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FOREWORD 

The Shippingport Adomic Power Station located in Shippingport, Penn- 
sylvania was the first large-scale, central-station nuclearpower plant in the 
United States and the first plant of such size in the world operated solely to 
produce electric power. This project was started in 1953 to confirm the 
practical application of nuclear power for large-scale electric power gen- 
eration. It has provided much of the technology being used for design and 
operation of the commercial, central-station nuclear power plants now in 
use. 

Subsequent to development and successful operation of the Pressurized 
Water Reactor in the AEC-owned reactor plant at the Shippingport Atomic 
Power Station. the Atomic Enerav Commission in 1965 undertook a re- <. 
search and development program to design and build a Light Water 
Breeder Reactor core for operation in the Shippingport Station. In 1976, 
with fabrication of the Light Water Breeder Reactor (LWBR) nearing com- 
pletion the Energy Research and Development Administration established 
the Advanced Water Breeder Applications program (AWBA) to develop 
and disseminate technical information which would assist U.S. industry in 
evaluating the LWBR concept. All three of these reactor development proj- 
ects have been administered by the Division of Naval Reactors with the 
goal of developing practiaal improvements in the utilization of nuclear fuel 
resources for generation of electrical energy using water-cooled nuclear 
reactors. 

The objective of the Light Water Breeder Reactor has been to 
develop a technology that would significantly improve the utilization of the 
nation's nuclear fuel resources employing the well-established water reac- 
tor technology. To achieve this objective, work has been directed toward 
analysis, design, component tests, and fabrication of a water-cooled, 
thorium oxide fuel cycle breeder reactor to install and operate at the Ship- 
pingport Station. Operation of the LWBR core in the Shippingport Station 
started in the Fall of 1977 and is expected to be completed in about 3 to 
4 years. Then the fissionable fuel inventory of the core will be measured. 
This effort, when completed in about 2 to 3 years after completion of LWBR 
core operation, is expected to confirm that breeding actually took place. 

The Advanced Water Breeder Applications (AWBA) project was initi- 
ated to develop and disseminate technical information that will assist U.S. 
industry in evaluating the LWBR, concept for commercial-scale applica- 
tions. The project will explore some of the problems that would be faced by 
industry in adapting technology confirmed in the LWBR program. Informa- 
tion to be developed includes concepts for commercial-scale prebreeder 
cores which will produce uranium-233 for light water breeder cores while 
producing electric power, improvements for breeder cores based on the 
technology developed to fabricate and operate the Shippingport LWBR 
core,  a n d  other information and  technology to aid in  evaluating 
commercial-scale application of the LWBR concept. 

Technical information developed under the Shippingport, LWBR, and 
AWBA projects has been and will continue to be published in technical 
memoranda, one of which is this present report. 
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ABSTRACT 

Four H20-moderated, slightly-enriched-uranium c r i t i c a l  experiments were 

analyzed by Monte Carlo methods w i t h  ENDF/B-IV data .  These were simple metal- 

rod l a t t i c e s  comprising Cross Section Evaluation Working Group thermal reac tor  

benchmarks TRX-1 through TRX-4. Generally good agreement w i t h  experiment was 

obtained f o r  calculated i n t eg ra l  parameters: the epi-thermal/thermal r a t i o  

28 25 
of U238 capture ( p ) and of U235 f i s s i o n  ( 6 ), the  r a t i o  of ~ 2 3 8  capture t o  

2 8 U235 f i s s ion  (cw),  and the r a t i o  of ~ 2 3 8  f i s s i o n  t o  U235 f i s s i o n  ( 6 ) Ful l -  

core Monte Carlo calculat ions  f o r  two l a t t i c e s  showed good agreement with c e l l  

Monte Carlo-plus-multigroup Pi leakage corrections.  Newly measured parameters 

f o r  the  low energy resonances of ~ 2 3 8  s ign i f ican t ly  improved p28. I n  comparison 

w i t h  other CSEWG analyses, the strong correla t ion between K and P28 suggemts 
e f f  

t h a t  ~ 2 3 8  resonance c a p t u r e ' i s  the major problem encountered i n  analyzing these 

l a t t i c e s .  



~ N T E  CAFGO ANALYSES OF TRX SLIGHTLY ENRICEEED URANIUM+O 

CRITICAL EXPERIMENTS - . . . . - WITH - . . ENDF/B-IV AND RELATED DATA SETS 
(AWBA Development program) 

J. Hardy, Jr. 

Four 50-moderated, slightly-enriched-uranium c r i t i c a l  experiments have 

been analyzed wi th  EMIF/B-IV data i n  connection with the data tes t ing  e f f o r t  

of the Cross Section Evaluation Working Group ( CSEWG) . These experiments 

were simple metal-rod l a t t i c e s  (Ref. 1 )  comprising CSEWG thermal reactor 

benchmarks TRX-1 through TRX-4 (Ref. 2).  The purpose of t h i s  analysis .  is t o  

.obtain a clean t e s t  of the , ab i l i ty  of EMIF/B-IV data t o  predict the  neutron 

economy i n  l a t t i c e s  of t h i s  type. 

The f u e l  rods were of uranium (enriched t o  1.3$ U235) clad i n  aluminum. 

They were 48 inches long and of 0.387 inch diameter, arranged i n  hexagonal 

arrays at  water/fuel volume ra t ios  of 2.35, 4.02, 1.00, and 8. ll. TRX-1 and 

2 were fu l l  l a t t i ces ;  TRX-3 and 4 were run as  inner l a t t i c e s  surrounded by 

driver regions of high-density U02 rods. A l l  l a t t i c e s  were fu l ly  reflected 

and t h e i r  perimeters were made as  nearly c i rcular  as possible.. 'Fhey were 

operated a t  room temperature. 

The following parameters were measured a t  the center of each l a t t i c e :  

28 25 the epi-thermal/thermal r a t i o  of E 3 8  capture ( p  ) and of U235 f i ss ion  ( 6  ), 

the r a t i o  of a 3 8  capture t o  W35 f i ss ion  (CW) , and the r a t i o  ,of W38 f i s s ion  

28 
t o  11235 f i ss ion  ( 6  ) . A t  core center, the flux spectra were asymptotic i n  

the full l a t t i ces ;  they were not qui te  asymptotic in the two-region l a t t i c e s  

(TRX-3 and TEIX-4). Axial and radia l  bucklings were measured i n  the f u l l  

l a t t i ces .  



