g h t  water r eac to r  pressure vessels (LWR-PV) a re  accumulat ing s i g n i f i  - 
cant  neutron fluence exposures, w i t h  consequent changes i n  t h e i r  s t ee l  embr i t -  
t l e m n t  cha rac te r i s t i c s .  Recognizing t h a t  accurate and va l i da ted  measurement 
methods are needed t o  p e r i o d i c a l l y  eva luate  the me ta l l u rg i ca l  cond i t i on  o f  
these reactor  vessels, the U.S. Nuclear Regulatory Commission has estab l ished 
the LWR-PV Surve i l lance Dosimetry Improvement Program. The major b e n e f i t  o f  
t h i s  program w i l l  be a s i g n i f i c a n t  improvement i n  the accuracy of the  assessment 
o f  the remaining safe operat ing l i f e t i m e  of l i g h t  water r e a c t o r  pressure vessels. 
The pr imary concern o f  t h i s  program w i l l  be t o  improve, standardize, and mainta in  
neutron dosimetry and damage ana lys is  procedures used f o r  p r e d i c t i n g  i n teg ra ted  
damage exposure o f  LWR pressure vessels. A vigorous research e f f o r t  a t t ack i ng  
the same measurement problems e x i s t s  world-wide and cooperat ive l i n k s  w i t h  the 
NRC supported a c t i v i t y  have been estab l ished.  (14-16) 

Neutron dosimetry va l i da t i on  and c a l i b r a t i o n  w i l l  be conducted i n  a v a r i e t y  
o f  neutron i r r a d i a t i o n  t e s t  f a c i l i t i e s ,  i nc l ud ing  LWR-PV mockups, power 
reac to r  su rve i l  lance pos i t ions,  and re1 ated  benchmark neutron f i e l d s .  The 
key benchmark f i e l d s  w i l l  be two " con t ro l l ed  environment" PV mockups, namely 
t he  Pool C r i t i c a l  Assembly (PCA) and t he  Pool Side F a c i l i t y  (PSF) a t  t he  Oak 
Ridge Reactor (ORR). The necessi ty f o r  a pressure vessel mockup f a c i l i t y  f o r  
dosimetry inves t iga t ions  and f o r  i r r a d i a t i o n  o f  me ta l l u rg i ca l  specimens was 
recognized e a r l y  i n  the format ion o f  the  NRC program. Low-f lux and h igh- f lux  
versions, i.e., PCA and PSF, o f  a s i n g l e  pressure vessel mockup have been 
constructed, as shown schemat ical ly  i n  F igure 2. As a spec ia l i zed  benchmark, 
t h i s  f a c i l i t y  w i l l  provide a wel l -character ized neutron environment where 
a c t i  vi? and passive neutron dosinletry, var ious types o f  LWR-PV neutron f i e l d  
ca lcu la t ions,  and temperature-control led PV damage exposure a re  brought 
together f o r  va l ida t ion .  SSTX uork i n  each o f  these mockups i s  discussed 
separately be1 ow. 

1,  C r i t i c a l  Assembly Studies (VI,P) I 

Dosimetry measurements i n  the PCA have been underway f o r  about a year now. I n  
L . ~ =  f i r s t  SSTR e x ~ ? ~ - i i i l ~ t > t s ,  " f t - se - f i e l d "  scoping s tud ies were conducted. 
Ttlo tpp,-> ~ ! f ~ . ~ ~ - f i p ? ~ l ~  y;nn<fiec -- ~ . - - - . - A . . . . - L - A  . . - A - . -  --.,:..-.--.-,-A - 
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ki i t i iout t f l e  presence o f  t i l e  ther;;;zt s h i e l d  and pressure vessel s imula tor .  a f t ? ?  t h ~ : ~  init:;!  : c ^ : i ~ :  , % ,  Ti: i r l - a j j a t j o n s  p,re,-c 
c a r r i e d  out  w i t h  the PV nlockup i n s t a l l e d .  Emphasis \;.as p laced on the f o l l o ~ / i n g  
r a d i a l  locat ions:  one-quarter. one-half, and three-quarters of the  way i n t o  
the PV simulator  and i n  t l te vo id  box behind the  pressure vessel s imula tor .  



