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T K E W  NEUTRON FLUX PERTURBATION BY DYSPROSIUM-ALUMINUM 

FOILS I N  WATEX AND URAIVYL I%UORU)E - WATER SOLUTIONS 

by Donald F. Shook, Donald Bogart, Donald L. Alger, and Robert A.  Mueller 

Lewis Research Center 

SUMMARY 

Thermal neutron f l u x  per turbat ion fac tors  have been measured f o r  
dysprosium-aluminum a l l o y  f o i l s  i n  water and uranyl f luo r ide  - w a t e r  solut ions.  
The f o i l s  a r e  representat ive of a type widely used f o r  thermal neutron f lux  
surveys. The measurements provide addi t iona l  data  f o r  comparison with ana ly t i -  
c a l  calculat ions of f o i l  per turbat ion fac tors  i n  w a t e r .  The uranyl f luor ide  - 
water solut ions used ccrnprise absorptive diffusion media d i f f e ren t  from water 
or graphi te  t h a t  have been s tudied exclusively i n  the pas t .  The edges of the  
thicker  dysprosium-ali.iminun f o i l s  used a re  a s ign i f i can t  p a r t  of the  t o t a l  f o i l  
surface so  t h a t  the data provide a t e s t  fo r  severa l  proposed edge corrections 
t o  per turbat ion f ac to r  calculat ions.  The experimental per turbat ion f ac to r s  a r e  
i n  good agreement with the  predict ions of published ca lcu la t iona l  methods ex- 
cept f o r  the dimensionless general izat ion of Dslton and Osborn. 

INTRODUCTION 

I The thermal neutron capture r a t e  i n  foils of p r a c t i c a l  thickness r e l a t i v e  
t o  the capture r a t e  i n  extremely th in  f o i l s  having no neutron f l u x  per turbat ion 
i s  required i n  measurements u t i l i z i n g  f o i l  techniques t o  determine neutron 
flux, isotope production r a t e s ,  or  rad ia t ion  counter eff ic iency.  Because of 
the importance of specifying the thermal f lux  per turbat ion i n  in te rpre t ing  f o i l  
ac t iva t ion  data, the  problem has received wide experimental and ana ly t i ca l  
a t t en t ion  as summarized i n  references 1 and 2 .  Most of the measurements of 
f o i l  per turbat ion f ac to r s  t o  date have been made with t h i n  f o i l s  of gold or 
indium because these mater ia ls  have been used frequent ly  f o r  f l u x  measurements. 
The present study extends the  range of S o i l  composition and s i z e  and the range 
of diffusion media f o r  which per turbat ion f ac to r s  have been measured. The ex- 

s ide r  hardened thermal spectra  i n  the  diffusion media and edge elf.a?'is for 
th ick  f o i l s .  

> perimental r e s u l t s  provide addi t iona l  tes ts  of ca l cu la t iona l  methods thab con- 

The measurements w e r e  made with dysprosium-aiiuminum a.lloy f o i l s  2 .54  cen- 
t imeters  i n  diameter and stacked up t o  0.32 centimeter i n  thickness s o  t h a t  the  
edges of the f o i l s  are a s ign i f i can t  part of the  t o t a l  surface.  Since the 
a l l o y  i s  l a rge ly  aluminum (5  percent dysprosium by weight),  the range of f o i l  



thickness i n  absorption mean f r e e  paths i s  similar t o  t h a t  for previous'measure- 
ments using t h i n  gold and indium. 
containing two neutron sources and a l so  i n  a s m a l l  homogeneous reac tor  a t  sev- 
e r a l  d i f f e ren t  uranyl f luo r ide  - water concentrations.  
data  for the  various media provides a measure of the  e f f e c t s  of s p e c t r a l  hard- 
ening on f o i l  per turbat ion f ac to r s .  These hardening e f f ec t s  en ter  t he  anal$- 
i c a l  evaluation of f o i l  per turbat ion f ac to r s  through the  spec t r a l ly  averaged 
parameters f o r  each media. 
(ref.  3) has been employed. 

The f o i l  ac t iva t ions  were made i n  pure water 

A comparison of the  

The basic  ana ly t ic  method of Ri tchie  and Eldridge 

A comparison of experimental per turbat ion f ac to r s  f o r  indium f o i l s  i n  
water with the  f ac to r s  calculated by the  Ritchie  and Eldridge method using the  
edge correct ions of T i t t l e  ( ref .  4) i s  presented by Walker e t  a l .  ( r e f .  5 ) .  

