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This wport. brings togetbcr an cstrnsiw awumulation of reactivity wmtrihution cl&t for th(k 
various critical assemblies at I’ajnrito. Corresponding valws of c4fwtiw absorption and transport 
cross sertions arc’ dwiwd, and relationships brtn-wn critical mass and vo1unx~ fraction of tlilurnts 
are obtained in terms of these woss sections. In sonw Eavorahlr caws, iwlastic, watttIring rontribu- 
tions to tbc cffwtiw absorption cross swtions art’ rstimatc~d. 

W ithin the past ten years, information on the 
effects of local additions of materials has been ac- 
cumulated for a  number of I’ajarito critical as- 
semblies. This report presents results of material 
replacement measurements on five critical as- 
semblies, four in which the wtive material is Oy 
(-91) metal,’ and one of &phase 1% metal. One of 
the assemblies (Topsy Oy-U) is enriched uranium 
in a thick natural uranium reflector, a  variant had 
a core at one-half normal density, and in another 
case (Topsy Oy-Si ), thick nickel was substituted 
for the uranium reflector. Another (Godiva) is en- 
riched uranium without reflwtor, and t.he final 
assembly is hare d-phase plutonium. Reported by 
Linenbergrr et al. (I ), arc series of similar results 
for assemblies nit h  cwres cffwtively of Oy (93.15 5%) 
Hz <,iC’l 110,1 25 alld reflector? of thick I’ and of 
thick Xi. 

A reactivity contribution measurement is the 
dt~terminntiwl of the reactivity change when a small 
cavity withill the system is filh~tl by a sample of the 
material of intcrwt. Artually, the difference in 
control rod sett illgs for dclaycd critical operatiolr 
with the caavity filled and empty is observed. ;Is 
changes are made manually, disassembly of the 

* Work  done  untlo~ t hc  allspires of the U S. Atomic 
l*;nerg~ Commission 

system is required between such observations. B) 
means of a  control rod calibration cur\.e, the re- 
sult is converted to units of cents per mole of per- 
turbing material, where 100 cents is the reacti\-it! 
interval between delayed and prompt critical (2 1. 

Consistency of standards (cavity empty ) which 
bracket each determination with the sample in place, 
is required for an acceptable measurement. \Vith 
the assembly reproducing satisfactorily, drifts in 
series of standards correlate with changes in ambient 
temperature (for Jezebel, cowtnnt temperature W :IB 
maintained). At the operating level for these tests 
(~1 w), self-heating of the oralloy ai;wmblies i.- 
negligible. 

Three of the critical nssemhlics to he rollsitlcre~l 
wrc set up on the Topsy machine (3 ). Thrx s;?-stew 
in which the more complete series of’ replacement 
measurements was made consisted of n  roughly 
spheric*:11 core built up of &in.” units ot Oy, SUI - 

rounded intimately by a full tlcllsitg I7 rcflwtor ot 
!)-in. average thicakllcss (cffwtively almost infinite I 
‘l’hc critical mass was 17.4 kg Oy (91.1 ? ) at a11 
average core density of 18.i g,‘cm”. The rcplnccmcnt~ 
gcwcr:~lly were niatlc in $-in.” c:i\?tirs in a lny~t 
cent wed about f in Iwlow the mcadian plane of t hc 
assembly, although Oy, I’u, alIt IV checks ww 
made in 4 in. diam x 4 in. long cylindrical cnvitit+ 
in the radial “glory hole” of the asscml~ly. >Io+t 
wnplcs were +-in. cwhrs or $ ii). dinm X f in. 
qliiidws of full density metal or of prrsscd p011 tlrr. 
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a,nd wherever possible were of high-purity mat.erial. The other Topsy assembly had a similar “pseurlo- 
ltesults of measurements on this Oy-U assembly are spherical” 0y core in a full density Xi reflector of 
presented in Table 1. The few existing data for a about 8$ in. average thickness. In this care, 1 hc 
similar assembly with core at 50% normal densit,y vritieal mass was 21.2 kg Oy (94%) at an averagch 
are given in Table Il. density of 18.7 g/cm”. Samples were $-ill. cubes of 

TllBLB I 
Topsy Oy - Thick II Assembly (Oy Radius - 2.39 in.) 

Renctivity Contributions Ak of Various Materials in Cents/mole 

l/2 in. Cubic Samples Unless Noted Otherwise ("Radius" Refers to Position Of Sample Center) 

0.44 0.67 
to.715>* 

1.09 * 1.56 
c1.5a>* 

2.05 l 2.50 
(i : E, * 

2.93 3.54 4 30 4.71 5.29 
Radius co.50* (1.12) (2.06),* 
(in.) (2.04) 

Li2s04a 

6 Li2S04' 
(89.42%) 

Be 

Be0 

Ba 

c 

CH2 

CD2 
(98.34%) 

CFZ 
MS 

WZa 

Al 

A1203a 

sa 

Cab 

Ti 

" 
Cr 

Fe 

NII 

CO 

Ni 

cu 

Zn 

GP 

Get 

Asa 

Zrb 

Nb' 

noa 

Rha 

PdP 

A8 

Cd 

In' 

sn 

Sb 

In 

Lab 

Ce 

Ndb 

-0.5 

-99.6 

8.8 

10.7 

-9.6 

2.9 

125 

46.3 

11.9 

2.1 

14.2 

1.4 

9.3 

-7.2 

-5 

-0.7 

1.2 
-0.5 

-0.45. 