Absolute fission rates of '32Th , 2 3 5 ~  (bare and Cd-covered), 2 3 7 ~ p ,  and 2 3 8 ~  
were obtained with mica SSTR. Fission deposits in the pg/crn2 region or asymp- 
totically thick foils were employed. In most instances, track densities are 
quite adequate and experimental error lies in the 5-10% range (la). A series 
of 15 irradiations were conducted resulting in more than 160 exposed mica SSTR. 
Consequently, analysis of these experiments awaits complete scanning of all of 
these mica SSTR dosimeters. 

In the upcoming PCA irradiations, SSTR will be used for perturbation evaluation 
studies. In the LWR-PV environment, voids created in the water by the need to 
insert active spectrometers, fission chambers, or surveil lance dosimetry 
capsules can produce serious neutron field perturbations, not only in the 
measurements themselves, but in neighboring locales. The advantages of mini - 
aturized SSTR together with microscopic readout techniques will be capitalized 
upon in evaluating these perturbations and minimizing interactions introduced 
by necessarily much larger detection systems. For these reasons, fission rate 
observations at the PCA will emphasize comparisons between SSTR and miniaturized 

. '  fission chambers, rather than the absolute NBS fission chamber. 

2. Accelerated Metallurgical Test (HP) 

The PSF mockup will be operated for a proximately one year to provide fast 
fluences in excess of 1019 n/(cm2=sec . Special features for the metallurgical 

~ .. . .. . 
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testing will be temperature control, measured flux profiles and flux levels, 
and easy access and flexibility in changing the relative distances between the 
metallurgical capsules. This highly specialized mockup will contain PV steel 
materials for metal 1 urgical tests such as Charpy, fracture toughness arid 'tensile 
specimens, dosimetry capsules, and heating and cooling elements to obtain even 
and constant temperatures during irradiation. Because the PSF represents such 
a unique opportunity, metallurgists, radiation damage specialists and dosime- 
trists from all over the world are actively participating in this experiment. 

In the PSF irradiation, SSTR capsules containing fissionable deposits of 226Ra, 
2 3 0 ~ h ,  232Th, 2 3 5 ~ ,  238U, and 237Np have been incorporated. Two different 
dosimetry capsules called advanced and exploratory capsules are empl oyed. 
There will be ten advanced capsules which will be used chiefly for dosimetry 
comparisons with radiometric monitors and he1 i urn accumulation fl uence monitors 
(HAFM) . Advanced capsule locations will range from the survei 11 ance position 
through the PV mockup block back into the void box region. There will be four 
exploratory capsules, two at the surveillance position and two at the surface 
of the PV mockup. These exploratory capsules will contain both fission rate 
SSTR dosimeters as we1 1 as SSTR damage monitors (DM). 

B. Non-Destructive Assay of Spent LWR Fuel Assemblies (AFR) 

On the basis of the demonstrated sensitivity of SSTR in FBR criticality safety 
stsldies, it became apparent that STR c uld be applied for the characterization 
c f  spent reactor fuel assealbl ies.?l6-19? Clearly, such efforts possess high 
priority as sper;t fuel fro111 LblR nuclear pov!er stations continues to accumulate 
c::d i i ~ ; ~ c I - c ~ o ~ - L '  bzco:::zs iricl-easingly important to y I-ovide e f f e c t i v e  means f o r  
.) 
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to assure (1) personnel safety during hand1 ing and trans~ort; (2) long-term 
i n i u c l l -  - 3'  i ;.y c!!' i.ile s iol-age r~!cdiuiil, and (3) accurate accountabi i i ty of t h e  a c t i r i i d e  
content of the fuel. The accomplishment of these objectives is dependent to 
a considerable degree upon development of means to characterize the radiation 
field associated with spent fuel and to determine the elemental isotopic content 
of the spent fuel. 