F o i l  per turbat ion f ac to r s  have a l s o  been ca lcu la ted  by monoenergetic t rans-  
po r t  theory solved i t e r a t i v e l y  by Dalton and Osborn ( r e f .  6 )  f o r  the  case of a 
cy l ind r i ca l  detector  i n  a d i f fus ion  medium. For convenience i n  using the  d ig i -  
t a l  computer, the geometry w a s  special ized t o  r i g h t  c i r cu la r  cyl inders  so  as t o  
include wire and coin-shaped detectors .  Numerical r e s u l t s  f o r  water and graph- 
i t e  by Dalton and Osborn a r e  i n  good agreement with the  experimental r e s u l t s  
f o r  gold f o i l s  i n  w a t e r  as measured by Zobel ( r e f .  7 ) .  These numerical r e s u l t s  
were generalized by Dalton and Osborn and presented graphical ly  as dimension- 
l e s s  functions of the  f o i l  thickness and f o i l  radius  i n  absorption mean free 
paths.  However, on comparison with per turbat ion f ac to r s  calculated by the  
Ritchie  and Eldridge method, t h i s  dimensionless general izat ion is  found t o  be 
approximately co r rec t  f o r  gold and indium but  inva l id  f o r  dysprosium-aluminum. 
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SYMBOLS 

t h i r d  order exponential  i n t e g r a l  

neutron flux depression funct ion 

thermal neutron d i f fus ion  length 

radius  

r a t i o  of surface area t o  volume 

thickness 

1 - 2E3(7)  

mr 
edge correct ion 

t o t a l  neutron mean f r e e  path 

sca t t e r ing  mean f r e e  path 

t ranspor t  mean f r e e  path 

, 
F 
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average value of cosine of neutron-scattering angle 

macroscopic neutron absorption cross section 

macroscopic neutron scattering cross section 

total mac.roscopic cross section 

thickness in neutron mean free paths 

thickness in mean free paths evaluated at neutron energy of 0.025 eV 

ANALYSIS 

The various theoretical analyses that have led to expressions for the neu- 

Comparisons of the 
tron flux perturbation due to a finite absorbing foil in a thermalizing diffu- 
sion medium have been reviewed recently by Osborn (ref. 1). 
analytical predictions of foil perturbation factors with the available experi- 
mental results for graphite and hydrogenous media have been presented by Hanna 
(ref. 2). The difficulties of analyzing the complex spatial and polyenergetic 
problem have led to the use of approximate perturbation factors. Spectrum- 
averaged parameters have been used in monoenergetic transport analysis in an 
effort to take care of the unique equilibrium thermal spectrum that exists in 
the diffusing medium surrounding the finite absorbing foil. 

The foil perturbation factor F is defined as the ratio of the foil cap- 
ture rate in the perturbed flux to that which would result in an unperturbed 
flux. The perturbation factor depends on the average neutron scattering and ab- 
sorption properties of the diffusion medium as well as on the size and average 
capture and scattering cross sections of the foil. In the notation of Hanna 
(ref. 2), the expression for F can be written in the general form 

1 

F =  

The factor a/Z7 accounts for 
within the volume of the foil. For 
given by 

self-shielding of the incident neutrons 
an isotropic neutron flux this quantity is 

1 - 2E3(7) a 
27 - 27 
- -  

where Eg is the third order exponential integral. The quantity a/27 also 
corresponds by a reciprocity condition to the escape probability for a uniformly 
distributed isotropic source in a slab of thickness 7 absorption mean free 
paths and of infinite transverse extent as derived and tabulated by Case et al. 
(ref. 8). 

The factor 1 + E in equation (1) represents an edge correction for foils 
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of f i n i t e  radius .  
by T i t t l e  (ref. .  4 ) ,  respect ively,  as follows: 

Edge correct ions have been suggested by Hanna ( ref .  2 )  and 

l + E T = l + -  t 
2 r  

The physical  bas i s  f o r  these correct ions is  given i n  
ence 2 .  A t h i r d  form i s  suggested herein.  Based on 
between escape probabi l i ty  and the  surface t o  volume 
d i f f e ren t  shapes as computed i n  reference 8, an edge 

(3) 

t he  der ivat ion i n  r e fe r -  
t he  observed cor re la t ion  
r a t i o  (S/V) f o r  bodies of 
cor rec t ion  can be formu- 

l a t e d  from the  r a t i o  of (S/V) f o r  a f i n i t e  d i sk  of radius  
t o  t h a t  of a disk of t he  same thickness but  of i n f i n i t e  radius  (S/V), 

r and thickness t 
as 

- 2 (1 + ;) 
-&=t - 2 = (1 + ;) 

t 
(4 )  

I n  applying t h i s  edge correct ion,  t he  quant i ty  1 + E i n  expression (1) is  s e t  
equal t o  un i ty  and equation ( 4 )  is employed t o  reduce the  thickness of a f i n i t e  
radius  f o i l  t o  a corrected value 7corr corresponding t o  T of an equivalent 
i n f i n i t e  slab such t h a t  

7 -- 'torr - 1 + 4  
r 

The corrected value Tcorr i s  then used t o  compute a/27 and a i n  equation 
(1). 