0.2 

-1.2 

-4.38. 

-1.67* 

-2.88. 

-2.3 

-2.7 

0.0 

-0.6 

-5.1 

-1.5 

-10.9 

-7.8 

-14.9 

-6.9 

-21.0 

-2.5 

-11.3 

-10.3 

-0.0 

-2.5 

-6.0 

-8.4 

4.2 

120 

2.0 

0.68* 

-3.09* 

-0.50* 

-1.13. 

-1.8 

10.7 

-5.0 

6.1 

112 

22.0 

27.0 

5.5 

26.5 

-2.5 

6.5 

3.67* 

5.4 

4.1 

0.88* 

3.04* 

2.75; 

4.0 

6.9 

3.8 

-4.2 

-0.3 

-7.7 

0.4 

-11.7 

-1.2 

11.8 

20.3 

0.0 

9.8 

91 

8.3 

7.54* 

5.a7* 

7.84. 

7.98. 

10.9 

12.6 

23.0 

4.7** 

11.5 

65 

a.7 

17.0 

4.4 

a.7 

32 

39.7 

39.5 

10.a** 

9.7 

29.5 

9.3 8.5 

6.9 

10.6 

14.8 
11.8 

10.8 

13.1** 

12.7 

10.4 

11.8 

12.7 

13.0 

11 6 
8.5 

a.2 

10.8 10.0 

9.3 

9.4 8.4 

9.3 

9.8 

19.2 15.0 

19.0 15.7 

16.4 14.9 

20.6 17.9 16.4 

11.4** 10.3 

13.2 10.7 

9.4 7.5 

13.8 11.6 

7.2** 7.2 

15.6 11.6 

12.0 9.1 

5.6 

14.4 

0.4 -0.1 

2.8 1.2 0.8 0.4 

2.3 -1.7 -1.9 -1.9 

5.4 2.7 1.3 0.6 0 5 

6.1 3.0 1.7 

a.6 3.9 2.0 1.4 0 8 

10.3 4.9 1.8 1.5 

5.4 2.0 0.7 0.1 

3.7 1.7 0.5 -0.2 

2.5 03 



REACTIVITY COXTRII3UTIOXS 

TABLE I (('O?Lfi7ZlMd) 

Topsy Oy - Thick II Assembly (Oy Radius - 2.39 in.) 

Reactivity Contributions Ah of Various Materials in Cents/mole 

l/2 in. Cubic Samples Unless Noted Otherwise ("Radius" Refers to Position of Sample Center) 

0.44 
(0.51jL 

0.67 
(0.715j4 

1.09 l 1.56 
Radius (1.12) 0.5tv* 

2.05 f 2.50 2.54 
(2.06),, (2.55)* 

2.93 3.54 4 30 4.71 5.29 

(in.) (2.04) 

T* 

W 

I# 

PtP 

AIF 

Pb 

Bi 

Th 

u 

OY 
(95.4%) 

"233 

(g8 *:z) 
Np237 
pu239 

(98.59 
&240e 

-13.6 

-7.7 

-16.9 

-7.8 

-12.4 

0.4 

-1.7 

-4.8 

24.5* 

lS4.6* 

328.1' 

-4.8 

3.6 

1.8 

-2.6 

-2.5* 4.3 

25.6* 27.3* 

178.9* 163.9* 

314* 284.3* 

362.7* 324.5* 259* 187.9* 128 

12.9 

18.0 

16.9 

13.5 

21.2 

22.8 

13.7 20.2 

30.1* 30.2* 

137.9* 105.6* 

232.1* 172.1* 

11.6 3.2 0.0 

14.4 

12.2 

22.1 

73.0 

13.2 

12.0 

16.3 

17.0 

14.8 

20.2* 

68.8; 

6.9 3.1 1.1 0.4 

10s.3* 

115* 

11.9 5.5 2.2 1.5 0.7 

46.3 26.2 13.9 10.5 6.7 

77.5 

81.3 44.0 22.8 17.2 10.6 

a Pressed powder (l/2 in. cube or cylinder). 
b Smal l  irregular sample. 
c Powder in l/2 in. diam. x l/2 in. (-0.5 g) Al can. 
d 0.3 g sample at r - 0.32 in. 
e From Pu samples containing 0 - 6% Pu240. 