D i  r e c t  radiocheniical procedures can be used t o  determi ne the  concent ra t ion o f  
plutoniunl o r  o ther  ac t in ides  i n  spent f u e l .  However, procedures deal i n g  
d i r e c t l y  w i t h  h i g h l y  rad ioac t i ve  spent f ue l  are complex and expensive. Hence, 
i t  i s  h i gh l y  advantageous t o  e i t h e r  e l im ina te  such procedures o r  reduce them 
t o  a bare minimum. A non-destruct ive method i s  the re fo re  h i g h l y  des i rab le . :  
Since spent f u e l  i s  handled, t ransported and s tored i n  the  form o f  f u e l  
assemblies (FA), i t  f s  pre ferab le  t o  use non-destruct ive methods t h a t  can be 
appl ied d i r e c t l y  t o  these assemblies. Comprehensive measurement o f  spontaneous 
neutron generation from spent f ue l  i s  a l so  necessary f o r  more accurate 
d e f i n i t i o n ,  p r e d i c t i o n  and con t ro l  o f  personnel r a d i a t i o n  exposures and f o r  
assessment o f  the p o t e n t i a l  f o r  damage t o  candidate geo log ic  storage f a c i l i t y  
media. 

Hence, neutron dosimetry measurements w i t h  spent FA can serve two broad purposes, 
namely t o  character ize the composition and the r a d i a t i o n  environment. This 

. . . . 
f i r s t  purpose inc ludes the  need t o  understand and q u a n t i f y  spent f u e l  f i s s i l e  
i so top i c  compositions f o r  reasons of economics, safeguards, o r  r e a c t o r  physics. 
The second purpose encompasses hea l th  and sa fe ty  requirements created by the 
spent f ue l  r a d i a t i o n  envi  ronment . 
A t t r i b u t e s  o f  the SSTR method f o r  spent f u e l  app l i ca t i ons  are  outstanding and 
cannot be overemphasized, namely c o s t  effectiveness,' ready ava i l ab i ' l i t y ,  and 
d i r e c t  a p p l i c a b i l i t y  w i thou t  the need f o r  special  f a c i l i t i e s .  Hence, these 
f ac to r s  have permi t ted quick adaptat ion o f  the SSTR dosimetry i n  a spent FA 
scoping experiment. SSTR dosimeters were exposed a t  the surface o f  a spent 
fuel  FA from the Turkey Poin t  Reactor No. 3, a Pressurized Water Reactor (PWR) 
located i n  F l o r i d a  City, F lor ida.  Mica SSTR were exposed f o r  roughly  3-1/3 
days a t  the surface o f  a spent FA near f u e l  mid lane. F i ss i on  depos i ts  o f  P 2 3 %  (bare and Cd-covered), 238U, 232Th, and 2 3  Np were used. 

Acceptable f i s s i o n  t r ack  dens i ty  was produced i n  a l l  mica SSTR. I n  f ac t ,  a l l  
t r ack  dens i t i es  were i n  excess o f  1 0 3 / c d ,  w i t h  t he  235U t r a c k  dens i t i es  

. . exceeding 104/cm2. On t h i s  basis an o v e r a l l  experimental e r r o r  o f  10% ( l a ) ,  
was obtained i n  the  absolute SSTR f i s s i o n  rates,  w i t h  t he  dominant unce r ta i n t y  
due t o  t r ack  count ing s t a t i s t i c s  and a small c o n t r i b u t i o n  a r i s i n g  f rom the 

T uncer ta in ty  i n  deposi t  mass o r  asymptotic s e n s i t i v i t y .  able 2 presents 
absolute f l uxes  obtained from the SAND-I1 un fo ld ing  code 9) us ing these 
absolute SSTH f i s s i o n  r a t e  data. Overa l l  f l u x  e r r o r  est imates depend n o t  o n l y  
upon the e r r o r  i n  the SSTR absolute f i s s i o n  r a t e  data, b u t  a l so  upon unce r ta i n t i es  
en ta i l ed  i n  the un fo ld ing  process, i.e., cross sect ions,  i n i t i a l  spectrum, 

i' 
degree of convergence ... etc .  I n  add i t i on ,  f l u x  pe r t u rba t i on  e f f e c t s  due t o  
the f i n i t e  th ickness o f  the SSTR f i s s i o n  f o i l s  and cadmium covers have been 
neglected i n  t h i s  treatment. Consequently, o n l y  est imated o v e r a l l  e r r o r s  a r e  
given i n  Table 2 f o r  these absolute group f luxes.  

