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macpugnoi
Tha ealf-ehielding c teraoterl a tlas of a  nunbar o f absorbers and 

o f >239 and TW3® hara boon investigated la  PPA-20 (66°), f a r t  of 

ttea nenauranenta bam bean n d i  In Ring 3 a t  tba ooro aid-plane. Tba 

f o i l  doubling technique vaa annloyed. Particular attention vaa given 

to  ■thin* fo il  regions fo r tb a  purpoee of extrapolating the data to 

atro thickness. In a  few caeca, namely An, Agy Od and Bf theoretical 

self-sh ield ing  curvaa ham been calculated end found to ba in  good 

agramant. with tba experimental data. Both reac tiv ity  ooaffloient 

and activation exneriasnte vara undertaken fo r An fo r  tba  porpoaa of 

evaluating changes In Jj, with self-shielding, l a  a  number of oaaaa 

tba aextxerldth reactiv ity  coefficient baa been oaloulatad and ooapared 

with tba  ex trapolalid^ata .

SOWAKI Of RSSU1T8

The individual eelf-shielding curvaa for fo lia  o f An, B, Od, Ag, 

Te, Mp Bf, Rh, 0-23d, and fu e l are shown In Pigurea 1 through U . Ex

trapolation  of the data indicate# tba following value# for tba aero- 

thickness reactiv ity  coefficients (vhloh we w ill henceforth denote ty  

the in i t ia ls  R.O.).
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ELEMENT POSITION R.C.CVb j I )

Ag & R-3* Osntar 1.39*7*

An • • 2.40* J*

B r • 0,99 1 6*

Od » • 2,211 63C

Od M • 2.02 + 6*

Bf R-3 • . _  2.9J 1 lOJt

Kh R-3 • 1,60 + 20*

Ta R-3 « ' 1.40 *  9*

V R-3 « 0.90 ♦ 15J6

W * R-3 a 0.33 + 20*

Oanrwurlson of thssn nixies with calculated thin fo il R.C.*s U 

disaasssd In oart XT.

R.O. nenaureraents on viro esaroles of Od, ?a# and V are shown In 

flgorss 4, 8 and 9. Thaes oonparo with the foil BeajRxrononts as followst

ELEMENT

TAPIR n
R .C . ( M bdI ) TIRE RADIUS

A I L  THICKNESS 
FOR SAMI R .C .

!A 0.534 . 0.0125" 0.013"

V 0.195 0.001" *0.021"

Od 0.252 R e c ta n g u la r  S l l r a r o  
0.031" *  0.057" 0.018"

*
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Thie la la good icrwiRt with tha aprrojdnate equivalence of width for 
slabs tad reTUa for cylinders la the self-shielding calculations.

1 ooBnarlsoB of tha shape of ell self-shielding curves that could 
he extrapolated to tero width la shown la figure 14* This shove the 
Individual shielding curves noimllted to txilty at saro width* A 
curve for 01^ Is also Included* It ves constructed free tbs natural 
oadsdum curve assuming ell the absorptions oocur la Cd^.

The variation in Fj with self-shielding was investigated hr making 
simultaneous R*0* and activation measure cents on la folia* Since 
oenmeota the reactivity coefficient (^) with the absorption integral 
(AO*) according to the relation

FyACL
*  a >

a ooamrison of the R*Q* and activation ourvee should reveal derenderoo 

of Fi on self-shielding* Figure 2 illustrates this comparison. It Is 
evident that the variation, if It exists, over the range giv« Is lass 
then the experiaantal uncertainty of about 7%m Theoretical consideration 
of tha offset la given in part IV*

EgERIHEWTAL PROCEDURE
The standard measuring arrangement consisted In depressing ell of 

the core slugs in R-3 (or &-2) of tbs stationary half about 5/B* away 
from the oore Interface ad Inserting the fbil espies of standard FFA 
disk area In the cavities so provided* The thinnest samples veto 
armroxiBately 0*10 alls for Ag, Au, and Od and 0*33 mile fo r Ta. In

m



ordmr to  obtain a su ffic ien t reactiv ity  ohange fb r theao i t  was necessary 

to  to m  the largest to ta l  fo i l  area feasible* Ring 3 oontalna 12 slugs 

and nrovides a to ta l f o i l  araa of 231.3 <*?. This van found to  ba 

largo  enough to give ohangoa of 1*1 to  2*0 cents for the th lm ss t comales* 

Tbs uncertainty in  FPA reac tiv ity  change# was about ♦ 0*06 cant# oo th a t 

tha poadbla thin f o i l  e rro r van roughly 4*0 to  8*0g fo r a  single nose-

Solid natal fo lia  vers used throughout the neaauranenta on Ag* An,

Od* Rh* Ta and V* Inso far a t  possible* the praotloe was to  make & run 

with a l l  12 slot# of ft-3 filled*  Rroxy other fo i l  vas than aandvichod 

together with I t s  neighbor fo r a  second run* Each auooeoding run vas 

Mde bgr doubling up on the retaining sandwiches* Ry th is  nethod tha
i

only change introduced was the thickness o f the foils* Unfortunately* 

t id e  oould usually bo done only for a  thickness m ultiplication o f 3 

before acre suable weight vas needed to  compensate for the reduction in  

reac tiv ity  with thickness*

Tha thinnest f o i l  samples were mounted between 1*0 mil A1 shields 

fo r  handling nurrosts* Although tbs Al contributes negligibly to  the 

reac tiv ity  change, sere runo vara always made with on equivalent amount 

o f  Al in  position* The uncertainty in  the sample weights and uniformity 

fb r  Ag, An, Od* and V i s  estimated to have le s s  than 1$  e ffec t cm the 

S*Q* measurements. Tha Ta to lls*  were somewhat less  unlfom than tha other 

meter!ala* Xn a l l  these oases* however* the  uncertainties ware a n i l  

enough oonpared to  tha  measurement errors to  warrant th e ir  neglect* Also,

Obtained hrom the 0J5. Research laboratoiy. The Ag* An, Cd samples 
were obtained from tha Baker Metals Go* o f Kevaxfe* g* I* &
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say n a i l  iaourity  affocta  vara neglected l a  view of the fac t th a t a l l  