Note on errors: The estimated probable err"= of a determination is about f 0.02 cent/sample. As indicated by the 
following list of moles per sample, probable error8 in cent/mole range from + 0.1 to f 0.3 except for extreme cases: 
Li2S04 6 -- 0.02; Li2S04 -- 0.02; Be -- 0.41; Be0 -- 0.22; B  -- 0.24; C (graphite) -- 0.28; CIi2 (polythene) -- 0.13: 
CD2 (polythene) -- 0.10; CF2 (Teflon) -- 0.09; Yg -- 0.15; YgF2 -- 0.06; Al -- 0.20; A1203 -- 0.06; S  -- 0.12; Ca -- 0.04; 
Tl -- 0.15; V -- 0.15; Cr -- 0.20; Fe - 0.28; Nn -- 0.19; Co -- 0.25; Ni -- 0.31; Cu -- 0.28; Zn -- 0.20; Ga -- 0.17; 
Ge -- 0.03; As -- 0 12; Zr -- 0.05; Nb -- 0 14; Ma -- 0.15; Rh -- 0 16; Pd -- 0.20; A8 -- 0.18; Cd -- 0 16: I" -- 0 13: 
Sn -- 0.12; Sb -- 0.10; I -- 0.08; La -- 0.02; Ce -- 0.06; Nd -- 0.007; Ta -- 0.14; W  -- 0.12; Ir -- 0.03; Pt -- 0 19; 
Au -- 0.19; pb -- 0 11; Bi -- 0.09; Th -- 0.06; U -- 0.16; Oy -- 0.16; U 233 -- 0.12; Pu -- 0 12 mole/sample 

In addition to the normal error, "wild" values oc~asio”ally may appear 88 a result Of masked irreproducibility 
Although it is believed that most of these cases have been spotted and eliminated by repetition, it is possible that 
a few values still may be in error by 1 - 2 cents/mole 

TABLE II 

Topsy Oy-Thick U Assembly with Core at One-Half Normal Density 

l/2 in. Cubic Spaces and l/2 in. Cubic Oy Unitsa 

Radius oy (94) Natural U Al 
(in.) cents/gatom cents/g-atom cents/g-atom 

0.374 69.5 

1.273 64.8 7.4 

1.77 60.7 1.2 

2.26 55.7 7.6 

2.76 49 .s 8.1 2.1 

3.26 43.7 8.1 

3.76 37.0 7.5 2.2 

3.89 (interface) 35.5 7.2 

4.14 31.3 6.0 

4.55 3.5 1.9 

5.98 1.2 0.7 

a Replacements in the core were made in lattice positions normally occupied by Oy. 
A few checks "ear the interface indicated that dependence on type Of lattice 
position is within experimental error. 



TABLE III 

Topsy Oy - Thick Ni Assembly (Oy Radius - 2.55 in.) 

Reactivity Contributions Ak of Various Materials in Cents/Mole 

Generally l/2 in. Cubic Samples* 

Radius 
(in.) 0.83 1.09 1.48 1.92 2.39 2.68 2.86 3.12 3.35 

B 

BlO 
(85%) 

C 

Al 

Tl 

Fe  

CU 

G* 

AU 

Bi 

Th  

Ni 

” 

OY 
(95%) 

"233 
(98.2%) 

p)y239 

-6.7 

-58.7 

5.4 

4.0 

3.7 

2.5 

1.7 

3.7 

-2.9 

5.1 

5.1 

-1.9 0.3 

33.1 35.6 

186.3 175.2 

320.7 299.2 

371.9 343.8 

13.9 

13.6 

14.4 

14.7 

15.9 

18.1 

21.0 

26.2 

27.2 

5.5 11.3 11.9 9.5 7.1 3.4 

37.3 39.8 35.1 25.5 19.4 9.1 

152.9 122.8 85.8 63.5 49.0 35.4 28.4 

254.3 197.8 132.4 74.9 55.1 43.9 

290.3 223.0 144.3 80.5 57.9 45.7 

* Samples and estimated probable errors are as described in Table I. Because of fewer repeats, 
however, there may be  a  greater possibility of "wild" values. 

full density or wmpavtetl material, and replace- 
ments were made in &in.3 c*a\+ties. The limited set 
of results for this assembly is summarized in Table 
Ill. 

Other measurrmellts were made in Godiva, the 
nearly spheriwl hare Oy critical assembly (4), and 
in .Jezehel, the barct 1’11 assembly that is described 
in the companion article by .Jarvis et al. ( 5). The 
critical mass of (bdi\-a is 52 65 kg Oy (93.7%) at 
an eflwtive dclrsity of 18.7 g/cm”. For .Jczcbrl 
measurements and the prilrcipal series of Godiva 
measuremeiif s, repl;wemciii s were made in a $ X 
&in. cylindrical wvity within t.hr diamctral “glory 
hole.” r ’ 1 he radial position of the cavity was adjusied 
by proper arrangement of fillt:rs of various lcllgth 
which fit into the glory 1~01~~ ‘l’at)lc I\’ givw t hc 
results of this series of t es! s as fuwtions of distalrw 
from the wntcr of (;odiv:l , :uitl 1':hl~ \' gins Ilic: 
corresponding .Jozohel data. Samples, in t 11~ 101~m 
of 4 in. diam X $ in cyliiidcrs of compact material, 
generally are of c*.p. grade mat c:rial or the etluiwlvllt . 