It can be seen from Table 2 t h a t  the absolute i n t e n s i t y  a t  the  surface o f  
t h i s  spent FA i s  s t i l l  s i g n i f i c a n t  even th ree  years a f t e r  discharge. The 
energy d i s t r i b u t i o n  o f  these neutrons i s  q u i t e  hard i n  t he  ho t  c e l l  environ- 
m n t ,  nhere measurements were ca r r i ed  ou t  e s s e n t i a l l y  i n ' a i r .  Th is  approxi-  
~::ates a vacuulll bounds:-y co i l d i  t i o n  I - c a s o ~ a b l y  m i  1. so t h a t  one expects very 
3 - . ,  , ?  - , , .  hnnre F v e r v  I nw i n t e n s i t y  o f  s l  ov! neutrons. . . , i e ;;.=;;:I-;.;; r=:i:r:t Z 2: ...... 



The ra ther  la rge neutron f l u x  uncer ta in t ies  given i n  Table 2 r e f l e c t  the 
pre l in i inary  nature of t h i s  scoping experiment. While on ly  ten percent t rack  
scanning s t a t i s t i c s  was j u s t i f i e d  i n  these i n i t i a l  e f f o r t s ,  f u t u r e  t r ack  
scanning could be performed t o  ob ta in  absolute f i s s i o n  ra tes  o f  1-3% accuracy 
( a t  the l a  l eve l  ) . He.nce, considerable reduct ion i n  neutron fl ux uncer ta in ty  
could be rea l i zed .  It must be stressed, however, t h a t  one need no t  deduce 
neutron ( t o t a l  o r  group) f l u x  f o r  a c t i n i d e .  assay work. I n  p a r t i c u l a r ,  e i t h e r  
absolute i so top i c  f i s s i on  r a t e  o r  i s o t o p i c  f i s s i o n  t r ack  dens i ty  are  c o r r e l a t i o n  
parameters of much higher accuracy t h a t  can be used f o r  ac t i n i de  assay work. 

TABLE ' 2 

ABSOLUTE GROUP NEUTRON FLUXES AT THE SURFACE OF SPENT FA B43 

F lux  Estimated Uncer ta in ty  
Energy I n t e r v a l  n/cm2 sec) l a ( % )  

Thermal ( < 0.4 eV) 14 
Epithermal (0.5 eV-0.1. MeV) 140 
Fast (0.1 MeV-2MeV) 6520 
High Energy ( > 2 MeV) 1230 
To ta l  Flux 7900 
Mean Energy 1.3 

I V .  MAGNETIC FUSION ENERGY REACTOR (MFER) APPLICATIONS 

I n  support o f  mate r ia l s  development f o r  t h e  MFER program, the  Uni ted States 
Department. o f  -Energy (-DOE) i s  cons t ruc t ing  an in tense neutron source at. .  
Hanford known as the  Fusion Mate r ia l s  I r r a d i a t i o n  Test (FMIT) f a c i l  i ty .  .The 
FMIT f a c i l i t y  w i l l  generate an in tense source o f  h i gh  energy neutrons f o r  the 
systematic study, evaluation, and development o f  f us i on  reac to r  mat r i  1s.- 
Since h ighest  i n t e n s i t i e s  can be r e a l i z e d  from the ~i (d,n) reac t ionT lg f ,  a  
prototype l i n e a r  acce lera tor  w i l l  provide a  h igh  cur ren t  deuteron beam ( ~ 1 0 0  mA, 
15-35 I k V ) ,  wh ic l~  w i l l  impinge on a  t a rge t  o f  f l ow ing  1  i q u i d  l i t h i u m .  Goal 
ob jec t ives f o r  FMIT are a  pax xi mum f l u x  i n t e n s i t y  o f  1015 neutrons/(cm2*sec) 
w i t h  a  mean energy of 14 MeV. The unperturbed steady s t a t e  neutron volume/ 
f l u x  ob jec t i ves  a re  approximately 10 cm3 a t  10'' n/(cm2*sec) and 500 cm3 a t  
10' ' n/ (cm2. sec) . 