The parameters have been calculated by a method which has been used f o r  

several years. F i r s t ,  a full-energy-range c e l l  calculation (zero leakage) 

w a s  done wi th  the RWO1 Monte Carlo program, an expanded version of RECAP 

( ~ e f .  3). Relatively small leakage corrections t o  the c e l l  reaction ra tes  

were then obtained from a full-core analysis with the multigroup P program 
R 

Pm, an extension of P 3 S  (Hef. 4), which treated a homogenized Lettice. 

In t race l l  f lux  weighting fac tors  i n  P7M3 were chosen t o  match Monte Car10 

reaction ra tes  i n  the zero-leakage ce l l .  

Calculated parameters obtained i n  t h i s  manner with ENDF/EIV data are 

compared with measured values and w i t h  corresponding results from e a r l i e r  

ENDF versions. Results are a l so  presented f o r  cross section variations 

potent ial ly affect ing W38 capture. These include new resonance parameter 

values f o r  the low-energy 11238 resonances and two changes of U238 resonance 

cross section representation which af fec t  the  us profile:  inclusion of 

negative energy resonances and use of a multilevel description. Several 

variations of the U235 f i s s ion  spectrum, which primarily af fec t  W38 f a s t  

f iss ion,  and a varied set of 11235 thermal cross sections, are a l s ~  examined. 

In  addition, c r i t i c a l i t y  of the uniform l a t t i c e s  (TRX-1 and 'PRX-2) was 

calculated by the RCPOl Monte Carlo program, with an expl ic i t  three-dimensional 

full-core representation. Central-core reaction ra tes  and integral parameters 

were a l so  calculated. For TW(-1, the calculation was run out t o  obtain the 

gross s p a t i a l  variation of integral  parameters. 

Finally, studies of two small systematic errors  c o ~ e c t e d  wi th  measure- 

-it, of p28 are described i n  the appendices. 



11. ' CALCULATIOmAL METHODS 

ENDF/B cross sections were multigroup processed w i t h  ETOMX and ET(YPX, 

which are Bettis versions of E3BG (Ref. 5) and ElDT (Ref. 6). P3 thermal 

scattering kernels f o r  hydrogen bound i n  I$0 were processed w i t h  FLAN2, the 

Bett is  version of FLANGE11 ( ~ e f .  7), from E~DF/B s ( ( Y , ~ )  f i l e s  based on the 

Haywood kernel. 

The MUFT 54 group structure was used from 0.625 eV - 10 MeV with m u l t i -  

group cross sections averaged over a detailed spectrum f o r  a f iss ion source 

in H20. lhennal data were described at 25 energies. Inelast ic  scattering 

was described by a multigroup transfer  matrix which included multiplication 

due t o  the n,2n reaction. Elast ic  scattering was described in P angular 3 
approximation by multigroup. 

In addition t o  the multigroup data, f o r  each resonance'absorber RCPOl 

described Doppler broadened resonance profi les  a t  approximately 25000 energies 

over the END~/B-~rescribed resonance range. S-wave resonances were t reated 

expl ic i t ly  except tha t  only one s e t  of unresolved parameters was allowed over 

the unresolved rtinge. For W38' the difference from the END~/B-~rescribed 

mdt ip le  se t s  was made up i n  smooth ( lee. ,  multigroup) absorption cross 

sections. Resolved P-wave resonances f o r  I1238 were smoothed as  were U235 

unresolved resonances. ' mese are both good approximations i n  these l a t t i ces .  

The RCFQl c e l l  calculations treated the geometry expl ic i t ly  i n  two dimen- 

sions. They were zun as  eigenvalue problems, which accounted f o r  the very 

s l ight  f i ss ion  source shape i n  the f u e l  rod. A zA/zT estimator and neutron 

weights were used.epithermally. Thermally, a binomial estimator was used i n  

the fue l  and a teminat ing zA/zT estimator i n  the  clad and maderator. 



In the "RCPO~/P?MG" method, leakage corrections were obtained by means of 

a multigroup calculation, with cross sections closely matching those of the 

Monte Carlo. For the uniform l a t t i c e s ,  the epithenaal calculation was done 

w i t h  MUFW, which treated a homogenized, simply-buckled l a t t i c e  i n  the Bl 

approximation using the measured t o t a l  8. In the ENDF/B-IV analyses, an 

"L-factor" was used t o  force the ~ 2 3 8  captuw in the acro-buckline cel- 

culat ian t o  match tha* nf RmOI above 0.625 eV. A aingle Lafaator ma ~pprsed 

Thermally, a DP1 calculation was done i n  25 energy groups. Tllennal cel l -  

flux-weighting factors  were derived from @35 f iss ion thermal disadvantage 

factors  obtained i n  the RCPOl c e l l  calculations. Cell-flux-weighting factors 

f o r  a s ingle f a s t  group (10 MeV - &1 k e ~ )  were derived similarly from the W38 

f i s s ion  f a s t  advantage fac tors  of t h e  RCPOl cel l .   o or t h i s  purpose traces of 

U235 and @38 were included i n  the water of the RCPOl ce l l ) .  The cell-average- 

f lux  l eve l  was used f o r  the clad. Although relat ively unsophisticated, the 

MUFT f lux  weighting schemes appear t o  be quite adequate in t h i s  application, 

when properly applied. 

Le-ge corrections f o r  the two-region l a t t i c e s  *re obtakied wit11 F m ,  

which performed radial,  one=dim@ne i ond  , 5bmultigroup calci.rlations in cylinder 

geometry fop a homo&errlzed 1aMioo. csbauJ.ations were P3 epi-thermally 

and double-P1 thermally. There was one thermal group, with c o n s t u t s  condensed 

from a 25-group calculation f o r  each homogenized core region. 

In all cases, leakage correction factors  f o r  the RCPO1-calculated f a a t  and 

thermal reaction rates were obtained a s  the r a t i o  of reaction ra te  in the 

leaking, hamogenized l a t t i c e  t o  t h a t  i n  the homogenized l a t t i c e  with zero 



buckling. Reaction ra tes  were normalized t o  one neutron born of a l l  f iss ion.  