The denominator of equation (1) accounts f o r  t h e  neutron f l u x  depression 
i n  the  diffusion medium surrounding the f i n i t e  f o i l  and i s  a nonseparable func- 
t i on  o f  the propert ies  of the d i f fus ion  medium and those of the  f o i l .  The ex- 
pression used here i s  t h a t  of Ri tch ie  and Eldridge ( ref .  3) who have made a 
va r i a t iona l  t ranspor t  theory ca lcu la t ion  of f o r  disks  of i n f i n i t e  
r a d i i  i n  t h e  diffusion medium. The proper t ies  of t he  d i f fus ion  medium a r e  con- 
ta ined i n  the  quant i ty  y = CS/% where CT = Cs + C a  and C a  and Cs a re  
t h e  macroscopic absorption and sca t t e r ing  cross  sec t ions  of t he  medium. Ri tch ie  
and Eldridge suggest t he  use of t he  t ranspor t  theory r e s u l t s  as a correct ion t o  
those of Skyrme ( r e f .  9 )  who derived an a n a l y t i c a l  expression fo r  a very t h i n  
f i n i t e  f o i l  which w a s  replaced by a loca l ized  capture d i s t r ibu t ion  within the  
diffusion medium. 
Ritchie  and Eldridge i s  

g( y , ~ ) ~  

The expression f o r  the Skyrme g-function as modified by 

where L i s  the  thermal neutron d i f fus ion  length i n  the  medium, A is  the  
t o t a l  mean f r e e  path i n  the  medium, and r i s  the  rad ius  of t he  f o i l .  
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The Ritchie-Eldridge g-func t i o n  is then 

The Skyrme functions S and K of equation (5)  as w e l l  as t h e  r a t i o  of t he  
i n f in i t e  f o i l  g-functions of equation (6 )  are presented graphical ly  i n  r e fe r -  
ence 3.  

The a n a l y t i c a l  methods t h a t  have been discussed have considered sca t t e r ing  
i n  the  surrounding medium t o  be i so t ropic  i n  the laboratory system; however, 
s ca t t e r ing  i n  a l ightweight moderating media i s  ac tua l ly  anisotropic .  
e f f e c t s  of f l u x  anis t ropy have recent ly  been discussed by Walker ( r e f .  10). 
t he  hydrogenous media of t he  present  experiments, an average value of hydrogen 
t ranspor t  mean f r e e  pa th  7v-p~ w a s  used based on 

The 
I n  

where As is the  sca t t e r ing  mean f r e e  path and i s  the  average value of the  
cosine of the sca t t e r ing  angle.  

Inasmuch a s  the  t ranspor t  theory analyses a r e  monoenergetic and a r e  t o  be 
appl ied t o  equilibrium thermal f lux  spectra  i n  the  d i f fus ion  medium containing 
t h e  f o i l ,  t he  spectrum dependent var iab les  i n  equation (1) must be replaced by 
e f f ec t ive  values averaged over t he  thermal f l u x  spec t ra  i n  each.media. There- 
fore ,  the  parameters i n  equation (1) are averaged over t he  known unperturbed 
f l u x  spectrum neglecting any e f f ec t s  t he  presence of t he  f o i l  may have on the  
l o c a l  f l u x  spectra .  Averaging procedures have been discussed previously 
( r e f s .  3 and 4) ;  the  procedures used f o r  the  hardened spec t ra  associated with 
the  uranyl f luor ide  - water so lu t ions  and pure water employed i n  the  present ex- 
periments a r e  discussed i n  the  sec t ion  PERTURBATION FACTOR CALCULATIONS. 