11 second group of mcasurcmwil s on ( ;otliv:i, 
designed to give more cvmpl~i(~ illformation ahout. 
an apparent pcriodicity of CWI~ rat w:wi iviiy vocbfii- 

ciellts for odd %  - odd -4 c4ctnwnts as a fullctioll of %. 
is wported in Section I\-. l~itlally, tralwport cff’w > 
of fissionable mutcrials, dcduc~d from rr:ic*ti\-it J 
cwfficients at t hc Cbtliva surfaw, :\I'(' gi\-tbtr iii 
Appendix I. 

Generally, the rcpl:wc~mcnt samp1cs ( .I ) wed 101 
the cwllection of data, A]<( r, .I.), givcl11 ill T:~l)lw I. 
II, Ill, I\‘, ant1 I’, cwnsistcd of nornial dc1isil~ 
*-iii. c~ul~w or cylinders This sanlple sizcl is srlfli- 

ciently large to pwmil awunitc rr:wti\.ity (~I~:III~(~ 

measurements, yc:t 1101 so largtx as to introcluc~i~ 
serious perturl)atiolls in the, Iivutroii distril)ut ioll 
within the critic4 asscml~l~. The small ~~oi’rwiio~~~ 
to the ol~:rwd rcac.1 ivity wnt rihut ioIls \\ hivh r(‘- 
~iiovc th(l effwts of tlicw p~~riurl~atiolls ( lw11w10r~l1 
wiled “sample size” roi~cv~t ions) I~:I\Y Iw(~I ( '0111. 

put cd 1)~ the mrt hods givctl in I 11~ prtwli~~j: I):I~WI 

(6) and thcl rwultitlg rcwtivity c*cwf~ic~ic~1its, 

A/;,,( r, .r ) 
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RI~AC’lWITY COSTRII3UTIoSS 

TABLE IV 

Godiva Bare Oy Assembly (Oy Radius - 3.44 in.) 

Reactivity Contributions Ak of Various Materials in Cents/Hole 

l/Z in. Cylindrical Samples 

Radius 
(in.) 0.030 1.242 1.930 2.512 3.142 3.206 

Be 6.7 9.4 11.6 10.8 94 

Ba -6.3 -0.7 4.9 8.0 7.9 
B1o a -42.1 -27.3 -12.0 -0.1 (85%) 6.6 6.2 

c 22 5.0 9.0 10.4 9.7 

CH2 68.6 76.6 62.0 43.6 24.5 

Al 0.4 4.6 9.3 9.9 

Ft? -0.1 3.9 6.2 10.6 

CO -0.5 9.7 L2 .3 11.1 

6.1 

9.0 

Ni -4.0 2.0 8.0 10.7 

C" -1.6 4.1 9.3 11.7 

2" -2.3 4.5 9.0 11.7 

Ag -9.2 6.4 14.1 

w  -I j 

Au 67 2.2 11.6 11.8 

B1 -1.5 16.6 21.8 

Th -1.2 6.7 18.8 21.6 

1' 21 9 29.0 26.1 
OY 135 5 109.7 84.2 

(93.7%) 
58.6 

hr239 

P"Z40 

279.6 220.4 155 4 100.2 

168?17 

9.6 

10.5 

11.6 

13.7 

17.6 

19 S  

22 6 
33 2 

20.0 

21 2 
30.6 

42.6 

a Powder in l/2 in. diam x l/2 xn. (-0.5 9) Al can. 
Note on errors: The estimated probable error of a determination is about f 0.025 cents/sample. 

From the following list of moles/sample, it is seen that for most materials the probable errors in 
cents/mole range from + 0.1 to t 0.3: Be -- 0.32; B  -- 0.24: B1' -- 0.27; C (graphite) -- 0.21; 
CH2 (polythene) -- 0.10; Al -- 0.16; Fe -- 0.22; Co -- 0.23; Ni -- 0.24; Cu -- 0.22; 20 -- 0.18; 
Ag -- 0 15; Au -- 0 16; Br -- 0.07; Th -- 0 08; U -- 0.12; Oy -- 0.12; Pu -- 0.09 mole/sample. 

As for Topsy, the possibility of an occasional "wild" value in error by 1 - 2 cents/mole cannot 

hold only ill the region 1’ > 0. In thctsc espiwsio~is, 
i, G 0.2!) m-’ for Oy (!I:<) :LII~ -0.38 for Pu”!‘, 

- 
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TABLE Y 

Jezebel Bare pu Assembly (Radius 2.49 in.) 