The cross section sens i t iv i ty  studies w i t h  P7MG employed a new resonance 

treatment (developed by E. Schmidt and L.   is en hart) based on integral  trans- 

'port theory, with two-dimensional expl ic i t  geometry (including clad and void) 

for  the rod-lattice cel l .  This model, which supersedes the "L-factor" 

method, used the same detailed cross section profi le  a s  RCPO1. Within the 

energy range .625 eV - 5530 eV ( t o  which the new method is limited a t  present) 

resonance capture ra tes  were found t o  agree w i t h  RCPOl t o  be t t e r  than 1s f o r  

these la t t ices .  This method w i l l  be used. i n  future calculations. 

Present results d i f f e r  somewhat from those reported previously i n  the 

CSEWG thermal data comparison (WF-230). This ref lec ts  the f a c t  tha t  the 

calculations have been completely redone with several corrections end im- 

provements, and with much bet ter  Monte Carlo s t a t i s t i c s .  Specifically: 

(1) Eigenvalue RCPOl calculations have been run f o r  the ce l l ,  

whereas a spat ial ly-f lat ,  fixed source was used previously. 

!Ibis has a s l igh t  e f fec t  on rates,  but it is barely above s t a t i s t i c s .  

(2)  Cell calculations were run out t o  a t  l e a s t  225000 histories.  

Previous c e l l  cdculationo had 500QO histories.  

(3) P W  flu weighting factors  were corrected. !he factors  pre- 

viously used caused eigenvelues t o  be -1s high, due t o  in- 

suff icient  leakage, but t h i s  had negligible ef fec t  on integral  

parameters. 

In the full core RWO1 eigenvalue calculations, the en t i r e  l a t t i c e  was 

represented expl ic i t ly  i n  three dimensions. These calculations are de- 

scribed i n  Section V. 



111. P- RESULTS OBTAINED WITB ~ F / B - N  DATA 

Table 1 shows calculated l a t t i c e  parameters obtained by the RCW~/PW 

method with EWDF/B-N data. Also shown are experimental parameter values in- 

corporating a number of systematic corrections evaluated by Sher and Fiarman 

28 
(Ref. 8). For 6 and p28 these corrections 1rnprove somewhat the eonsisteney 

of calculation/experiment r a t ios  among the four l a t t i ces .  

Table  2 shows t h e  calculation/experiment ra t ios  fir ENDF/B-IV In  compar- 

ison with similar resul t s  f o r  e a r l i e r  versions, and Table 3 canpares calculated 

c e l l  reaction rates f o r  Version IV and Version 111. 'Phe following points are 

noteworthy : 

1. U238 epithenaal capture is down 3-45 from Version 111, with a 

corresponding reduction of p28, which is now about 56 high relat ive 

t o  experiment. 

2. a 3 0  fisrrion i e  6-* above Version I11 depending on $attic= pitch.  

This is due t o  the harder f i ss ion  spectrum and reduced ~ 2 3 8  ine las t ic  

scat ter ing of Version N. 

3. @35 eplthermal f i s s ion  is down 2s from Version 111; thermal f i ss ion  

rg 
is up 1-24. 6 shows a c lear  dependence on l a t t i c e  pitch, ranging 

from 4 low a t  vJvU = 8.11 t o  4s high a t  VJV, = 1.0. 

4. Total 11238 capture is down -2$ from Version 111; t o t a l  U235 f iss ion 

is up -1s. CR)C is much improved. 

l'ables 4 and 5 P i s t  t h e  calcuXated major reaction rates  f o r  the c e l l  w i t h  

leakage, and without ( B2 = 0). 



Table 1 

28 
p (epi/themal 
W38 capture) 

28 
6 ( a 3 8  fission/ 

iE35 fission) 

~ ~ ( l Q 3 8  capture/ 
lE35 fission) 

m-1 m - 2  m - 4  ~,+/7:~1. 00 v ,+/vY = 2-35 v,+/vU = 4.02 vJvU = 8.11 

Exp. Celc. Bp .  Calc . Exp. Calc. 2 Z L  Calc , 



Table 2 

EUMMRY OF PARAMGTER RESULTS (ENDFIB-11, 111, IV) 

ENDF/B ~alculation/Ecperiment 
Parameter Version TRx-3 TRX-1 TRX -2 TRX-4 



Table 3 

Version IV/~ersion I11 
7 

m-1 m - 3  - m - 2  - TRX-Ji 

a 3 8  Fission 1.089. 1.085 1.060 1.060 

Epi-thermal Capture 971 972 960 959 
11235 Fission 983 985 .956(?) -982 

v238 Capture 
Thermal 

re35 Fission 

~ o t d  e 3 8  Capture e979 .981 982 978 
,Total V235 Fission 1.014 1.007 1.0Z 1.004 

~ ( ~ 6 2 5  e ~ )  is the  slowing down rate across 0.625 eV. 



MAJOR REACTION RP.TES KITH ENDF/B-IY (B*=o CELL] 

Captuiie b34755 ( .1$) a19904 ( .20$) a12975 ( *S$) e07089 ( .51$) 
Epi-thermal 

U235 Fission .06987 ( 3 3 8 )  003897 ( .24$) .025Q5 (.-) 001347 ( . 56s) 

I 
U238 Capture =1=79 ,14811 ( .O#) . 154'72 ( .13$) -14047 (el@) p 
U235 Fission -29638 ( e l * )  39860 ( .09$) .420Cll ( . 2$) 38385 ( 168) 

Capture .05206 (ox$) .06882 ( . o*) .072C17 (-138) ~ 6 5 5 2  ( .16$) 

Rates are normalized t o  one neutron born of a l l  f iss ion.  &(.625 ev) is the slo-dng down rate across 
0.625 eV. U n ~ e r t a i r ~ t i e s  are $ standard deviations. 
v values are  from t h e  MUF'TT (o r  FTMG) caiLculations. 
For TRX 2,3,4 results are based on eight  independent calculations of 28,200 his tor ies  each, f o r  a 
t o t a l  of 225,600 his tor ies .  For TRX-1 there were 16 Independent calculations total ing 460,000 
his tor ies ,  



Table 5 

LEAKAGE CORRECTED MAJOR REACTION RATES ( ENDF/B-IV ) 

r e 3 8  Fiss ion 

v Fiss ion 

aJ 

capture 

Q( .625 ev) 

( ~ 3 8  Capture 

E 3 5  Fiss ion 

v Fiss ion 

. capture 



PaRAMETER RESULTS OBTAlINED WITH VARIED DATA 

A. ~238 Capture 

A t  the Seminar on 13238 Resonance Capture (Ref. 9) several questions 

were raised about the ENDFIB W38 resonance representation. O f  most l ikely 

significance f o r  the prediction of E 3 8  resonance capture i n  l a t t i c e s  were: 

(1) resonance parameter values f o r  the lowest enerw U238 

re~onaacos , 
- (2) n ~ e l ~ c t  or aontrrbutiono bo Oe frm ~ ~ w s u m n c e ~  OUCSIde 

the resolved resonance range ( 1  eV - 4000 e ~ ) ,  especially 

a ladder of negative energy resonances, and 

(3)  use of the Breit-Wigner single-level formalism, which m i s -  

represents as loca l ly  i n  the resonance wings, psr t icular ly 

in the interference dips where negative as occurs in somc 

instances. 