oases ends)ad vara rela tive ly  strong absorbers*

Special samples o f  B and Hf vara required. natural bores vaa 

i l n d  with A1 pouter and cold nrasaad In to  20.0 a l l  alike*. Tbs data 

o f Figure 3 vaa obtain ad with fo il  aats o f tvo dlffsront B-Al mixtures, 

tha f i r s t  th ras th lanast points with one oat and tbs tvo th icker points 

with tha other. I t  anoaara that a snail discontinuity occurs fo r  tha 

tvo aats indicating e ith a r a small e rro r in  tbs relative weights or a» 

adgs effect for the doubling of he  th in  s a t .  Calibration chocks of tha 

two fo il  aats in  tha  TTR indicate no sign ifican t weight e rro r vaa involved. 

The possib ility  o f an edge affect w ill be diaousaad below.

. Metal fo lia  vara used fo r a l l  h i t  the tvo thinnest Hf po in ts , as 

IndJoated on Figure 6 . The la t te r  points vara obtained from azzroleo of 

^  °2 + 111 powder Bdztnraa held In pancake type steal ans with an offectivo 

f o i l  area of 15.047 cm2 and a useful width of 0.218 cm. One mixture was
j

Chosen to give a  point near tha nata l f o i l  data so tha t tha powder and fo il  

data could be maoothly Joined. 4 correction of 6J $  vaa applied to  tha 

powder data to aocosmlish th is .

In a l l  tha measurement!! care vaa taken to  provide on affective  roll 

area to thickness ra t io  large enough to  approach an In fin ite  slab cooEotry. 

This precaution i s  most nsoessazy in  regions where the re a c tiv ity  vs. 

thickness ra ta  o f  changa la  maximal. I f  appreciable edge surface exists 

ths volime to surface ra tio  Is  reduced and tha effective f o i l  thi<* nose 

la  smaller than the  adtual width. I f  tbo edge surface Inoroaaea with fo il

322 00$
1 f te  procedure previously developed by H. Hirsh of KAPL was used.
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doubling the e ffect i s  to fla tten  the self-ehielding curve when plot tod 

as a  function o f  aotual width, Tbo ru le  o f  ttanb follovod was to main

tain  the hydraulic radiub, r 9 which i s  defined hj

r  surfaoo (2)

to within 5% of tho fb il  width x. This mount an upper lim it o f about 

50 n ils  fbr x fo r the standard 0,97* rad ius, R, of PPA disks* Host 

seanles were less than th is , but the oases of B end tff were exceptions. 

The um'or 3 points o f  the B date in  figure 3 were obtained by sandwiches 

of 1 , 2 , and 4 , 20 a l l  disks, the la s t  sandwich therefore being 80,0 n ils  

thick. The hydraulic radius fo r th is  sandwich i s

or about Of leas than x  • Reference to  KAPL report 909, page 19 will 

show that the se lf  shielding curves fo r  the two aaynptotio oases of an 

in fin ite  slab and an Infin ite  cylinder are nearly coincident- when plotted 

against the hydraulic radius. Hence tho curve for a f in ite  cylinder 

(or thick disk) w ill  l ie  between thee# U nits*  I f  the boron data were 

plotted against r  ra ther than X the 20 n i l  sample point would not change 

significantly while the 80 n i l  point would be shifted to the l e f t  by 

of the abseiaaa. Thus the edge oorreotion required In Figure 3 would be 

to sh if t the point a t  2.0 x VT$ to  1,92 x 10~3 aols/ca2. Thie le  in 

the right d irection  but i s  nooh too sn a il to account for tb s  apparent 

displacement shown. I t  is  indicated, therefore, that the displacement 

i s  more likely  dus to  uncertainty in  the  c r it ic a l  measurement* Xh the 

ease of the Hf O2 samples, similar edge correction requires a displacement 

o f about IT#. Hare again the e ffec t on tbs ohapo of tho  self-shielding

it  32:^



tncn* is  negligible la  rimi of the E. C. uncertainty.

Th» ao ti ration nsnsureasata on An vert note bjr Irrad iating  0,10 

■U fo lio  ataoksd In eandwlehe* of 1, 2» and 7 thickness**. A fourth 

susnle v&i mad* equivalent to a  AO fo il  sandwich tgr lnterflPerilnf 7 

0.10 sd l fo il*  between several 1.0 a l l  foUe. Th* th in  foil*  torn 
each a tack ware removed fro* tbs p ile  and th# 2.7 day ft -ac tiv ity  

recorded fo r each fo il esparatetly. Th* to ta l activ ity  of any lUck vaa 

than found fegr adding the individual count*, Fbr th* th ick  stack, th* 

thin foil*  served to  Maple the  count rata a t several depths ao that a

c lo t (figure 15) of eounta par fo i l  reran* thlokneeo oould be ocn-
.  ^

stru tted  and integrated noserioallor. Tht* individual counting was dona 

to  e lia ina te  automatic oounting e rro r due to p -absorption In Au samples 

of Taiylng thickness. The to ta l  oounting rotes aa a function of thloknata 

vara than oonvertod to nbaomtion rates hy norraliaing the  data to a 

calibratsd 2.3 n i l  An fo il  ao tlra tion .