Reactivity Contributions Ak of Various Materials in Cents/Mole 

l/Z in. Cylindrical Samples Unless Noted Otherwise 

Radius 
(in.) 0 .oo 0.72 1.22 1.79 2.26 

Be 

Be0 

El0 
( 96%) 

C 

C”2 

CD2 

c*2 
Al 

si 

NO2 

s 

Ti 

TINb 

Vb 

Fe 

CO 

Ni 

CU 

2n 

22 

MO 

As 
Cd 

Sn 

L1 

Ce 

m203 
b 

li0203b 

rn20gb 
Ta 

W 

AU 

Bi 

Th 

U (normal) 

%.2%, 

OY 
(93.44) 

Np237 b 

13.1 

5.25 

-199.2 

34.6 61.4 

46.4 104.6 

77.3 

143.3 

-2.6a 

67.1 

134.0 

-5.9 

100.7 

-14.7 

-36.6 

-11.9 

-13.7 

-31.3 

-59 .o 

-21.9 

-40.6 

-13.0 

-19.1 

-20.6 

-40.2 

-27.5 

-33.9 

-34 .o 

-37.0 

-76.2 

-55.0 

-36.6 

-30.5 

-26.2 (7) 

-175.0 

-262.1 

-156.5 

-64.1 

-60.9 

-73.0 

-19.7 

-54.4 

94.4 

1227 

18.2 

133.4 

46.1 

46.6 

174.2 

125.2 

155.3 

46.6 

49.6 

146.9 

71.35 

189.9 

190.0 

224~3~ 

77.0 

77.3 

221.0 

36.9’ 

76.6 

147.6 

89.9 

76.0 

67.5 

76.6 

64.0 

90.4 

136.6 

118.8 

91.8 

103.6 

106.0 

101.58 

113.7* 

66.0 

151.1 

163.7 

15.0 

11.1 

47.9 

71.3 

72.7 

211.6 

12.6 49.2 

26.9 71.2 

20.2 60.1 

10.1 45.9 

10.2 50.0 

-6.3 39 .o 

6.3 46.2 

1.2 46.4 

27.5 70.3 

6.4 68.0 

-27.0 37.1 

-6.6 59.6 

4.6 65.4 

73.5 

130.7 

97.6 

73.5 

79.7 

76.0 

83.9 

64.6 

133.7 

115.3 

95.4 

106.3 

108 .o 

440.4 

-27.4 

-6.2 

-16.1 

34.0 

13.9 

134.4 

50.5 114.1 

67.4 125.3 

53.6 121.0 

99.9 154.3 

96.6 154.2 

180.0, 173.6 200.3 

642.7 

121.1 

129.1 

125.9 

147.1 

149.1 

172.1 

676.9 632.5 547.4 407.2 251.6 

669 

RI 
(95.3% Pu23g) 

1438.7(1429? 1263.8 1026.1 675.9(678.1? 372.8 

"b Measured at r - 1.72 in. instead of 1.78 in. 
Small sample. 

' Sample l/S in. thick x l/2 in. diam. 
Note: Samples c.p. grade or better; probable error -0.3 cents/g-atom for 

&iii&d-size samples, except 0.4% for Pu and 0~; few "wild" values noted. 



TdB‘E “1 

Topsy oy - Thick ” lssembly my RPdl”6 - 2 39 in ) 

Reactivity coefficients bko of Various Elements in Cents/g-atom 

RXIi”S 0.00 0.44 0.57 1.09 1.56 * 2.05 l 2 .59  2 .54  2 .93  3  5 4  4  3 0  
(ill.) (0.51)*  (0 .715)*  c1 .121*  (1 .58)  :“,.“o;;,, (2.55)*  

67.6 

24.0 

-2.4 

-130.4 

9.2 

-12.2 

2.4 

1.4 

4.0 

1.4 

0.7 

-8.9 

-6.5 

-1.9 

0.0 

-1.7 

-2.2 

-1.0 
-2.5 

-7.3 

-3.9 

-5.2 

-4.0 

-4.5 

-2.0 

-2.4 

-7.5 

-3.5 

-14.1 

-10.3 

-18.0 

-9.5 

-25.8 

-4.4 

-14.5 

-13.5 

-1.8 

-4.5 

-17.2 

-10.8 

-21.3 

-10.7 
-15.8 

-1.5 

-4.1 

-7.6 

358.7 

206.4 

26.7 

175*.8 

402.6 

285?14 

65.9 

23.9 

-1.2 

-125.3 

9.5 

-11.0 

3.0 

2.1 

4.7 

2.0 

1.3 

-8.2 

-5.9 

-1.1 

1.0 

-0.8 

4.1. 

-0.1 
-1.6 

-5.3, 

-2.3. 

-3.7* 

-2.9 

-3.3 

-0.5 

-1.1 

-6.2 

-2.1 

-12.5 

-9.1 

-19.7 

-8.0 

-23 8 

-3.8 

-13 .o 

-11.9 

-0.5 

-7.2 

-15.6 

-6.9 

-19.2 

-9.1 
-14 .o 

-0.0 

-2.5 

-5.9 

344.3 

201.1* 

27.0' 

395.3- 

62.6 

-9.9 

4.1 

1.7 

0.1' 

-4.1. 

-1.3' 

-2.1' 

-3.2 

329.1. 

194.3' 

27.7* 

371.0. 

57 4 

10.9 

-9.7 

5.5 

5.1 

7.4 

4.7 

-4.1 

5.3 

2.P 

4.3 
2.9 

-0.5' 

1.8. 