EXPERIMENT 

F o i l  per turbat ion f ac to r s  were determined by measuring the  r e l a t i v e  ac t iv -  
i t y  of f o i l s  f o r  a wide range of thicknesses.  Per turbat ion f ac to r s  i n  the  d i f -  
fusion medium a r e  obtained as r a t i o s  of measured a c t i v i t i e s  t o  the  extrapolated 
unperturbed foil a c t i v i t y .  The same method has been used by Zobel ( r e f .  7 ) .  
I n  t h e  present experiments, measurements f o r  f o i l s  i n  the  uranyl  f luor ide  - 
water solut ions were made i n  an unref lected homogeneous reac tor  designated 
NASA ZPR-1. 
i n  diameter and 76.2 centimeters high with easy access t o  the  reac tor  core.  
The f u e l  solut ions contained uranium i so t rop ica l ly  enriched t o  93 percent 
uranium-235; concentrations of uranyl  f luo r ide  var ied from 6 t o  20 percent by 
weight with corresponding hydrogen-to-uranium-235 atom r a t i o s  t h a t  var ied from 
560 t o  190. Foi l s  were suspended and i r r a d i a t e d  a t  the  center  of t he  reac tor  
by means of the wire holder shown i n  f igure  1. The f o i l  sample w a s  separated 
from the f’uel so lu t ion  by a 0.0076-centimeter-thick t e f l o n  tape.  Cadmiurn- 

The r eac to r  ves se l  shown i n  f igu re  1 is a cyl inder  30.5 centimeters 
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covered foil measurements were made in the same manner using a 0.089-centimeter 
wall thickness cadmium box contained in a thin-wall lucite container. 

Additional measurements were made in a 1.83-meter-diameter by 1.53-meter- 
high water-filled tank containing neutron sources and a foil holder, as shown 
in figure 2. 
meters apart by the lucite holder. 
lucite holder containing a cavity 2.60 centimeters in diameter and 0.16 centi- 
meter high midway between the sources. 
circulated through a demineralizer so as to maintain a resistivity of 0.1 
megohm. 

Two 5-curie plutonium-beryllium sources were positioned 18 centi- 
Foils were positioned in a thin-walled 

Demineralized water was used and re- 

Figure 1. - NASA ZPR I containing uranyl fluoride - water fuel solutions. 

. . . . . .  . . , . 



/r Plutonium-beryllium 

/ i \neutron sources 
\ / \  

CD-8197 

Figure 2. -Water tank containing foil holder and neutron sources. 

COUNTING METHOD AND FOIL MASS DETERMINATION 

The foils used were made of 0.0127-centimeter-thick dysprosium-aluminum 
alloy containing 5-percent dysprosium by weight and were 2.56 centimeters in 
diameter. Foils of various thicknesses were obtained by stacking as many as 
19 of the 0.0127-centimeter foils together. The foils were counted individ- 
ually by using 2fl proportional counters except for a few measurements for 
which the 1.1-million-electron-volt gamma rays of dysprosium-165 were also 
counted with foils placed in a standard position 10 centimeters from a 5.08- 
centimeter by 5.08-centimeter sodium iodide crystal using conventional pulse 
counting equipment. Standard methods of decay correction were used. Propor- 
tional counter plateaus were maintained to better than 1 percent per 100 volts, 
and the counting efficiency varied less than 1 percent for distances up to 
1.27 centimeters from the axis of the counting chamber. 

The set of twenty 0.0127-centimeter foils were intercalibrated by simul- 
taneous activation on a rotating wheel exposed to a thermal neutron flux. 
Beta-particle and gamma-ray count rates were measured, and the differences in 
relative count rates between foils were less than 3 percent. The relative 
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Figure 3. - Dysprosium-aluminum foil activities relative to activity of single 0.0127-centimeter dysprosium-aluminum 
i n  water and i n  uranyl fluoride -water solutions. 

count r a t e s  of the 1.1-mill ion-electron-volt  gamma rays from dysprosium-165 
agreed with the r e l a t i v e  beta  counts, which indicated t h e  r e l a t i v e  beta count 
r a t e s  t o  be insens i t ive  t o  any thickness var ia t ions  across the  f o i l s .  
mass of dysprosium i n  each f o i l  w a s  obtained as the mass of dysprosium of the  
standard f o i l  per u n i t  a c t i v i t y  t h e s  the a c t i v i t y  of the  f o i l .  
mass of the standard f o i l  w a s  obtained by chemical analysis  and agreed with t h a t  
specif ied by the  f o i l  suppl ier  within an estimated uncertainty of 2 percent. 