TCTORI f  CALCULATIONS

A. Qenaral Self-Shielding Expression for Pur* Absorber*

The calculation of absorption rate* and reaotlvU y ooeffloient* la  

th* nrasano* of self-ahiolding 1* straightforward and auch used. I t  

i s  nerhtna dasirablo to  review tho basic expressions bar* la  order 

to  dlsrOLsy clearly the various asmasotlons used In calculating the 

se lf  *ehl elding curve* acooapsnying the pro cant data . V* will 

r e s t r ic t  ourselves to tho case o f a  pure absorber in  tho for* of «i 

in f in ite  slab.

m
32? °10
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As described by R. Hurvits In 1CAPJL46, tbs reaotiv ity  loco 

upon introducing on aboorber in  the p ile  i s  equal to the fractional 

lo ss  in  the to ta l  fission  ra te . This lees I s  equal to  the number 

o f neutrons rtnoved fro* the p ile  per second tin es  the probability 

they would have had fo r eventually producing fissions had the absorber 

not been present. Thus ve write

# « j 0 )

where Zj, 9 to ta l  number of fissions per second per watt

throughout the oore

F(*) -  ite ra ted  fission  probability  of neutrons a t  the 

energy S, a t the oore position in  question, and 

lq  the g g j j j g k  uaooleoned s ta te .

9l($$cU m nuaber of neutrons in  the  energy in terval ctE

throughout the absorber volume of to ta l  thickness t* 

The uunbsr o f neutrons l a  the interval o££abeorbed per second i s

TKHtJMS" <CCe>*t[je((M ■ fkSjXlJ. cU. (4J

■ (OtoNlA [  f i x  0C$x>]. dE
where W « nuaber o f poison atoos/aa^ of absorber

A  •  f o i l  area

(£&0m atondo aboorption cross section

fk & )  la  the flux entering fro® one fo i l  face which passes through 

u n it  fo il  area per second a t  a depth x from the face. In terns of the

32* nll
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flux a t the outidde of the fo il I t  oan be written in  polar coordinates

as

# > < « -  (5)

where a  is  the cosine of the angle of Inddenoe with respect tc tho 

noraal to the fo il faoe. (fr la  the to ta l atoroio reaction crocs-seotion 

Of»(% t  f£ • ®V»ti« (4) then beootres

9Ket*)d* * (6)

Using the s u b s t i t u t i o n s •  J  » whloh Is a function of energy 

through

fCS)a $ f ( ,~e
* •• _ y  (7)

•4f~rfu-i «TVj
Than using (7) In (6) and (6) In (3) vs base

%  = df<&*) f a  «> rw • £cs) w
(NAt) is  the number of poison atoms introduced. Zf we set this 

equal to Arogedro’a nunber (A.H.) and nultlply both lyr *f we 

hare the reactivity lose in dollars per aol of absorber of thloknoss t i

CW*t.> B j  c a i

32? ' I S
0 is  tns effective delayed nsutron fraction
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III ths U n it  of m y  th in  fo i ls  J -e O  and f(S)-+1*0 so that vs 

may define an effective eelf-ehielding factor

f& Q M yH M  Re) f(f)
f**(Ctr)tt<e,»)r(e)

We osb a lso  define an e ffe c t iv e  ?l  which i s  in  princip le  k  

function o f  t  through / f f )

F W -4 /r/;
and en absorption integral vhlch i s  also a function o f  t

Aa.(t) m p . e  f te i f tc w  fCS)

Thl* allows u i to tsw rlto (9) as

ao)

02)

4Z(t)  *  - 4 f f .  g o ) .  M U  (13)

Finally , vs can express tb s  effective self-shielding factor in 

terns of measurable reac tiv ity  ra tio s  o r absorption and Fj, ra tios t

$(t)  ■ (J£)& « /[(O-AtUt) Q..

B. Spools! Pass of Blngls Resonance Absorbers

I f  th s  to ta l  absorption o f a nuclide i s  due mainly to  a 

single resonance which obeys a  Breit-WLgner formula

01 CO -  C t e )  K  CL5)

f t  « ) '
and i f  S J t r  formulas (9) through (12) are sim plified because

• • I
the aonroxlaatlons th a t 0 (E )  and p (K ) are constant over tbs 

important region of absorption are very good. These factors cam 

be removed from ths in tegrals with the resu lt th a t

m i
3 2 *

<',l3
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*£ct) * - 0 -  F t & t e * f < J ) (9-a)

-X*. *  & • < < * * &  
l~*C£4CU) (XO-a)

l ic e  *  FC6)
(1W )

A a.(e  «  S W  f i t s ■<&(•)■ fCS)

These relation* illu s ti 's te  several Interesting properties of 

abeorbers with e  predominant single resonanoet

(1) Aren (10-«) i t  le  seen that the oelf-ehlelding 

characteristic  i s  Just the self-shielding factor 

f  ( $ ) averaged over a  Breit-Wlgner resonance peak.

I t  Is  Independent o f the fine, $ ( t )  o r rather the 

more universal function j y ,  where

has been eelculated tgr 0 . H. Roe fo r  a single resonanoe 

with end without Doppler oorreotlons applied to  the 

resonanoe parameters•• Figure 16 I s  a  reproduction of 

$ { £ )  ** *°r 99X0 tenperature** (i«e« no Doppler

correction). Also plotted i s  the universal function 

f ( It ) as obtained tram (7).

IHGOPTIBHCMUt
M Doppler oorreotlons are  unimpor tan t fo r most o f the dote herein presented.

3 2 3  9 1 4
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(2) Equation (lL«a) indicate that F[,(t) i s  Just the value 

of F(E) at E© end le  independent of the degree of self- 

ehieldlng for a single sharp resonance.