Recent measurements of parameters f o r  the first few resonances of U238 

by G. deSaussure, e t  a l .  (Ref. 10) and by R. Chrien, e t  a l .  (Ref. 11) have 

yielded r values lower than those of  EKWIB-TV and more consistent with the 
Y 

mean r = .W35 eV. mese data we shown i n  Table 6. 
Y 

DeSaussure has recommended (see Ref. 12) a revised ElTD~/B-file 3 as f o r  

up to 2000 aV t o  account f o r  the negative energy resonances, revised 

parameters f o r  the first three resonances, and a revision of the EHDF/B-IV 

thermal (0-1 e ~ )  as and a data. These changes are shown i n  !fable 6 and in  
Y 

Figure 1, in co~nparison with ENDF/&IV. 

Ihe e f fec t s  of these data variations on 11238 resonance capture and other 

reaction ra tes  in  THX-1 w e r e  calculated by two methods: 



- RCPOl cel l  calculations (zero leakage). With the correlated 

sampling strategy i n  'RCPO1, each history has its own random ' 

number sequence and remains i n  step until  the varied data are 

encountered. For the base calculation and for each data varia- 

tion, ten independent csses were run t o  obtain an estimate of 

the uncertainty Including the correlation. 

- Deterministic W T 7  calculations for the simply-buckled TIIX-1 

-2 
lat t ice ( B ~  = .0057 cm ), employing the improved resonance 

absorption model based on integral transport theory. 

The specific cases studied were: 

( 1) EMDF/B-N data ( base calculation). 

(2)' Change to  deSaussure, e t  al. measured parameters ' (Ref. 10) for, 

a 3 8  resonances a t  6.67, 20.9, and 36.8 eV  a able 6). 

(3) Change to  Chrien, e t  al. measured parameters ( ~ e f .  11) for I1238 

resonances a t  6.67, 20.9, 36.8, 66.15, 80.74, 102.47, and 116.85 
-' 2 

eV.  a able 6). 

(4) Change t o  ORNL recommended parameters (Ref. 12) for ~ 2 3 8  resonances 

a t  6.67, 20.9 and 36.8 ev. Also, recommended File-3 0 and us 
Y 

(0-1 e ~ )  and File-3 a (1.0 eV - 2000 e ~ )  . 
Y 

( 5 )  In addition to  the changes i n  (4)  also change to  OIWL recommended 

File-3 as, 1.0 eV - 2000 eV. (~ccounting for the ecattering 

contribution from the negative enerw resonances.) See Figure 1. 

(6) In addition to  the changes in ( 5 )  also change to  Reich-Moore 

multilevel formalism. 
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Table  6 

RESONANCE PARM4EX"l'R MODIFICATIONS FOR TIE FIRST #38 RESONAI'?CES 
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!he e f fec t s  of these changes on 11238 capture i n  TKX-1 are shown in 

Table 7. The several resonance paramter modifications produce a 2-3$ re- 

duction of p28 and resul tant  s m a l l  changes of other l a t t i c e  par-ters. 

Inclusion of scat ter ing from the negative energy resonances has negligible 

ef fec t .  

U s e  of the Chrien parameters i n  TFiX-2, 3, 4 reduced t8 by 2.76 re la t ive  

Lu EIQDF/B-ZV. 'Illis is the saute a s  the response observed in  TRX-1. 

UQI of the bich-M66re-f'ormalism, in generating the U238 cross section 

profi les  f o r  RCPO1, resul ted in a 1.1% reduction of U238 resonance capture, 

This result nust be interpreted wi th  some caution because the procedure uses 

an en t i r e ly  d i f ferent  portion of t h e  cross section generating machinery, 

including kernel Doppler broadening, and produces s m a l l  chaqes  in  the 

d i l u t e  capture resonance integrals.  D. R. Finch has studied .this e f fec t  

in  d e t a i l  i n  connection with CSEWG thermal data test ing curd observes t h a t  

reasonable changes of the single level  a, i n  the interference dips reduces 

capture by about 1%. Rothenstein ( ~ e f .  9, p. 241) reports a 0 . 6  (+ - 0 . 6 )  

reduction of u238 capture due t o  w e  of a multilevel cross section repre- 

sentation. On the basis of these results, it appears tha t  the e f fec t  of 

t h e  multilevel representation is t o  reduce a 3 8  capture by approximately 1$ 

i n  these l a t t i c e s ,  but additional. studies a m  requirsd t o  dotiemine the 

precise e f fec t  of a specif ic  representation. 

Several additional data variations were examined, as follows: 

(7) Replace the EIBDF/B-IV a 3 5  f i ss ion  spectrum ( a  Maxwellian, 

3 = 1.985 M ~ V )  with a hhxwellian, E n 2.00 &v. 

(8) Use a Watt spectrum P 2.00 MeV instead. 



Table 7 

&ECT OF DATA VARIATIONS ON 9 3 8  CAP!KElE RRTES AND p28 IN TRI(-1 

1) ~ a s e  (ENDF/B-IV) 1.000 1.000 1.000 1.000 1.ooo 

Varied D ~ ~ ~ ~ _ E N D F / B - N  Data 

2) Change t o  
deSaussure e t  al.  
measured parameter 
( ~ e f .  10) 

Case 

3) Change to  Chrien 
e t  al. measured 
parameters 
( ~ e f  . 11) 

4) Change t o  O m  
rec amended 
pareme te  rs  and 
f i l e  3 data exce t 
os (1.0 eV-2 keV 5' 

r 

Epithennal 
re38 capture 
(>0.625 ev) 

~ c P o ~ ( ~  a )  MUFV 

6) m e  as (5)  plus 
Reich-Moore 
multilevel 
f onnalism 

Thermal 
u238 Capture Thermal 
(~0.625 e ~ )  

RCPOl(f. 0 )  MUFW 



( 9 )  U s e  a lkxwellian = 2.10 MeV ( f o r  sens i t iv i ty  t o  2). 