The 

The dysprosium 

I n  an attempt t o  approach the a c t i v i t y  per u n i t  mass a t  zero f o i l  thick- 
ness with grea te r  precision, a number of f o i l s  containing one-tenth the 
dysprosium mass of the a l l o y  f o i l s  were made by vacuum evaporation of dysprosium 
on aluminum 0.00254 centimeter thick.  Masses were determinad by weighing under 
control led conditions s ince the dysprosium oxidizes and takes on moisture 
( ref .  11). 
per milligram of dysprosium were determined. 

These f o i l s  were ac t iva ted  and the  r e l a t i v e  gamma-ray a c t i v i t i e s  

8 

The subcadmium count r a t e  data f o r  a l l  f o i l s  a r e  plokted against  f o i l  



thickness i n  milligrams per  square centimeter i n  figure 3; a sca l e  of number of 
f o i l s  is included. The count rates per u n i t  mass are shown normalized t o  a 
s ing le  0.0127-centimeter f o i l .  
t r a c t e d  from the  data .  Cadmium r a t i o s  were of the  order of 100. The f o i l  
thickness of the  stacked f o i l s  w a s  found t o  average about 0.0152 centimeter 
per f o i l  due t o  spaces between t h e  f o i l s .  The e r r o r  bars  on the a l l o y  f o i l  data 
represent  the  standard deviat ion of t he  f o i l  a c t i v i t i e s  and t h a t  of t he  ca l ibra-  
t i o n s  used t o  obtain the  r e l a t i v e  dysprosium content.  
uranyl  f luo r ide  - w a t e r  solut ions,  an addi t iona l  uncer ta in ty  i s  included due 
t o  the s t a t i s t i c s  of t he  dysprosium f o i l  a c t i v i t i e s  used t o  monitor reac tor  
power. 

Cadmium-covered f o i l  a c t i v i t i e s  have been sub- 

For t he  data on the  

The curves i n  f igu re  3 a r e  drawn through the data and extrapolated t o  zero 
f o i l  thickness.  These curves a r e  used t o  obtain the  f o i l  per turbat ion f ac to r s  
f o r  t he  various d i f fus ion  media. The vapor-plated f o i l  data  a r e  used t o  define 
an upper bound of uncertainty f o r  the  zero thickness f o i l  a c t i v i t y .  The r a the r  
l a rge  uncertainty i n  the  very t h i n  vapor-plated f o i l  data  is due pr imari ly  t o  
the  uncertainty i n  the measured f o i l m a s s e s .  

PERTURBATION FACTOR CALCULATIONS 

Equation (1) w a s  employed t o  ca lcu la te  f o i l  per turbat ion fac tors  f o r  water 
and f o r  the  uranyl f luo r ide  - water solut ions used. The required parameters 
represent ing flux-weighted cross  sect ions - from zero t o  0.5-electron v o l t  a r e  
presented i n  t a b l e  I. 
averaging over the  measured spec t ra  i n  equivalent ly  absorptive boron-water so- 
l u t ions  of reference 12. The value of T evaluated a t  0.025 e lec t ron  v o l t  i s  
TO. These parameters a r e  generalized i n  terms of barns of absorber atom per 
hydrogen atom of moderator i n  order t o  obtain average parameter values f o r  a 
pa r t i cu la r  uranyl f luo r ide  - w a t e r  solut ion.  The d i f fus ion  length L f o r  
hardened thermal spec t ra  were obtained from the experimental boron-water data 
of reference 13. 
than averaging a, and -T separately a s  performed i n  reference 4. For con- 
s is tencx,  t h e  value of 
a s  ( a , / 2 ~ ) 2 7 .  
t a i n t y  i n  F var ies  d i r e c t l y  with ( : / 27 )  but  va r i e s  more slowly with a f o r  
small values of z0. 

The parameters Cs, Fa, 7, and ( L / ~ T )  were obtained by 

The escape probabi l i ty  ( c L / ~ T )  was spectrum averaged r a the r  

a used i n  the  denominator of  equation (1) was obtained 
This method i s  believed t o  be more accurate  because the  uncer- 

Also included i n  t a b l e  I a r e  values of ( a / 2 T . )  a t  0.025 e lec t ron  v o l t  t h a t  
a r e  seen t o  be good approximations t o  the room temperature water spectrum aver- 
aged values when T~ is  less than 0.3. This had been pointed out previously 
by Hanna ( r e f .  2 )  and by T i t t l e  ( r e f .  4 )  f o r  the  case of a Maxwellian thermal 
neutron flux. This approximate procedure could be extended t o  the  uranyl 
f luor ide  - water so lu t ions  by t r e a t i n g  the  f l u x  spec t ra  as Maxwellians a t  
e levated temperatures but  with a l o s s  i n  accuracy s ince  the  hardened thermal 
spec t ra  a r e  not  Maxwellian. 