“i /; ' • •

(3) Experimental measurements of carried to values

of t  Mill enough to allot# «n extrapolated estimate of 

^  (t ■ 0) can he used to measure the resonance level 

strength (<£«)*/*)• i*  the limit of «  1*0 

f (S )*  1.0 and (12-a) together with (1$) give

^ .

■ *vs .vC' ■:&;■ :» •

A t L ( t * o ) *  0 ( 6 . )  f d S  f c U )

*  f « > A £

*  pf<V-C«y (  / t ( € j^ ) ^

= 0 < £* { [< C c A )-r ]
(12-6)

and henoe

-** m *  (M)
p(Eo) le believed to be an insensitive Amotion of energy, 

j! I t  may be evaluated for a particular energy region by 

measuring ( t  •  0) and for a resonanoe absorber

with known ( t f j & y j * ! *  I f  the variation of $ (& *  known 

(9-6) can then be used to find the level strength of any

•.

■ ■

•
¥ tl •?' «£ wS'’ . .
> ', rc '^ S ifm  v'fer. * *i - ".: : ‘
\ *l

other sample whose absorption la dse to  a resonanoe la 

this region,

SECRKT

, ' - r • >*'

'■■ , 1-

■
5’ :’>'•>' v ;

3 2 ?  r , l 5



(4) In principle * extension of the shielding data in the 
r opoosite extreoe of thick foils ( provides an 

independent measure of the product T2 and hence 
with the results of mart (3) a determination of (£(&) 
and r separately. However, it oocurs even for a 
strongly nono-roeonance absorber like An, that ab
sorption by subsidiary peaks (and the l/r component) 
become predominant In the thick foil region. This 
obscures the main resonance characteristic and prevents 
a good measurement of

Cm Hultlnls-RsBonanca Absorbers
Except for e few abnormal cases each as cadmium, most heavy 

nuclides exhibit not one bat many absorption and scattering 
resonanoes la the epi-cadbaiua region, with an average level spaoing 
of the order of 5 to 100 e,v.* The result of multiple resonance 
is to flatten the overall self-shielding curve ty raising the thick 
foil region (^>/). Assuming that the level spaoing is large 
enough so that overlapping of the "wings* of adjacent resonances is 
negligible, the total absorption and reactivity oan be written as 
the sum of individual contributions as given ty (9-a) and (12-a) 
above. We can rewrite these expressions as

f(»- M )

Where Ej Is the resonant enorgy of the Jth peak. Using equations 
(14) and (12**) this gives

* J. H. KUtt and T. F. Vsisskopf, Theoretical Ifuolear Phr
(John Wiley and Sons, 1952), p, 4̂ 5

' i«
jIMS
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(17)
gw* a a-)

= $ f - $  £ anKctw). y,(Sj)
where vo write the general notation &C$)j «£ -  A/(JT$;)t 

since now the peak cross motion varies from resonance to 

resonanoe. I t  i s  to  be noted that fo r a particu lar t f ^  C'C*) 

detrends only on the re la tive  amplitude of the peak croso section 

In the simplest ease of an absorber with just two 

reeonanoes of equal amplitude, i s  constant with j and la

removed from the sramatlon In (17). The re su lt i s  a se lf-  

shielding curve Iden tical In shape with the single-resonant curve 

but of different amplitude. I f ,  however, (TJJ0 I s  small for one 

o f  the peaks re la tiv e  to  the other, the value of e ^ ($ )a t  a 

particu lar t  fo r the large ooak w ill he taken from Figure 16 e t  

a  larger J* than fo r the small one. Equation (17) then gives the 

sun of two curves each identical with Figure 16 but displaced 

from each other and with different amplitudes, k t  which i s  

•thick* for the  large peek w ill be "thin* fo r the small peak and 

the effect le  to  prevent the overall shielding characteristic 

from falling  as rapidly  as in  Figure 16.

i l l  of the curves investigated heroin exhibit th is  e ffec t in  

varying degrees. The gold data (Figure 2) i l lu s tra te s  the case 

fo r an absorber with one large resonance and an undetermined 

timber of much smaller resonances. The dashed curve Is  * $ ($ )fo r 

the parameters appropriate to the giant peak a t  6.9 e.v . Tbs

323
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solid curve Is the ra of this constant
ten equal to 10f of the total R. C. evaluated at eero thloknoos*.
This extra term represents the extra-resonance ooaponent of 
abaorpticn, composed of peaks assumed snail enough so that over 
the range shown their self-shielding could be neglected* It Is 
seen that the data fits this composite curve exceedingly veil 
except perhaoe at the thickest point where self-shielding of the 
subsidiary peaks undoubtedly become significant.

In principle any multi-resonance case can be calculated 
according to equation (17) if ̂  ̂  and the level strengths axe 
known* The real difficulty, however, is our current laok of knowledge 
of the resonance cross sections and level densities of practically 
all nuolides in the energy range above about 50 ev. The problm is 
veil Illustrated in the case of silver. The solid curve of figure 1 
was calculated according to aquation (17), The level strength data 
used, which is obviously quits United in energy range, is shown In 
Table HI. It was taken from recent Brookhaven fast chopper results.*11 
The flux spectra used is shown in Figure 17 as manured in PP&-20,
It was assumed that Pg, was constant over the energy rango involved

^ This percentage van experimentally determined Igr the triple foil 
activation technique. See for example, KAPL 329, part I, p. 21 

** In this report /}» is assumed constant * 0*13 e.v, for all levels 
except the low energy resonance at 5.22 e.v. where it was measured 
to be 0.156 e.v.