- - - -  W i  th-. these capabi 1.i ties.,:-.-FMIT w i l l -  p rov ide e n t r y  i n t o  a  new realm of fusion 
reac to r  mate r ia l  tes t ing .  No i r r a d i a t i o n  f a c i  1  i t y  y e t  b u i l t  approximates 
the  i r r a d i a t i o n  environment planned i n  FMIT, and f u l l  e x p l o i t a t i o n  of t h i s  , 

unique f a c i l i t y  demands charac te r i za t ion  of the i r rad ia t ion 'env f ronment  t o  a 
degree cons is tent  w i t h  MFER program accuracy requirements. (20) Dosimetry 

.. charac te r i za t ion  o f  the FMIT mate r ia l  t e s t  assembly volunie i s  complicated by 



several fac to rs :  (1 ) l a rge  f l u x  component o f  very h i gh  energy neutrons; 
( 2 )  steep f l u x  and energy spectrum grad ients  w i t h i n  the t e s t  volume; ( 3 )  h i g h l y  
d i r ec t i ona l  nature of the neutron f l u x ,  as opposed t o  the e s s e n t i a l l y  i s o t r o p i c  
f l u x  i n  reactors;  ( 4 )  i r r e g u l a r  product ion o f  secondary neutrons w i t h i n  , 

mater ia l  t e s t  assemblies; and ( 5 )  l a rge  s e n s i t i v i t y  o f  the preceding f ac to r s  
t o  source i n s t a b i l i t i e s .  

Both mineral and p l a s t i c  SSTR w i l l  p lay  compl imentary r o l e s  i n  quan t i f y ing  
the rad ia t i on  environment of t h i s  unique f a c i l i t y .  It i s  planned t h a t  
passive dosimeters w i  11 be incorporated d i r e c t l y  w i t h i n  t he  FMIT i r r a d i a t i o n  
t e s t  assemblies. I n - s i t u  passive dosimeters w i l l  be main ly  rad iomet r i c  
sensors w i t h  on ly  an occasional SSTR dosimeter. Since FMIT cyc le- to-cyc le  
high energy fluences w i l l  be i n  excess o f  1019 n/cm2. mica and quar tz  c r y s t a l  
SSTR w i l l  be used c h i e f l y  w i t h  threshold  f i s s i o n  nuc l ides.  Wi th in  t he  FMIT 
t e s t  ce l l s ,  SSTR dosimeters of t h i s  type w i l l  be employed t o  map the  angular 
and spa t i a l  v a r i a t i o n  of the neutron f i e l d  as w e l l  as t o  provide absolute 
t ime- integrated reac t ion  r a t e  data f o r  i n p u t  t o  un fo l d i ng  codes. 

Beyond the a b i l i t y  o f  mica and quartz cryst 'al  SSTR t o  f u r n i s h  FMIT dosimetry 
data, these SSTR w i l l  simultaneously serve as h i gh  neutron energy damage 
monitors. I n  t h i s  l a t t e r  capacity, SSTR may a c t u a l l y  p l ay  a more important  
r o l e  f o r  the MFER program. Since FMIT w i l l  be used f o r  MFER r a d i a t i o n  damage 
studies, i t  w i l l  serve mainly t o  v e r i f y  and c a l i b r a t e  c o r r e l a t i o n  models and 
procedures as we l l  as t o  produce some t e s t  data. However, most o f  t h e  r a d i a t i o n  
damage data w i l l  cont inue t o  come from f i s s i o n  reac to r  i r r a d i a t i o n s ,  where 
neutron spectra possess much lower energy, by  an o rder  o f  magnitude o r  more. 
To ca lcu la te  and evaluate rad ia t i on  damage, f o r  example t o  the f i r s t  wa l l  o f  
a fusion reactor ,  f i s s i o n  reac to r  and FMIT r e s u l t s  w i l l  have t o  be incorporated 
i n  a c o r r e l a t i o n  methodology. To do t h i s  requ i res  more than an accurate 
knowledge o f  the  f luence and neutron spectra i n  m e t a l l u r g i c a l  t e s t  specimens 
t h a t  are i r r ad ia ted .  Indeed, one must have a proper phys ica l  understanding 
of the  neutron-induced rad ia t i on  damage processes. SSTR damage moni tors  can 
furn ish data i n  both f i s s i o n  and fus ion  r e a c t o r  environments and thus, i n  
p r i nc i p l e ,  provide i n s i g h t  f o r  attempts t o  c o r r e l a t e  energy-dependent r a d i a t i o n  
damage e f f ec t s .  