(10) Use B. R.  Leonard's T h e m 1  11235 data recommended fo r  EFJDF/B-v 

( ~ e f  . 13) (keep ENDF/EIV v) . 
Zhe effec ts  of these changes on l a t t i c e  parameters fo r  TRX-1 (B? = 

.0057 cmW2) are shown i n  Table 8. !he only significant sens i t iv i ty  is 

thoti of sd8 t o  f i ss ion  spectrum. 

V. FULL CORE MONTE CARL0 CALCULATIONS 

The RCPO~/P'TPQC method described i n  Section I1 has been used f o r  many 

years t o  analyze these experiments. It was a t  f i r s t  the only suitable 

method available, and has been considered adequate because,.except f o r  

eigenvalue, leakage af fec ts  the  integral  parameters only i n  a secondary 

way and parameter leakage corrections are modest (usually* < 59). The 

c r i t i c a l  eigenvalues, on the other hand, are d i rec t ly  sensitive t o  the 

full-core leakage rates ,  which are determined by P W .  Tn TRX-1 and TEUG2, 

the leakage is about 154. 

In  order t o  obtain an overall  calculation of consistent accuracy, Monte 

Carlo analyses of the uniform TEiX l a t t i c e s  have been done with each core 

represented expl ic i t ly  i n  three dimensions. Figures 2 and 3 show the radia l  

RCPOl representation of the l a t t i ces ,  with each clad rod described explici t ly .  

In each case, the l a t t i c e  was surrounded by 8 thick water reflector.  Thc 

ax ia l  description of the cores i s  shown schematically in.Figure 4. The 

aluminum rod t i p s  and handles, and the l a t t i c e  plate, were represented 

approximately. Two intermediate l/lc"-lucite l a t t i c e  spacer plates, a t  

1/3 and 2/3 of the. f u l l  rod height (Ref. 14), have been omitted. 



Table 8 

EFFECT OF ADDITIONAL DATA VARIATIONS ON P-RS IN TRX-1 

Varied D~~~ /ENDF/B-N Data 
28 25 28 

variation P 6 - 6 - C P  A 

7) Change fission spectnun 1.000 1.000 1.010 1.000 1.0002 
t o  Maxwellian, E = 2.00 
MeV 

8) Change fissionspectrum 1.001 1.001 1,019 1.000 9992 
to  Watt, = 2.00 MeV 

9) Change fission spectrum .1.001 1.002 1.186 1.000 1.0016 .-- 
t o  ~ w e l l i a n ,  5 = 2.10. 
MeV 

10) ChaqetoLeonardts (Ref, .998 1,001 1.001 1,002 . - .9998 -- - 
13) recogamended @35 
thermal cross sections 
(except 3 



Figure 2 - RCPOl Radial Representation of TIC(-1 (113 core) 



Figure 3 - RCPOl Radial Representation of TRX-2 
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Figure 4 - RCPOl Axial Representation (schematic) 



Figures 5 and 6 show radial representations of the two-region lat t ices,  

Because these lack a central asymptotic spectrum region large enough t o  pro- 

vide good s ta t is t ics ,  it is not feasible t o  obtain integral parameters nmasured 

at  core center from a fu l l  core RCPOl Monte Carlo analysis. Cri t ical i ty studies 

of these laet;ticee remain t o  be completed + 

Several Weperdent 100-iteration calculations were run for  each core. 

Sere -re 500 histories i n  the first iteration; t h i s  was increased by 10 

histories in each succeeding iteration, for  a to t a l  of 100,500 histories. 

!the first calculation started w i t h  a flat source gusss. In subsequent cal- 

culations, the initial-source guess was obtained from the f ina l  spatially- 

converged source for the first calculation. 

Because of the large c e n t d  asymptotic regions in TRX-1 and TlUC-2, it 

was possible t o  obtain good s t a t i s t i c s  fo r  central core reaction rate6 and 

integral parameters. These are directly camparable with the measurements, 

which were made at  (or  very near) core center. 

For TRX-1, the f u l l  core study was made in great de ta i l  t o  determine the 

spatial  vartation of reaction rates an8 integral parameters over grass core 

regions, Altogsther, sixteen indepsadent calculations were run. For editing 

puPoses, the core was divided into f ive  radial regions (labeled hex regions 

1-5) cutuprising hexes 0-3, 4-6¶ 7-9, 10-12, and U-16, respectively as sham 

i n  Figure 2. Axially, reactions within 20.96 cm of the fuel  rod ends wen 

separately edited; in addition, the central portion of each rod was divided 

i n to  five bands, symmetric about axial  center, which were edited in pair8 

(labeled axial zones 1-111) as  shown in Figure 4. 



Figure 5 - RCPOl Radial R e p r e s e n t a t i o n  of TRX-3 





From the detailed reaction rates, parameter values were calculated by hex 

region and by axial zone. In order t o  obtain good statist ics,  the hex-region 

dependence was obtained w i t h  reaction rates summed over axial zones 1-111. 

Similarly, the axial-zone dependence was obtained with reaction rates s~~l~l l sd  

over hex-mgians 1-4. 'Ihese parameter results are shown in Figurers 7 and 8 

and in '!J!ables 9 and 10, 

The gsrigheral values of the paranetem (Table 10) are much redwed by 

the reflectar thermal flux peak. Them is no evidence of any lpslramhter 

variation within axial zones 1-111. Also, the parsmeters are sensibly constant 

through hex 9, but a alight variation begins t o  show in hexes 10-12. The best 

central-core garameter values are taken to  be those obtained over hexes 0-6. 

In Table 11 these are owpared w i t h  corresponding parmeters obtained from 

the R C P O ~ / P ~ M ~  method for !l!RX-1. Agreement; itr excellent. 

For TRX-2, eight independent calculatiorrs were run ard central reaction 

rates were edited only for a singL6 regirrn emprisislg hexoo 0-6 avlil Z-rr I-TTI. 