— ***—
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TABIB IB

Isotope t  Abundance >0 <rx(b*b
Ar-107 S M 26.6 6 0 4  7 5.6 4 0 .8 .042 x  id *  b

4 2 4 45 ♦ 15 10 4  4 .oa
45.6 8 4  2 2 .1 4  0 .6 .019

* 4 150 4  30 36 4  10 .017

Af-109 48.6 5 4 2 775 4  25 12.2 4  0 .5 .102

jia 52 4 6 9 .0  4 .2 .025

40.8 34 £  10

<*%♦i

to .021

56.8 95 4  25 24 ♦ 6 .03.6

72.5 150 4  30 4* 4  15 .013

88.5 2 1 4  5 10 4 3 .011

The discreoancjr beteean calculated and experimental curroo can be 

described as follow*i
: {

(1) Tha absolute magnitude of tha  calculated curro a t aero

thiokneaa la  $1.05 aa against a  nenaured R. C. of $1.38 ♦ 7JC. 

Tha calculation dots not include tha 1 /r  absorption component. 

Proa tha thermal crosa sections o f boron and o ilre r  and tha 

experlmantal th in -fo il R. 0. fo r  boron, a  re liab le  estimate 

for th is  oonpeneut is  $0.07. This brings the calculation 

to $1.12. Tha remaining difference of $0.26 ♦ 0.00 suggest* 

that there  are a  number of resonances unaccounted fo r .
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(2) A normalization of ths calculated curve of Figuro 1 

to fit the data at zero thickness is still a poor fit 

at largo foil thioksefees* This indicates that the 

peaks are on the averse much smaller than the giant 

5*22 or resonance because they must have relatively 
small self •shielding factors*

(3) A precise fit with the data can be obtained by adding 

a number of peeks with self •shielding factors similar 

to the small poak at 40,8 ev in Table ni« This lo 
shown by the solid curve in Figure 1-a which was 

obtained by adding enough of these peaks to the Table m  

group to give the correct R. C. at soro thickness* The 

Brookhaven authors are confident that no peaks of this

■ order of amplitude (for Jl « 0) are unaccounted for belov 

100 ev. The conclusion Is, therefore, that the above 

reactivity discrepancy, about 2051 of the total absorption, 

is due to unresolved resonances above 100 ev.

0* Cadnlttn and boron

Theee two elements constitute exceptions to tbs general olaanification 

of Bulti-rosonance materials studied* Figure 4 shows two calculated 

curves for Cd. Tbs dashed curve in (JVt)for the parameters shown* The

solid curve la a numerical integration according to equation (9} using 
cross-section data from AKCD-2Q40 and the spectrum given ty the curve 

in Figure 17* Although Cd is essentially a singly resonant element.

um
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the self-shielding characteristic was not expected to bo accurately 

given t j y  elnoe It la in a region where Eo la not largo compared 

to T } the large thermal toll and more or loos flat spectrum combine 

to give a shame more closely resembling f ( Jp ) than^CO, The solid 

curve of Figure 5 la the same curve as used in Figure 4, normalised to 

the lower R. G, value at the ooro edge (this was done for lack of 

spectrum measurements In Ring 9). The extremely good fit to the data 

would Indicate that differences in the speotrun shape aro not very 

important, however, over the region of large ©admit® absorption. Tie 

poorer fit in Figure 4 for thicknesses greater than about 2,10*3 rds/ca2 
suggests that there la a significant contribution to the absorption from 

higher energy reactions (the numerical integration vas carried to 1.0 ev). 

The spectres above 1,0 would be expected to fall off heavily relative to 

that below 1,0 ev in going from the core center to the core edge end 

this would explain the leek of a similar misfit for the core edge data 

of Figure 5, Except for this thick region, however, the experimental 

curves compare vory closely.

The solid curve for natural boron in Figure 3 was found by a 

straight integration of equation (9) using again known areas section ami 

flux data as for cadmium, A constant value vas used for P(B) or Fĵ E) 

and this probably Introduces a certain error at high energies. The flux 

curve above 300 volte vas assumed to bo a straight-line extrapolation 

of Figure 17, The measurements are limited enough eo that the effects 

of theee assumptions cannot be evaluatod.

Variation of Fj, of Gold with Fbil Thickness

It vas proposed in part B that for the idealised case of a single 

MBonmoa afcsorbar Fj, (K) as gi7« in equation (IX) degenerated to (IX-a)

323' "zltm



-23-

* and was approximately the value of P (K) at independent of golf- 

shielding. In reality this is only true up to the thickness vte\» the 

wings of the resonanoe or other oxtra-rcoonancu components of tto absorption 

crose-oection begin to constitute an appreciable fraction of tho total 

absorption rate. The effect of eelf-ehiolding on equation (11) io to givo 

Increasing weight to the values of P (E) in the extra-resomnco energy 

regions (or In the ease of multi-resonance absorbers at the resonant energies 

of.the slnor peaks).

Pbr gold none B7% of the total abcomtion at sero thloknocj was due to 

the neutron flux between 4.0 and 6.0 ev« However* this dropped to only 12% 

of the total absorption at a thickness of 50.0 oils. In tho latter caoo 

roughly vao doe to neutron flux above 6,0 «rr (absorption in nn unknown 

number of higher enorgyjreaonaneea) and 4GJ to flux below 4*0 enr (abruption 

in the largo thernal tall of tbs rain resonance). Hanot, if F (B) decreased 
in a monotonia Banner with an Increase in energy* It might bo expected that 

the thick foil Fj, could be very close to the sero thickness Fjj tho larger 

average F (B) in the low energy region and the smaller average P (B) in the 

high energy region cormensatc each other and give an overall avorago for 

the thick foil In agreement with the F (2) at 4.99 ev. As noted above, the 

experimental variation in F^ up to 40 mils was at least less than tho 

experimental uncertainty of about +/7j£, in accordance with our expectation 

of little or no change. V
Recent multi group calculations for a ooro approximating PPA-20 

have provided the flux self-adjoint function at the core center*.