.. . 
I n  t h i s  regard, e f f e c t s  o f  d i f f e r e n t  neutron-induced Primary Knock-on Atom 
(PKA) spectra on r a d i a t i o n  damage are n o t  y e t  f u l l y  understood, It i s  known 
t h a t  PKA spectra induced i n  fus ion  reac to r  environments w i l l  be much harder 
t h a t  PKA spectra produced i n  f i s s i o n  reac to r  environments. Moreover, PKA 
spectra p lay  a fundamental r o l e  i n  a n a l y t i c a l  desc r ip t ions  o f  r a d i a t i o n  
damage. Hence, there i s  considerable i n c e n t i v e  f o r  observat ion o f  PKA 
spectra. I n  f c t ,  SSTR measurements o f  PKA spect ra  have a l ready been 

. .  . 
. .  . 

advanced. (1 ,217 SSTR o f  h igher s e n s i t i v i t y  such as g lass o r  p l a s t i c  would be 
. . .. .. . requ i red f o r  such measurements. Low energy-high atomic number PKA de tec t i on  

w i t h  SSTR w i l l  probably e n t a i l  spec ia l  e t ch ing  techniques as we l l  as h igher  
readout magni f ica t ions t h a t  are a f fo rded  through scanning e l e c t r o n  microscopy. 

P l a s t i c  SSTR \ + i l l  be used i i i  K I T  f o r  both neutron radiography and passive 
spectronietry. I n  pat-ticulat., CR-39  possesses unique a t t r i b u t e s  f o r  th'l s 
>.:.- , , d ; - k  aj can s t  - . .  -...* - .  . . . .  . . . .  . 

2 u l  ; ; ; , b e "  7 ;.\..:;: iL; i 1 b! -s t j  s c G i j  2 s  , a  -. : L , ,  . ,  A L , ; - IS  , I i 1.-.L-i , C l l {  !-ikY~ 

SSTR t ha t  are reported i n  a companion p a p e r  a t  t h i s  conference. ( 2 2 )  Special 
erlipllasis w i l l  be placed  on iieiitt-on radiography o f  t h e  L i  t a r g e t .  The i n t e n s i t y  
d i s t r i b u t i o n  from t h i s  source (% 1 cm by 3 cm) p lays a key r o l e  i n  def in ing 



the equ i l i b r i um  neutron f i e l d  throughout the t e s t  c e l l .  For example, t h i s  
d i s t r i b u t i o n  i s  essen t ia l  boundary data i n  neutron t ranspor t  ca l cu la t i ons .  
I n  t h i s  respect, the i n t e n s i t y  d i s t r i b u t i o n  o f  deuterons impinging on the L i  
t a rge t  can a lso  be used f o r  neutron source i n t e n s i t y  d i s t r i b u t i o n  esti-mates. 
However, s u f f i c i e n t l y  accurate techniques f o r  beam p r o f i l e  measurements i n  , :  
t h i s '  cur rent  regime (Q 100 mA) have no t  as y e t  been developed. Consequently, 
development o f  ac t i ve .  beam diagnost ic techniques ar* being pursued, wherein 
i t  i s  expected t h a t  passive SSTR methods w i l l  p lay  a conf i rmatory  r o l e .  

The remarkable energy-dependent proton s e n s i t i v i t y  o f  CR-39 w i l l  be employed 
f o r  passive nuetron spectrometry app l i ca t ions  a t  FMIT. Throughout the neutron 
energy range t h a t  w i l l  e x i s t  a t  FMIT, i .e. ,  up t o  50 MeV, on ly  the  hydrogen 
(n,p) sca t t e r i ng  cross ,sect ion i s  accurate ly  known. Using appropr ia te  neutron 
collimators,.hydrogenous rad ia to rs ,  and vacuum sca t t e r i ng  chambers, the  e n t i r e  
FMIT neutron spectrum can be observed w i t h  CR-39 placed a t  s u i t a b l e  (n,p) 
sca t t e r i ng  angles. Hence, the proton energy s e n s i t i v i t y  o f  CR-39, which 
extends up t o  a t  l e a s t  12 MeV, w i l l  fu rn ish *unique passive neutron spectrometry 

' 

a t  FMIT on both an absolute and t ime- in tegrated basis.  
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FIGURE 2 R a s w e  Verrel Wall Mockvp Schenntic of Two Equivalent Foci l i t ia  
Under Conshuclion ol ORNL. The high-flux version ot ORR (PSF) will 
Include d o n r ~ n  exposwe of mstol lugia l  test cimeny the low-flux 
vmion lism u l c i * - p r r  er i l iwl  w m b l y  ~3 r i l l  bcur  on octive 
ond pauiva dosimetry meapramsntr. 