IPtegral parameter results are shown i n  Table 12 in comparison with results 

fraD the RCFO~/FTIG prrthod. Agreement is very good also for  this la t t ice  

V. XlTSC[RF(fCW OBF RESWLW 

A, Comparison with Other Calculations 

In CSI&Wr: data testing, the chief pirob3.e~ i n  analyzing these lattices, both 

frun a *La and methods point of view, has been t o  calculate properly the ~ 2 3 8  

resonance capture. !Be situation w i t h  ENW/%IV data is best KUustz1~ted by a 

plot of t8 venw eigan~alue, as shown in F- 9 tor  TRX-1. me line in 

this figure i e  a calculated sensitivity (Ref. 9, p. 27) obtained by varying the 

unshielded m38 epithenaal capture cross secticm, normalized ta"the experimerntal 

value, Ihe other data points are ~ / ] S - N  updating8 of .the CSEWlZ data testing 



DISTANCE FROM A X I A L  CENTER (CM)  

Figure 7 - Calculated Parameter Values by Axial Zone in TRX-1, 
from F u l l  Core Monte Carlcr A ~ ~ e r l y s i s  



HEX NUMBER 

Figure 8 - Calculated Parameter Values by Hex Region i n  TRX-1, from 
Full Core Monte Carlo Analysis 



Table 9 

CALCULATED VALUES OF PARA)rlETERS BY AXIAL ZONE (TFX-1) 

Axial Distance frca 28 25 28 Zone - Axial Center (em) p 6 6 

I 0 - 9.0 1.391 - + 0007 o1OW - + e0003 00973 - + .0004 

I1 9.0 -25.0 1.391+.004 - .1008+ - .OOM .0975+ - .OOW 

111 25.0 -40.0 1.388 - + .004 .loo7 - + .m04 .0976 - + .ooo3 

IV 40.0 -60.96 (rod ends) 

1-111 o -40.0 1.390t.002 .1006+ - .OOW .0974+ - . O O O ~  

NOTE: Reaction rates are summed over hexes 0-12. 

Uncertainties are LJ obtained from the spread of the individual 
values 



Table 10 

CALCULATED VALUES OF PARAMETERS BY HEX-REGION (TRX-1) 

Hex 28 Region Hexes D 6 25 6 
28 

CFP 

NOTE: For hexes 0-12, reactions are summed ovejr tihe central portfunrr uf 
the rods (zone6 1-111). The peripheral hex results (hexes 13-16) 
include a lso  reactions within 2u.96 cm os each end of all rori~ ,111 - 
the la t t i ce .  

Uncertainties are la  obtained from the spread of the individual 
values. 



T a b l e  11 

Integral 
P a r a m e t e r  

28 
P 

COMPARISON OF TRX-1 INTM:RAL PARAMEPPERS OBTAINED BY 
ME FULL-CORE-RCPO1 and R C P O ~ / P ~ M G  METEODS 

Z e r o - L e a k a g e  
C e l l  

( R C P O ~ )  
C e n t e r  of Actual C o r e  

RCPOl/F7MG D i r e c t  RCPOl 



Table 12 

Integral 
Parmeter 

28 
P. 

COMPARISON OF TRX-2 INTEGRAL PARAMETERS OBTAINED BY 
T5i.E FULL-Corn-RCPO1 AND R C P O ~ / P ~ M G  PlIETIiODS - 

Z e r o - L e a k a g e  
Cell Center of A c t u a l  C o r e  

( R-01) R C P O l / P W  D i r e c t  RCPOl - 



r e s ~ ~ l t s  summarized by F. J. McCrossen a t  t h e  Seminar on W38 Resonance 

Capture (Ref. 9, p. XIV). 

I n  Figure 9,  t h e  s t rong  c o r r e l a t i o n  between eigenvalue and P 28  

r e s u l t s  suggests t h a t  d i f f e rences  i n  ca lcu la ted  U238 resonance capture 

a r e  t h e  chief  source o f  the  eigenvalue d i f fe rences .  It a l s o  lends support  

t o  the  measured Q ~ ~ ,  inasmuch a s  a  ca lcu la t ion  which reproduces t h i s  P 2 8 

can be expected t o  give a  co r rec t  1.  h he uncer t a in ty  of X due t o  un- 

c e r t a i n t i e s  of  da ta  o t h e r  than U238 0, i s  r e l a t i v e l y  smal l ) .  Leakage ca l -  

cu la t ions  by  the  d i f f e r e n t  d a t a  t e s t e r s  appear t o  be cons is tent ,  s ince  

ind iv idua l  leakage e r r o r s  would tend t o  d i spe r se  X while having l i t t l e  

e f f e c t  on ~ 2 8 .  

The U238 capture s i t u a t i o n  i s  s i m i l a r  f o r  TRX-2, a s  shown i n  Figure 

10. ?he ORNL a n a l y s i s  (Ref. 12) obta ins  a 0 . 9 s  s tandard dev ia t ion  o f  

PP8 from d i f f e r e n t i a l  d a t a  u n c e r t a i n t i e s .  Once again  the  ca lcula ted  PZ8 

and eigenvalue r e s u l t s  a r e  h i g h l y  co r re la t ed .  For th:s l a t t i c e ,  t h e y  

fa73 ahout 0.7% below the  ca lcu la ted  s e n s i t i v i t y  l i n e ,  which sua8es ts  

t h a t  c r i t i c a l i t y  i s  b e s t  predicted a t  a P * ~  s l i g h t l y  below t h e  measured 

value.  ( ~ o t e  t h a t  t h e  calculat ion/experiment r a t i o  i s  only 1.036 f o r  

t h i s  l a t t i c e ,  while f o r  t h e  o the r s  it i s  c l o s e r  t o  1.05, as shown i n  

'lhble 2,  so t h a t  t h e  measured P~~ may be s l i g h t l y  h igh) .  
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28 
Of course, A is  sensi t ive t o  other data which do not much af fec t  p . 

This should not be too important, however, because the ORNL study of TFtX-2 

obtains a - + 0.46 uncertainty of A from a l l  d i f fe ren t i a l  data uncertainties, 

and the contribution from data not affecting p28 should be l e s s  than th is .  

!he RCPOl two-group c e l l  reaction rates  f o r  m 1 - 4  were compared with 

results of W. Rothenstein who used the REPC Monte parlo program f o r  the 

resonance range, the WMMEH program otherwise (Ref. 16). There was good 

agreement, except f o r  the following ( a l l  0.625 e\l - 10 M ~ V ,  R C P O ~ / R ~ ~ .  16): 

- 11238 capture showed a pitch dependent difference ranging from 

1-36 f o r  V& from 1.0 t o  8.11 (see a lso  Figures 9 and 10). 