* Proa tnrpubliahed data supplied by P, Hofmann of KAPL 323 r 2Zlm  ------------------------------------ --  ”  "—



Figure 13 shows Fft) ye E obtained tor normalising the adjoint c u m  
to «n P(B) of 1.10 at 4.9/ev.s Calculations of the variation of 

for Au, based on this c u m  together vith the spectrin of Figure 17 

and gold cross-eection data, result In a ratio of F& for a 50 nil 

foil to F|, at zero thickness cf botveon 1.015 and 0.980. The Unite 

art set by tbs uncertainty In the choice of an average F(E) in the 

high energy region since there the Au cross-section is not term.

. It is evident, however, that tbs calculations are entirely consistent 

with experiment and Indicato that the Fj, variation is less then 2%.

F. Evaluation of Resonance Parameters Prop R. C. Data Wear Zero yhlotaiega

2h addition to revealing tbo nature of reactor materials at high 

dilution, an eacporlaental determination of unshielded R. C*a. in en 

intemediate energy spectrin may provide considerable knowledge about 

average resonance structures in the energy region stove 100 volts or so - 

a region not yet resolved by neutron tipootrosoordste.

If equation (17) la evaluated when t-*0, then — * 1*0 for

all j and the imention io greatly facilitated since it ie now si^ly 

the bus of level strengths weigh tod by F (E) and <p (K)» The peak 

crosa-eeotions <fT£,) can bo written in tores of the level widths

■ ywr f (f£j - f (W
Equation (17) now reduces to*

9«-> ■ cf Ctjr'l £ ■ ?«»■ m>
where q  a . Ji

if<? *

(19)

v Ths actual measured R.C. will contain an additional 1/r absorption ocraponent 
noted above.



»

According to tbe theoretical interpretations of Uaisskopf end others* 
it 1« coBfuonly aostmed that the average level spacing I)*% and the 
radiation width, Q  , are more or lees independent of the energy in 
the kilovolt region. Farther, It is assumed that is proportional 
to the square root of tbe resonant energy* Accordingly, the following
conditions are awnaoadi 9 k

W  r >. fy
Its s 0-1 _
£j = < £ ( 20)

l £  le the "reduoed* neutron width at IX ) or. E0 iQ the energy

of the first reeonance and is expected to be roughly equal to B# Equation
/

(19) now asn be written an

V  * (21)
Further sinolifleatiou reunite if ?£ and 0 can he well represented 

ty e power of tbe energyi
FU*)** FiMeJ*
0OV)* #<**)£:? (32)

These relations are quite reliable for the core center of PPA»20 letveen 
10 tv. end shout 10 kv. Fron the opeetra of Figaro 17 0  in about
0.76. c< ia extremely Mil. Hultlgroup calculation* irdicato e 
vein* of 0,014 over the above energjr interval. Wo therefore write

• Bait i tfcisskopf, 2 2. p. 390
** The ft hem wed Is half the D referred to in the literature as the dlstanoo 

between levels of the conpound mwleuo with the itm» spin J, Asmxaing only 
A m 0 neutron reactions J he* only two values 1*1/2 where X la the total 
spin of the target, lienee the distance between aqyluo adjacent levels 
regardless of J should on the average be half the usual 0.

323 024
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where c ‘ = G

Changing the variable of sunmation by le ttin g  0  ■ (1 ♦ J)^ »

5(1  +  j )  -  D© and (23) become finally

I t  i s  asEnmed that the era converges rapidly enough so that there la  

no significant difference between an upper U n it  a t  ©o or a t 10 kv 

or wore.

In general, the era cannot be re liab ly  need balov about 100 ov. 

This la  because there are deviations in D and fo r Individual 

levels -  i t  Is  only the average over may level a  th a t can be expooted 

to have waning. These deviations strongly e ffec t the to ta l R. 0* i f  

they occur a t energies below 50 ev or oo where the peek cT and the 

flux are very large. The isolated giant resonances in  Au# Ag, Hh, etc* 

below 10 ev can be considered extrene oxenoleg; a s t r ic t  use of (21) 

( l .e .  starting  the era a t  €  •  1) would underestliwite these giant 

resonances end ~reduse large errors.

The practical vay to use equation (24) I s  as a supplement to 

known (masursd) reeonnnce structure below 100 o r 200 ev. That lfl, 

the  reactiv ity  contribution# free individual known resonances are 

calculated In the region where nnectra joopiBte can sad have received 

the level strengths, The era in equation (24) I s  then nude sta rting

where
f,*  l * « * f
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J^:o.W.vK-4

;

a t  th e  to p  o f  t h i s  re g io n . Tha high energy component should then  

be o b ta in ab le  u sing  th e  average param eters measured In  the  low re g io n . 

C onversely , the  sum nay  be used to  t e s t  th e  v a l id i t y  o f  th ese  

p a ra n e te rs  a t  la rg e r  e n e rg ie s .  The la rg e r  th e  f r a c t io n  o f  belonging  

to  t h i s  reg ion  th e  more s e n s it iv e  i s  th e  t e s t .

An exurdLe nay be made o f  th e  s i lv e r  d a ta .  As noted above th e  

c a lc u la te d  sun o f  l e v e l  s tre n g th s  from d a ta  rep o rte d  up to  1QO ev  

le a v e s  sons 20% o f  th e  measured H. 0 . s t i l l  unaccounted f o r .  Using th e  

p i l e  c h a ra c te r i s t ic s  quoted  above ( •< and ?  )  to g e th e r  w ith  th e  rep o rte d

s i l v e r  p a ran e te rs
C  *  O.00U  cv*

5  •  z s t r

A  ***A j  QJ a O.OOSO <t*

U a  ^  *  /6-6* e t r

th e  co n trib u tio n  from ab so rp tio n s  above 100 e v  I s  co lo r In te d  from

eq u a tio n  (24) s t a r t in g  v l th  th e  f i r s t  0  above 100 ev . I t  i s  fount? to

be | 0 , 12 ♦ ,0 2 . The amount req u ired  by R, 0 . moaturenent i s  (0 ,2 6  ♦ 0 ,0 7 .