1.z* 

2.5 

5.2 

1.8 

-6.6 

4.3 

-10.3 

-1.6 

-15.2 

-3.9 

-7.8 

1.2 

-9.3 
-4.9 

1.9 

296 5. 

116.6' 

27.6' 

330.9* 

44.4 

11.4 

-2.0 

6.6 

78 

9.8 

6.1' 

4.1' 

6.1C 

5.8* 

7.6 

9.2 

240.2' 

145.5* 

29 6' 

262.Z1 

29.9 

11.7 

2.6 3.0 

9.9 

9.4 

12.2 

6.8** 7.7 

4.2** 

5.3 

11 9 

9.7 

9.9 

1O.P 8.6 
10.3 

8.3 7.9 

9.7 

10.1 

10.2 

15.6 

14.6 

12.6 12.1 

16.9 15.2 

7.9" 7.9 

10.1 

8.0 

10.4 

2.9** 4.5 

12.2 

7.9 

8.5 8.6 

13.7 

13.7 
10.0 9.9 

17.2 

16.0 

15.7 

175.9. 

110.0* 71.3 

27.1' 19.6 

1w.1* 120.5 

12.3 56 

78 

7.4 

7.5 

49 

7.9 

7.0 45 

9.4 

5.9 

6.8 

8.1 
7.6 

7.0 

7.9 

8.0 

4.9 

12.3 

12.4 

13.9 

8.7 

3.0 

9.3 

9.1 

6.4 

11.5 

11.0 
9.8 

13.3 

13.5 

11.6 

102.2* 

67.0* 

17.2. 

106.5* 

6.9 

8.8 

4.0 

2.1 

5.5 

72.8 

44.9 

10.1 

75.0 

0 

22 

00 

2.4 

22 

24 

3.1 

4.1 

1.3 

0.9 

-1 4 

10 

11 

15 

1.6 

1.4 

0.4 

0.2 

2.3 

2.4 08 

13 6 

1 7 

21.2 

- 
a Prom CH2-C 
b From CD2-c 
-2 Average oi values from ho-Be and A1203-2Al 
d Average Of values from cc24 and WF2-H!3. 

5-l!) 
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TABLE VII 

Topsy Oy - Thick Ni Assembly 

Reactivity Coefficients Ako for Various Elements in Cents/g-atom 

8adius 
(in.) 

B 

BlO 

C 

Al 

Ti 

Fe 

CU 

GB 

Au 

Bi 

Th 

Ni 

P 

$35 

"238 

m239 

0 o.s3 1.09 1.48 1.92 2.39 2.68 2.86 3.12 3.35 

-12.2 -8.4 

-89.8 -76.8 

2.7 5.0 11.8 

0.9 3.4 11.1 

0.1 2.9 11.5 

-1.5 1.7 12.2 

-3.0 0.8 13.4 

-1.1 2.7 14.8 

-11.0 -4.8 17.4 

-1 .a 3.6 21.1 

-2.0 3.7 22.6 

-6.6 -3.0 -1.1 3.7 9.2 9.9 7.9 5.9 2.8 

372.8 333.0 309.7 261.1 200.7 130.5 69.5 51.3 41.0 

223.5 202.4 189.2 163.1 128.6 86.8 61.3 46.7 34.1 27.5 

31.8 33.3 35.0 35.5 36.6 31.5 22.0 16.9 7.8 

426.0 381.5 351.8 295.1 234.2 141.1 73.2 53.0 41.7 

TABLIS VIII 

Godiva Bare Oy Assembly 

Reactivity Coefficients Ak, for Various Elements in Cents/g-atom 

t% n. 0.030 1.242 1.930 2.512 3.142 3.206 

I? 47.8 38.5 27.7 16.9 7.2 

Db 17.8 

Be 7.3 9.4 11.0 9.9 8.4 

B -6.9 -1.8 3.4 6.4 6.5 

BlO -55.3 -37.6 -19.4 -4.7 4.5 4.1 

C 2.4 4.5 7.8 8.9 8.3 

Al 0.5 3.9 7.9 8.2 6.6 

Fe -0.2 3.1 6.9 9.0 7.6 

CO -0.6 8.4 10.7 9.7 

Ni 4.4 1.0 6.5 9.1 8.2 

cu -1.8 3.3 7.9 1G.G 9.1 

Zn -2.5 3.5 7.3 9.7 9.9 

A8 -10.2 6.1 11.6 11.5 

w 4.0 

AU -7.4 0.5 9.3 15.2 15.5 

Bi -1.7 13.3 17.9 16.2 

Th -1.4 6.9 15.5 17.7 16.7 

"235 149.3 118.8 88.4 59.3 31.9 03.2 

"238 24.3 27.6 25.7 19.9 18.6 

-239 285.2 223.2 154.8 97.9 39.8 

pu240 170217 

IL From CH2-C. 
b From CD,-C. 



d 
d 
d 

1.78, this being close to t,he due in barns of in this case allowing -0.15 hxr~~ for iuelastk smt- 

l(v - 1) Uf - UC 0) . 1 tering contrihutiol~. l’alde X lists the a,,(.~ ) ant1 

Similarly c (Jezebel) is chosen such that 
utr( .r) values cwrespondillg to the wrwc~tctl &it :I 
a/;,,(~, x) of Tahlcs \‘I, \‘]I, \‘IiI, and IX; lhv 

-u~(131230) z 3.60 Im1s, empiriwl fun&)ns j,,(r) and ,fl(r) nre grapfwl ilt 

TABLg IX 

Jezebel Bare Pu Assembly (8adius 2.48 in.) 