The parameters i n  t a b l e  I are derived f o r  a f o i l  of absorption cross  
sec t ion  t h a t  var ies  as the  r ec ip roca l  of t h e  neutron ve loc i ty  
t h e i r  more general  u t i l i t y .  However, dysprosium-164 t h a t  accounts f o r  about 

l /v ,  because of 

9 



TABLE I. - ROOM-TEMPERATURF: FLUX-WEIGmD CROSS SECTIONS 

FROM 0 TO 0.5 ELECTRON VOLT 

(a) Diffusion medium parameters 

~~ -~ ~ 

0.975 0.976 
.935 .943 
.902 .915 
.862 .880 
.827 .e59 
.665 .709 

_____ 

Diffusion medium 
parameter c Barns/H atom 

0.978 
.947 
.922 
.889 
.e70 
.728 
- 

Average macroscopic 
scattering cross sec- 
tion, c , em-1 
Average macroscopic 
absorption cross sec- 
tion, c ~ ,  em-1 

Thermal neutron dif- 
fusion length, L, em 
I 

Unit 1 barn cross sec- 
tion at 0.025 eV, 1/v 

Foil 
thickness , 

.08 

.10 

.30 

Water 

0.33 

3.10 

0.0190 

2.75 

0.860 

Diffusion medium 
~~ 

$ydrogen-to-uranium-235 atom ratio 

560 

1.55 

2.91 

0.0850 

1.26 

0.805 

480 

1.75 

2.89 

0.096 

1.18 

0.790 

190 

4.92 

2.70 

0.183 

0.78 

0.700 

(b) Foil capture probability 
_ _  .- ~. ~- 

Neutron spectra 
1 I 

Monoenergetic Water 
(0.025 eV) 

I 

Hydrogen-to-uranium-235 atom ratic 

-480 ~~~ I 190 

Foil capture parameter, 0427 

0.978 
.948 
.923 
.e91 
.a72 
.732 

0.981 
.953 
.930 
.goo 
.883 
.753 

80 percent of the natural dysprosium capture cross section is known to be 
non-l/v (ref. 14). The importance of this deviation from l/v to the present 
experiments was investigated by flux weighting the absorption probability and 
foil capture cross sections using the available dysprosium cross section 
(refs. 14 and 15). For ‘Lo = 0.3 and the flux - spectra for hydrogen-to- 
uranium-235 atom ratio of 190, the parameters T and (;/27) for dysprosium 
were not significantly different from those for a l/v cross section. For 
harder spectra than this o r  for thicker foils, neutron capture rates at neutron 
energies between 0.2 and 0.5 electron volt are important. 
dysprosium sections are non-l/v and resulting parameters differ from those for 
a l/v cross section. Under these conditions, perturbation calculations should 
be made utilizing the actual dysprosium cross sections and an additional spec- 

In this region 
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!b fY 

0 Present experiment 
_~ Dalton-Osborn generalization (ref. 6 )  
-- Ritchie-Eldridge calculation, no edge 

correction (ref. 3) 
__-- Ritchie-Tittle edge correction (ref. 4) 

_--- Ritchie-Hanna edge correction (ref. 2) 
_--- Ritchie-oresent SIV ed4e correction 

. ..\ . 
k.2 
\ 
\ 
\- 

\ 

2 

I 

.14 

Figure 4. - Foil perturbation factors for 2.54-centimeter-diameter dysprosium- 
aluminum foils in water. 

trum dependent f ac to r .  This f ac to r  a r i s e s  because the capture cross  sec t ion  of 
the isotopes other than dysprosium-164 i s  probably 
r a t ed  f o i l  a c t i v i t y  due t o  dysprosium-165 i s  not proport ional  t o  the t o t a l  
neutron capture r a t e .  

l /v ;  accordingly, a satu-  

RESULTS AND DISCUSSION 

The per turbat ion f ac to r s  obtained from f o i l  ac t iva t ions  made i n  pure water 
containing two neutron sources and i n  a s m a l l  homogeneous reac tor  a t  severa l  
d i f f e ren t  uranyl f luor ide  - water concentrations are presented. The experimen- 
t a l  data  f o r  water a r e  compared with various ca lcu la ted  curves i n  f igu re  4. 
The-dysprosium f o i l  per turbat ion f ac to r s  corresponding t o  each data  poin t  of 
f i gu re  3 a r e  shown. 
r e f l e c t s  pr imari ly  the estimated uncertainty i n  the  extrapolat ion t o  zero f o i l  
thickness indicated i n  f igure  3. 
i s  
a(0.025 ev) = 950k50 barns; t h i s  uncertainty is t h e  p r inc ipa l  contr ibutor  t o  the  
uncertainty i n  thickness but  is not  indicated i n  the  f igu re  f o r  c l a r i t y .  