- ~ 2 3 8  f i s s ion  showed a s imilar  pitch dependent difference ranging 

from 0-4$. 

- U235 capture was uniformly high by 34. 

Two additional calculational comparisons should be mentioned: 

- Reaction ra tes  obtained with t h e  RECAP-12 Monte Carlo program by 

Levit t  and Rose showed very good agreement w i t h  RCPOl 

in the cell fo r  TRXl and TRX2. Differences of several percent i n  

the cent ra l  full-core Monte Carlo parameter results appear t o  be due 

t o  s t a t i s t i c s  . 
- Integral  parameter I?t?SultS and two-group rescl;ion raLe6 for  TRX-2 

calculated by E. T. Tomlinson e t  al. (Ref. 12) wi th  the AMISN and 

KEMO programs show good agreement with RCPO~/PW. The Ref. 12 eigen- 

value is  more than 1$ above RCPO~/P'~MG, apparently due t o  an under- 

prediction of leakage which has negligible ef fec t  on the other parameters. 



B, Comparison with Experiment 

With ENDFIB-IV, the RCPO~/P?MO values of p28 are 3.55 - 5.55 above 

experiment, and a 3 . 5 5  reduction of calculated p28 can be expected by use 

of new resonance parameters (see Section IV), which leaves p 28 1$ - 3s 
above experiment. A t  t h i s  level,  many factors can be important and some 

additional improvement may be obtainable (from a be t t e r  resonance repre- 

sentation, f o r  example) . 
m e  uncertainty of p28 from d i f fe ren t i a l  data is 0.s (Ref. 12) and 

an overall uncertainty of 2% is assigned to  the integral  measurements. 

Differences among the calculational methods, even among the presumed best  

methods, a re  ,2-3$ and now constitute the most important area of uncertainty, 

It is considered tha t  a sat isfactory s i tuat ion w i l l  be attained when the 

presumed good methods agree on t8 t o  1% and w i t h  integral  experiment t o  25. 

The ~~~01/P7MG-cei~culated values f o r  other integral  parameters are i n  

reasonably good agreement with experiment (Tables 1 and 2). There is a c lear  

l a t t i c e  pitch dependence of the calculation/experhent ra t ios  f o r  )25, and 

this is somewhat worse than was apparent before application of the Sher- 

P'iwman corrections. Tn a l l  these l a t t i ces ,  a 10 b reduction of the U235 

f i ss ion  resonance integral  produces -3.7$ reduction of tj25 (Ref. 9, p. 27). 

!Phe U235 resonance integral  sens i t iv i ty  of 625 shows no significant l a t t i e e  

pitch dependence, however. 'Ihe ENDF/B-IV U235 f iesion resonance integral  is  

284 b above 0.5 eV, somewhat high re la t ive  t o  the best integral value, which 

is more nearly 275 - + 5 b ( ~ e f .  18). Thus an Improvement of the EHDF/B-IV 

f i ss ion  integral would lower 625 by about 3s in all them l a t t i ces .  

628 shows reasonable agreement i n  a l l  l a t t i ces ,  allowing f o r  the 

experimental uncertainties of 4-5$. Calculated 628 is expected t o  increase 



due t o  data changes in prospect f o r  EEJDF/B-V: hardening of the U235 f i ss ion  

spectrum and modification of t h e  21238 ine las t ic  cross section. 

V I I .  SUMMARY AND CONCLUSIONS 

The four TRX CSEWO benchmark cores - simple, %0-moderated rod l a t t i c e s  

of slightly enriched uranium - ,were analyzed with ENDF/B-N data. Measured 

in tegra l  parameters were calculated by a full-range RCPOl Monte Carlo analysie 

of the zero-leakage c e l l ,  with small leakage corrections obtained from a 

28 25 homogenized full-core analysis with PW. Calculated parameters (p , 6 , 
i328D Cm and A) are s ignif icant ly improved over previous ENDF/B versions. 

lhey are  generally consistent wi th  e&riment, except tha t  p28, the r a t i o  of 

epithermal/thermal 21238 capture, is high by 5$ and eigenvalues are corres- 

pondingly low. 

Recently measured resonance parameters f o r  the first f e w  waomnces of 

21238 reduce calculated t8 by 2-3$, s ignif icant ly improving agreement with 

eqeriment  . 
Full-core Monte Carlo c r i t i c a l i t y  analyses of the uniform l a t t i c e s  ( w i t h  

the cores represented expl ic i t ly  in three dimensions) produced Integral 

parameters in good agreement with t h e  RCPO~/P'IMG method. This is fortunate 

because such full-core b n t e  Carlo calculations are expensive (due t o  the 

added s p a t i a l  variables) and cannot be applied t o  paremeters measured i n  

marginally asymptotic situations. 

Strong correlations between calculated pB8 and among the results of 

CSEWG data testers suggest that the outstanding difference among the 

various calculational methods is the prediction of 11238 resonance capture. 



Although the uncertainty of p28 from d i f fe ren t i a l  data is about 0.8 and 

the integral  measurements are uncertain t o  29, differences among the be t t e r  

calculational methods are 2-35. 
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Study of Thermal. Flux Perturbation Due t o  the 
W38 Detector F o i l  in IW: Wasurements of p28 

The p28 measurement employed a 5-mil highly-depleted uranium detector  f o i l  

( 5  p p  11235) between two 1 - m i l  depleted uranium shields .  This loading was used 

in both the  cadmium r a t i o  method and the  thermal subtract ion method ( ~ e f .  1 ) .  

This 11238-detector-plus-shield package created i n  the  1.3$ enriched f u e l  rod a 

7-mil-thick window with s ign i f i can t ly  reduced thermal absorption cross  sect ion 

due to the absence of U235. 

The e f f e c t  of t h i s  perturbation on thermal ~ 2 3 8  captures i n  t he  de tec tor  

f o i l  was calculated with the  ad jo in t  mode of the  W C  Monte Carlo program (Ref. 

l.9) f o r  the  four  TRX l a t t i c e s .  I n  t h i s  calculat ion,  the  de tec tor - fo i l  package 

was represented e x p l i c i t l y  in comparison w i t h  a vanishingly t h in  detector.  Re- 

sults f o r  the  r a t i o  of foil-activation/unperturbed~activstion a re  shown i n  

Table 1-1. Since there  is no apparent var ia t ion  w i t h  l a t t i c e  pi tch the  value 

1.016 - + -002 is  used f o r  a l l  four  l a t t i c e s .  