Re~ctivlty Coefficients Ok0 of Various glementa in CentB/g-atom 

Udius 
(in.) 0.00 0.72 1.22 1.78 2.28 

B- 
Db 
Be 
BID 

C 

NC 

Od 

F= 

Al 

91 

9 

Ti 

V 

Fe 

CO 

Ni 

cu 

Z" 

zr 
MO 

Ag 

Cd 

S” 

Le 

Ce 

DY 

Ho 

Yb 

T* 

w 

AU 

Bi 

Th 

$33 
“235 

“238 

Np237 
pu239 

fi240 

62.8 

-5.3 

15.5 

-251 

-6.9 

-22.6 

-9.9 

-18.4 

-14.1 

-16.3 

-70.2 

-25.9 

-15.4 

-21.5 

-24.5 

-48.0 

-32.7 

-40.3 

-35.6 
-44.0 

-93.4 

-65.5 

-43.5 

-36.2 

-33.5 

-89 

-153 

-78 

-100.5 

-82.3 

-87.2 

-23.4 

-64.7 

1359 

804 

114 

789 

1592 

1038 

64.0 66 .o 

11.2 35.1 

35.1 58.6 

14.5 

10.6 

12.7 

9.4 

4.5 

39.7 

14.3 

40.3 

49.0 

39.4 

39.6 

6.1 37.7 

13.7 47.8 

7.2 37.3 

4.0 42.1 

-15.6 28.3 

-0.9 36.9 

-8.2 34.0 

16.7 52.6 
4.0 55.5 

-43.8 17.9 

-20.3 39.8 

-7.1 48.2 

-45.9 30.0 

-19.9 46.1 

-32.0 36.2 

23.5 81.4 

-1.0 65.4 

736 

146 

1408 

616 

177 

1111 

57.4 

53.8 

72.3 

-30.3 

61.9 

55.9 

61.8 

71.4 

64.9 

64.4 

23.4 

65.0 

74.2 

65.6 

78.0 

65.9 

73.2 

75.6 

112.9 
104.7 

73.3 

84 .O 

86.3 

81.8 

97.9 

38.4 

52.6 

62.1 

59.5 

61.7 

60.8 

61.5 

62.1 

73.4 

64.4 

72.0 

69.3 

74.8 

72.9 

110.9 
103.5 

81.5 

91.8 

90.5 

74 

94.5 

106.9 

103.7 

129.9 

127.2 

671 

435 

193 

106.0 

115.9 

112.3 

125.2 

126.5 

258 

160 

708 366 

* Prom cH2-c. 
b From CD,-C. 
’ From TIN-Ti. 
d Average of values from BeO-Be and Si02-81. 
e From CF2-C. 
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FIG I Reactivity coefficients for fissionable materids 
in Topsy (U reflertor) and (hdiva 

FIG 2 Illwt 1 alive reactivit v coeffirienl s for nonfis- 
sional)le materials in Topsy (U reflector) and (htliva. 

Figs. X and 4. The shapes of these functions are 
determilled by the radial dependt:nces of A/;,( T, X) 
with a pure absorber and pure scatterer, respw- 
tiwly. The former is rctprclscntcd by combinations 
such as A/c(,(r, I’u) - Ali.,,(r, Oy) or A/<(,(?., Oy) - 
Ak,,(r, V) sinw a,,(l’u) ‘v a,,(Oy) = a,,(lT), while 
the lat tcr may bc rcprascntcd by elements swh as 
AI where err, ‘U 0. ‘J’ho rc!lati\~e values of .t(r) and 
sl(r) are fixed by requiriug agreement. with l<q. 
(N-2) at. small values of r, and t,he absolute values 
then determined by t hc above-mcnt ioncd c*hoiw of 
the eonst~ant c. 

l~or a majority of &w~r.uts, Alc,,(r, .r) has a 
maximum value ill the vicinity of T m 2 in. (for Oy 

cores), and the value of ctr(.r) is determiued mainly 
by the Ak measurements in the rauge 1.5-23 in. 
Typically, in this range, Al; - 10 cents,‘g-atom 
with an experimental precision of -0.2-0.X cents/g- 
atom, so that the apparent transport cross secstion 
at,(r) can be specified with a relative precision of 
2-3 %. The exceptions are (i) U ill Topsy (through 
influence on un of large spectral phnngcx near the 
core surface) ; (ii) the highly fissionable mntcrials 
Pu, c233, and Oy [because a universal function .fl(r) 
cannot permit sufliciently accurat c subtra~tioii of 
the very large absorptive component , - u,, ( .r )./‘,l( I’ ) 
from Ako( r, .c)]; and (iii) hydrogen and drut erium 
(because of a change with radius of the cwrg> 
dependence of the adjoint or neutron cffwti\-tness). 