The indicated uncertainty i n  t h e  per turbat ion f ac to r s  

The f o i l  o p t i c a l  thickness used i n  f igu re  4 
TO, the  macroscopic absorption cross sec t ion  times the thickness using 

Edge Effec ts  

The edges of t he  th icker  dysprosium-aluminum f o i l s  used comprise about 
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TABLE 11. - FLUX PF3TURBATION FACTORS 2.54-CENTIMETER-DIAMETER 

roil  thicknes 

0.01 

.03 

.05 

.08 

.10 

.13 

0.024 

,072 

.120 

.192 

.240 

.312 
- 

DYSPROSIUM-ALUMINUM A U O Y  FOILS IN WATER 

Faired 
xperimental 
)erturbat ion 

factor ,  
F 

0.96+0.03 

.89+ .03 

.84& .03 

.79+ .02 

.75+ .02 

.71+ .02 

Perturbation factor  

No edge 
:orrection 

0.956 

.888 

.831 

,761 

.722 

.663 

"Calculated by Ritchie-Eldridge method. 

~ 

Using 
Hanna I s 

cage 
.orrection , 

€ H  

0.962 

.go6 

.856 

.804 

.769 

.723 

Using 
T i t t l e  I s 

cage 
:om ec t ion , 

ET 

0.964 

.913 

.872 

.822 

.794 

.755 
-~ 

Using 
surface t o  

rolume r a t i c  
:orrelation, 

slv 

0.957 

.893 

.842 

.785 

.752 

.704 

1 water,medium , I I . I 
0 .02 .04 .M .08 .10 .12 .14 

Foil thickness, T~ 

Figure 5. - Foil perturbation factors for 2.54-centimeter-diameter dyprosium- 

Calculated by Ritchie- 
Eldridge method 
(ref. 3) with present 
SN edge corrections 

.6 

aluminum foils in water and uranyl fluoride -water solutions. 
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l l I I I I 1 I I l ~  1 - 1  I I I I I I I I 
Dalton-Osborn dimensionless 

correlation (ref. 6 )  
-- Ritchie-Eldridge and Hanna 

Foil radius, I a r  

Figure 6. - Foil perturbation factors for coin-shaped foils of fixed optical 
thickness QAt - 0.08) in a water medium as function of dimensionless 
foil radius Tar. 

20 percent of the t o t a l  f o i l  surface so t h a t  these data  should provide a t e s t  
f o r  the  v a l i d i t y  of edge correct ions described e a r l i e r  i n  equations ( 2 )  t o  ( 4 ) .  
These correct ions fo r  water a r e  indicated i n  f igure  4 and l i s t e d  i n  t a b l e  I1 
where the experimental per turbat ion f ac to r s  f a i r e d  from f igu re  4 a r e  compared 
with the  per turbat ion fac tor  ca lcu la t ions .  

The ca lcu la ted  per turbat ion f ac to r s  containing an edge correct ion agree 
with the  experimental values within the  experimental uncertainty.  However, t he  
edge correct ion 
f o i l s .  

ET suggested by T i t t l e  tends t o  overcorrect f o r  t he  thicker  

It should be noted t h a t  the  assigned experimental uncertainty shown i n  
t ab le  I1 and f igu re  4 arises pr imari ly  from the  uncertainty i n  the  extrapola- 
t i o n  t o  zero f o i l  thickness and i s  applied uniformly as a funct ion of TO. The 
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agreement between the data  and the calculat ions i s  cons is ten t  with the  reported 
r e s u l t s  f o r  gold and indium f o i l s  i n  water as given i n  references 5, 7, and 10; 
however, the  edge correct ion i s  a somewhat l a rge r  f ac to r  i n  the  present calcula-  
t i ons  because of t he  r e l a t i v e l y  th ick  dysprosium-aluminum f o i l s .  