During the  course of the  experiments, a measurement was done i n  the  'I'RX-1 

l a t t i c e  t o  compare ac t iva t ion  of a bare f o i l  (thermal plus epithermal) f o r  

'9 -mi l -  and 17-mil-thick packages. The measured r a t i o  ws ~ ( 1 7 - m i l ) / ~ ( 7 - m i l )  = 

Assume t h a t  the  1 7 - m i l  and 7 - m i l  perturbations (calculated i n  the  TRX-2 

l a t t i c e )  can be applied a l s o  in  TBX-1 and t h a t  the  epithermal ac t iva t ion  is 

28 unperturbed. Since the  measured value of epithermal-to-thermal ac t iva t ion  ( p  ) 



is 1.31, t he  MARC r e s u l t s  imply a re l a t i ve  perturbation of the t o t a l  act ivat ion,  

+(17-rnil)/~('j'-mil) = 1.008 - + .004. This is consistent w i t h  the  measured ra t io .  

Table 1-1 

~238 Thermal Capture Rate i n  the Detector 
F o i l  Relative t o  That _ip a Thin F o i l  -. .. . . -. . . . .. . - -. . -. - . . .- - .- 

La t t i ce  

TRX-3 

mu-1 

m - 2  

!mx-4 

7 - m i l  Gap 

Because of the  complementary nature of the cadmium r a t i o  and thermal sub- 

t r ac t ion  methods, an excess thermal act ivat ion a f f ec t s  the inferred p 28 

dlfreren L l y  : 

Wrt.~~rhed Thermal 
Activation (b) 

Perturbed Epithermal 
Activation ($) 

Cadmium Ratio 

6P 
P A ~ h  

Thermal Subtract ion 
- .  



Note t h a t ,  s ince t h e  thermal subtract ion method measures only t o t a l  bare-foi l  

act ivat ion,  there  is no way of dis t inguishing whether excess ac t iva t ion  is 

thermal or epithermal. 

Ihe  e f f e c t  of the 1.6 excess thermal ac t iva t ion  on p28 r e s u l t s  is 

shown in Table 1-2. 

Table 1-2 

Ef fec t  of Excess Thermal Activation on p28 Results 

Original  Corrected 
Values ( ~ e f .  1 )  Values Corrected i 

Lat t ice  CdR Theresub. '  AV - CdR Ther. Sub. AV - - - Original  



APPENDIX I1 

Study of F o i l  Edge Effects i n  Activation Gamma 
Counting f o r  TWI Measurements of ta28 

28 In  the TRX p measurements, gamma ac t iv i ty  resu l t ing  from U238 capture 

was counted with a N a I  detector  i n  a window centered about 100 keV. The 

100 keV gamma rays i n t e r ac t  s ign i f ican t ly  i n  the a 3 8  detector  f o i l ,  leading 

t o  an increase of counting efficiqncy f o r  those or iginat ing near the  edge of 

the f o i l  (see  Figure 11-1). 

Because thermal act ivat ion is e s sen t i a l l y  f l a t  across the f o i l ,  while 

epithermal act ivat ion shows an addi t ional  "surface" component (from resonance 

~ e a k s ) ,  t h i s  edge e f f ec t  can lead t o  a difference of gamma ray counting eff ic iency 

f o r  thermal and epithermal E 3 8  capture activation.  The e f f e c t  was estimated as 

follows . 
For act ivat ion counting, the 5-mil-thick, 0.387-in. diameter f o i l  was 

placed on-axis, -0.2-in. above a 1/4-in. th ick  N a I  c rys t a l  of 2.0 in.  diameter. 

For .l;hfS geometry t he  gamma ray detection eff ic iency a s  a 'function of radius 

in the  f o i l  was calculated w i t h  the  MARC Monte Carlo program. 

!The calculation ~ S E U D C ~  a one-energy, p~u-ely  tibsor'blng model, with a 

t o t a l  in teract ion coef f ic ien t  f o r  100 keV gammas in uranium of 31.76 cm-' 

(Re f .  20). The r e l a t i ve  efficiency r e su l t s  are shown in Table 11-1. 

The spatial shape of epithermal 1238 capture in  a f u e l  rod of TFX-3 

(vW/vU = 1.0) was taken from Ref. 21 which compares measured and calculated 

act ivat ion shapes. It was assumed t h a t  22.5$ of the act ivat ions  occur between 



FOIL 
GAMMA 

RAYS 

/ SURFACE 
PEAKED 
SHAPE 

-FLAT SHAPE 

Figure 11-1 - Schematic Representations of (a) the edge 
e f f e c t  f o r  gamma rays i n  the  U238 detector  
f o i l ,  (b) r ad ia l  d is t r ibut ion  of capture 
ac t iva t ion  i n  t h e  f o i l ,  and c )  r a d i a l  shape 
of gamma ray detect ion eff  i c  



radii of 180 - 193.5 m i l s ,  and the activation shape i n  t h i s  interval  was 

read from the calculated curve. 

The components of the activation are  shown schematically i n  Figure 

11-1 f o r  a f l a t  and a surface-peaked activation shape. (The A ' s  denote 

t o t a l  volume-integrated activation in each component). The re la t ive  

gamma detection efficiency s ( r )  is a lso  shown. It is. assumed t h a t  the 

thermal activation shape can be taken as f l a t .  

The ef fec t  of folding ~ ( r )  and a ( r )  can be written (since e = 1.0 

except near the edge); C = JA(=) a(r)dr  

= A + A (Z -1) + A4(Z4-1) 'epi epi  3 3 

= ' h e r  + A ~ ( Z , + - ~ )  

In t h i s  case (TFUC-3), the calculation yields: 

and 



Hence 

Thus, the f o i l  edge e f f e c t  is estimated t o  produce a 0.73% excess of 

- pC8 i n  TRX-3, ( the  t igh tes t  l a t t i c e ,  v i th  VV; = 1.0). A t  LLe other extreme, 

TRX-4 ( v i t h  V J V ~  = 8.1), the r e l a t ive  surface activation term is 42% higher 

than i n  TRX-3 due t o  the reduced Dancoff interact ion ( ~ e f  . 22) . This should 

cause p28 t o  be high by 1-05 



Table 11-1 

Relative Counting Efficiency for 100 keV Gammas 
as a Function of-~adius in betector Foil 

~adius  (cm) Relative Efficiency 

- 
Statistical uncertainty on each point i s  0.25% (a). 
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