A second example c a lc u la te d  i s  Ta1 .  The published da ta  on observed 

resonances a re  g iven in  Table IT , These d a ta

TABUS IT

Iso to p e  % Abund- l Q 
ance

Ta-101 100* 4 .2 9  4 .02
10. 3*4 .05 
13.9 4 0.1
20.7 4 0.2
24 .2  4 0 .2
36.7 ♦ 0.3 
39.4 4 0.5

d r \ 6.t T *) i j U m A  q

59 4  5 1.9 0.9
3 2 * 5 2.5 0.8
1 2 4 2 i . j 0.3
7 4 2 1 4 o .t

27 4  5 5.0 1.0
2lb 71.0 31.7
180 54.0 8.6

3 ^
n 2 «

f
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were obtained with the BrooV.haven orystal apectroaater. * The neutron 

vidthe were found hy assuming a constant r * 0,102 ev, The widths 

are not aonreoiably different fron the Columbia velocity spectronetor 

result* •• In the latter case a constant P  (0*100 ev) was also assuaed, 

The calculation gives $0.72 for the region 0*0 to 50.0 ev, $0*63 
for the region above 50*0 ev, and |0,02 for the 1/v component, which is 

a total of H*37* The measured R* 0* for thin tantalue vaa $1*40 ♦ 8t.
i third example is natural hafniua, Data cn the isotopes Hf - 177, 

178, 179 and 180 between 0*0 and 100*0 ev le given in Table 7, an reported 

tgr the Brookhaven velocity opectrooeter group.•**

* Sttiotenseo, R. L., •*low Heutron Rewmnoea In Tan t aim, P, R, vol* 92 
p, 1509 (1953)

*• KelVonian, I*f Havens, V. V. Jr., and Rainwater, h. J., "8lew Kmitron 
Velocity Spectrometer Studies* V. Re, Ta, Ru, Or, Qa" P, R, Vol. 92 p, 702 
C1953)

M i  Private ooammication between J. Hervey of Brookhaven and M, Teeter of RAPL

3-
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*
Isotope Abundance

Hf-177 18.4*

Hf-178 27.W
Hf-179 13.8*

Hf-1«0 33.35t

*0 « r f
f * V J * & >

t | C
? A * + ) Remarks

1.08 110 2.0 1.92 45
2.3 280 4.5 2*97 83
5.9 80 5.5 2.27 60 r •  60 nv accused
6.5 170 n 4.31 60
9.0 a 3.5 1.17 80 ?* •  80 «? accused

U .1 42 4 1.06 120
22.5 17 2.4 .51 MB r > •  100 ■? a Bruited
23.6 3.9 .7 .U m a  a

27.3 7.6 1.6 .31 102 a a  a
33.2 5.3 1.3 .23 101 a it a
37.0 46 H 1.80 u i a a  a
46.8 62 18 2.66 118 a a e
49.1 220 53 7.58 153 a a a
56.0 63 22 2.95 122 • •  a  •
57.2 20 8.4 1.11 108 a a a
64.6 140 46 5.70 146 a « a
68.4 91 36 4.36 136 a a a
71.3 U 7,1 107 a a a
75 38 18 2.07 116 a i  a
85.8 .12 7.2 .78 107 a a a
87.4 15 8.9 .95 109 a •  a
94.4 12 7.7 .79 108 a a a

100.1 32 20 2.0C 120 a a a
7.8 1500 50 17.9 88 a a a
5.7 70 4.5 1.89 60 r ■ 60 bv aseu n ed

17.7 U 1.4 .33 101 r, •  100 bv aecused
23.9 29 46 9.43 105 a a a
26.5 5.6 1.0 .19 101 a a a
31-5 18 3.9 .69 104 a. •  a
36.9 75 18 2.97 118 a a a
40.5 80 21 3.30 121 a
42.6 26 7.5 1.15 108 . a « a
69.7 16 8,0 .96 108 a t  a
74.0 200 35 4.06 165 a •  a

The reactiv ity  coefficient for natural hifniun two bom calculated f r a  

thaw data under the aaauwptioa th>)t Bf-174 and 176 have bo (significant 

e ffec t. The to ta l  contribution fo r th t !/▼ comwnent ie  |0 .1 2 , for the 

0*100 ev region $2.07, tad for the region above 100 or $0.12. This 

give* a to ta l  o f IS. 10 aa cowired to  a boicured value of |2 .95 £  10*.

323
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Thfl calculation* and eeasursnents are 

for hafolun, silver and tan ta lus.