Also included i n  f igu re  4 a r e  the  generalized r e s u l t s  of Dalton and Osborn 
( ref .  6 )  f o r  disk-shaped de tec tors  i n  water f o r  which agreement i s  seen t o  be 
poor. It w a s  necessary t o  extrapolate  the  Dalton-Osborn dimensionless p l o t s  
t o  obtain values f o r  the  present  dysprosium-aluminum f o i l s  which a r e  out of the 
range of the  dimensionless curves; however, the  va r i a t ion  of f o i l  per turbat ion 
f ac to r  with decreasing f o i l  macroscopic cross  sec t ion  is c l e a r  i n  the  Dalton- 
Osborn general izat ion which i s  believed t o  be l imi ted  i n  appl ica t ion .  Inasmuch 
as the  Dalton-Osborn and.Ritchie-Eldridge and Hanna ca lcu la t ions  had been com- 
pared by Hanna i n  reference 2 f o r  a wide range of gold f o i l  r a d i i  with good 
agreement, the source f o r  t he  present disagreement f o r  the  dysprosium-aluminum 
f o i l s  has been invest igated and i s  discussed i n  the  sec t ion  Generalized Dalton- 
Osborn Results.  

Absorptive Diffusion Media 

I n  f igu re  5, the experimental per turbat ion f ac to r s  f o r  water and f o r  the  
uranyl  f luo r ide  - water solut ions a r e  p lo t t ed  aga ins t  The curves a r e  ca l -  
culated using the  Ritchie-Eldridge method and t h e  present  (S/V)  edge correct ion.  
The calculat ions provide a good f i t  t o  the data  f o r  t he  uranyl  f luo r ide  - water 
solut ions as wel l  a s  f o r  pure water. The ca lcu la ted  decrease i n  per turbat ion 
f a c t o r  with increasing poison concentration i s  due pr imari ly  t o  the la rge  change 
i n  d i f fus ion  length.  

T ~ .  

Generalized Dalton-Osborn Results 

I n  studying t h e i r  numerical calculat ions f o r  coin-shaped gold detectors ,  
Dalton and Osborn ( r e f .  6 )  found t h a t  the  e f f e c t s  of s ca t t e r ing  i n  gold f o i l s  
on the  per turbat ion f ac to r s  were very s m a l l .  Thus it appeared t o  them t h a t  f o r  
the  s i zes  of detectors  normally used, the  important property of the  detector  
w a s  the  absorption cross  sect ion.  This probably suggested that the  only impor- 
t a n t  parameter required t o  general ize  t h e i r  r e s u l t s  was the  product of a detec- 
t o r  dimension and i t s  macroscopic absorption cross sec t ion .  When the  dimension- 
l e s s  parameter of detector  absorption cross  sec t ion  times detector  radius  (XAr)  
i s  used, the ava i lab le  experimental f o i l  per turbat ion data  f o r  gold and indium 
coin-shaped detectors  were f i t t e d  accurately by the  same a n a l y t i c a l  s e t  of 
curves. Generalized dimensionless p l o t s  of per turbat ion f ac to r s  w e r e  prepared 
f o r  coin-shaped detectors  i n  graphite and w a t e r  media. The co r re l a t ion  w a s  indi- 
cated t o  be va l id  f o r  a range of values of 
of the  Dalton-Osborn general izat ion i s  simply t e s t ed  by comparing calculated 
f o i l  per turbat ion f ac to r s  by the Dalton-Osborn method and by the  Ritchie-  
Eldridge method and Hanna edge correct ion f o r  a water medium containing coin- 
shaped f o i l s  of a f ixed o p t i c a l  thickness but f o r  a l a rge  range of and the  
apparently general  parameter ZAr .  These r e s u l t s  a r e  presented i n  f igu re  6 for 
thickness Z A t  of 0.08, wherein by the  Dalton-Osborn general izat ion,  perturba- 
t i o n  fac tors  f o r  mater ia ls  with a range of 

CA from 1 t o  10. The v a l i d i t y  

XA 

CA should l i e  on the  s ing le  s o l i d  
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curve shown. However, a l a r g e  spread i n  values r e s u l t s  with assumed var ia t ions  
i n  CA when calculated by the Ritchie-Eldridge method. It may be noted that 
the  Dalton-Osborn curve coincides with a material, of CA = 5 and, therefore,  
cor re la tes  the f o i l  per turbat ion data f o r  gold (CA = 5.5) and f o r  indium 
(EA = 6.6). However, t h e  present  data f o r  dysprosium-aluminum with CA x 0.5 
a r e  much lower than t h a t  predicted by D2lton and Osborn. The Ritchie-Eldridge 
calculat ion predicts  t h a t  perturbation f a c t o r s  f o r  f o i l s  of Ca greater  than 
6 or l e s s  than 4 are s i g n i f i c a n t l y  d i f fe ren t  from the  values obtained from the 
Dalton-Osborn general izat ion.  
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