TABLE VI

i s  Table VI

Isotope t  Hat. At
O af)

D
(W w l / r 0-100 100-oa Tot Elm ntt (%/nol) 

Gale. Observed

Ag-107 n.a 2.1 25.0 0.84 0.04 0.24 0.08 0.36 1.25 1.38 4 5%
Ag-109 48 M 3.0 14.5 1.82 O.U 1.91 0.17 2.19

Ta-181 1001 3.4 6.0 5.6 0.02 o .-a 0.63 1.37 . 1.37 1.40 4 9%
«M 0*) (50-00)

HT-OT 18.41 2 .U 4.35 4.85 0.38 7.42 0.49 8.29
Rf-178 av .U 17.8 -100 1.78 O.U 2.24 ~ 0 .01 2.36 2.30 2.95 ♦ 10*
Hf-179 Xi M 2.32 U . l 2.09 0.08 0.58 0.19 0.85
Rf-180 ’ 5.1* 4.07 ~100 0.41 0.02 0.05 r-'O.O 0.07

Several general conclusions about thaw calculations are in order, 

even though the tranter of oacea imreatigated here ie  too tn a ll for any 

s ta t is t ic a l  evaluations

(1) I t  le  possible tha t the to ta l R.C. calculations generally 

tend to be lover than e x p e r ira t . Table 71 above that the 

calculations account fo r 91$ of the observed R.O., for Ag, 

99% for Tat and 79% fo r Hf * The close* agreement for Ta 

«ay be fortuitous fo r i t  is  suspected th a t  tbs average 

reduced neutron width is  unreallntioally large as a resu lt 

o f the two ateom al levels a t 35.1 and 38.2 ev.

a ? ."
«2«*

a .,-n . Ww»*r■*» t»<WVA*Si; -■
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(2) If tide tendency is real ths explanation is either

(a) The average resonance parameters need in the bli

the resolved region are incorrect, or 

(b) The reeonanoe structures reported in the literature 

for the lev energy (resolved) region are lnoonolete 

(this preamble could occur if e number of snail 

resonances exist la the region below 100 ev too 

snail to be resolved by present spectroscopic 

technique), or

(o) The aestaptlons in equations (20) for the energy 

dependence of , £, and D are not valid.

(3) If alternative (b) Is correct nractl sally all of the

calculation error could be assigned to the low energy
»

region. This would preeuaably require e large olinngo la 

the choioe of and 5 hut not necessarily in the

calculated high-energy sua),

(4) If elternatlvo (a) la correct, a rather drantic oorreotion

Ag and Bf because wo would now assign el1 the dlscrepaooiee 

to the snail fraction of the R.C. due to abaorotlane above 

100 ev. Table fl shervs that if we ass'se wo error In the 

l/r and 0-100 ev calculations the 100 • •» ev suns account

that

energy mm (equation (24) for 0 above & &  ) above
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for only a fraction of the absorptions required for 

agreement between calculation and experiment fo r the 

to ta l  R.G.’e -  45? for Ag, 93$ fo r Ta, and 16? fo r Hf.

In ary event investigation of many more multi-re aonanoe casea 

la  needed to establish  ary general trend , Also, I t  le  c lear th a t the 

accuracy of the measured R.O. 'a Boat be improved to the point where 

the uncertainty in  the R« 0 , le  email compared to the high-energy 

calculated component. Farther experimental work toward th is  end 

le  planned.
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ÎSâ SImmm
m u iM M im

M e .

mj
; K E E 1?

'rtHiikjiiAL1
HHIIC'ir.v* :t

t MHVIKII ••
•; lil’W il is '-
‘l i t * *ImSm
IUiH!l i.l,
 ̂lift:»!;» { I,

11
* w r a p t '

uwiiii.Cfc1 

■ %&¥ 
108PJV
w w r
•WWW £*■* 

'iM C V M t*

~Jr

mmmr.■ ntvt tm  wh iw wwbis

i i l f
S ;

«Mtt ■yi'v

a p r h m t i4 
. he MtiiMi
panics w«r' D lilli
■jfjag

■f ,•!•» ̂ |f H
=■
I n i p lu l K  
cfe(. •■» V t ■* MWiJ'i jiH
MWt.ai <ii 
i WfrS>'\ 
.p f l 'J l i - *  
Oii i'; :*;< t HfHMil

*:■ i- IttSi.sr*S*8lgJ5®5%̂fc
K W S f f l S s S S O B S r v

1
i K i n f i t m i t i i

;aKpSSr
. s « i » a s ? i
. m e s s s i o

u m m w K * * *

ww
s 2 l s ^ | 3

, :. ;/ i  :
i f . M K P p i
k a i f r k i p t ' . f ’

RBIB|si§pi
i i i l i H t H t r ^ . iri ^ ^ v i i i ! i t  a i f

i n u i p u M ^ t v  ** ' W

•ffi8lS!5!:'fe505IISrJ'T
iSR’JSKf

H B H p i P l s B ?

“ “ “'■ySSSBCJ!

W U C W M W t:*
{'•■ 7., f L - l f t i ' i r k
-;!Va *•% '-. 1

iHUSilr̂ ;srS?
"* .i 't iilM # ' Si#' 

WkMiRfr- « l  **

s i i t e o s & M

s \ ^

UiUtfeh*
Mtur#,

9NNM
IIMMW'KVj K

g iM iP f tlk

t e r
ESO-:
sssisrser '  Cfv

0/ < 7 . / 0 / 0 . 0



jz>
 

(N
£i

>r
s/

cH
'-/

s*
co

/e
r/

„
Aj

r)

f  -*i- -$■

LOGARITHMIC 3 5 9 - I 2 5 G
nixmitiWiita. «.*»,«. . 

* * <>*. . • •

*  3 * 7 6 9 1

U U *

u n t w o r ,:

mum*, i.'
iMminiuw

10.0sio fi . a /oo.c jpooo

£H£*Q,Y (tv )



*
« NO. l D U ’JQth 1 «-*t' *»*•*> v99*»)'mmic

O c * c tra  * to  t»tVioiO*»». pr* -urn
ivuini mfTjoc*. cb. ■« n* *

u <J » • o or.c

irliij#

■ r H ' h  ■ 4 d ' 1*;

US®*

[iftwwd

!iiSff»3S«dW»

" v

T?
-  -

r f H !2E

:. J l l L

j

j
e u e f t e Y  (<tv)