Included in the tables of reactil.ity cocfficicnts, 
A~,,(T, s) (Tables \‘I and 1’11) for the Topsy 1- alrd 
Topsy ?;i assemblies, is the additional column 
Ako(r = 0, .L.). The normal stacking of the Top,+> 
assemblies prevented access to thch core centers, :ultl 
the values in this additional wlumn arc ol)taillc~d 
from Al<o(r = 0, X) = -cr,,(s).f,,( r = 0). It 111ny hc 
noted that for the weakly absorbing mat (Gals, 
there is a large percentage diff’creuce lwt\\ccll 
A/<,,( r = 0, .r) and the nearest observed ~luc 
A/io(r - 0.5 in., .I’). The difference is dur almost 
entirely to the scattering contribution to rrnctivitj 
change at the 1 - 0.5 in. sample position. Since 
ctr( .r) values are accurately determined ill the samt 
experiment, the extrapolation to A1,,,( 7 = 0, .I‘,) is 
ui~ambiguous. 

The detailed significance of (T,~ , and Ihc brcnk- 
down of a,, into cwmponent s arising from capture 
(and fission ) and from elwrgy dcgr:ltl:~~ ioll 1,) 
scattering are discussed by Hansel1 and ,\l:~iw ( 6 ). 
The scattering contribution to u,, is cv:llu:ltwl 1,~ 
Ryers (7) in cases where upproprintc wpt ur(’ ~ro,ss 
sections have been measured and his results arc uwtl 
in Section I\‘. 

The relationship for cbritical muss versus ~011w11- 
tration of a dilucnf is obtained :w folio\\ ,s for ‘I’ops~~, 
<Godiva, :uld .Jczcbrl. Iat the rc:w1 ivity cwflkicnt 
(pm gram atom) of rnrickl uraniuill or plu1 oiiiuiii 
at a given radius (1.) be A/, ( I’, Oy or l’u ). ‘I‘lic~ w:w- 
tivity cwitributioii per unit ~~~lunic~ is tli(~1i 

A/<( r, Oy or 1’~ )p/A , 

whew p is the dwlsity ntld .I is the average’ ;ltonlic 
mass of the urnniuni or plut oiiiuni. SimiMy. t hc 
reactivity wntribut ion pw unit w~lunic~ for 311 c+- 

1 
i 

b[ 
F 
ii 

! 



REACTI\:ITY COSTRII3I!TIO?;S 

TABLE X  

Apparent Absorption and Transport Cross SeCtionS 

Element 

Cp (barns) ctr (barns) 

Topsy-U Topsy-Ni Godiva Jezebel Topsy-U Topsy-Ni Godiva Jezebel 

H 

D 

Li6 

Li7 

Be 

B10 

B  

C 

N 

0 

F 

N 

Al 

Si 

s 

ca 

Ti 

" 

Cr 

Pn 

FG? 

CO 

Ni 

CU 

2n 

Ca 

AS 

Zr 

Nb 

MO 

Rh 

Pd 

Ag 

Cd 

ln 

Sn 

Sb 

I 

La 

Ct? 

Nd 

DY 
HO 

Yb 

Tt3 

-0.610 

-0.216 

0.597 

-0.035 

-0.083 

0.110 

-0.022 

-0.013 

-0.04 

-0.013 

-0.006 

0.080 

0.06 

0.017 

0.000 

0.015 

0.009 

0.020 

0.023 

0.066 

0.035 

0.047 

0.036 

0.018 

0.022 

0.068 

0.032 

0.127 

0.093 

0.162 

0.086 

0.233 

0.040 

0.131 

0.122 

0.016 

0.041 

0.076 

0.155 

0.790 

0.103 

-0.023 

-0.093 

0.721 

0.088 

-0.02&P 

-0.008 -0 .006a 

-0.001 

-0.012b 

0.013 

0.056 

0.025 

0.009 

-0.017b 

0.006 

0.007= 

0.056’ 

0 .022a 

0.030 

0.012b 

-0.003b 

-o.599a -0.141 1.16 

-0.223O 0.013 1.68 

-0.036 

0.561 

1.92 2.25 

1.90 

0.016 

0.05 

0.023 

0 .041 

2.13 2.20 

2.17 

2.62 

2.10 

2.17 

2.20 

2.30 

2.37 

2.12 

2.15 

1.72 

2.22 

2.72 

0.032 

0.039 

0.159 

2.17 2.14 

2.04 

1.94 

2.16 

2.90 

2.41 

2.70 

2.29 

2.73 

2.77 

2.66 

2.86 

2.87 

3.91 

3.87 

3.99 

2.30 

2.34 

1.60 

0.054 

0.033 

2.29 2.46 

2.72 

0.049 

0.057 

0.109 

0.073 

0.092 

2.53 

2.36 

2.95 

2.29 2.44 

2.75 2.76 

2.65 2.71 

2.73 2.63 

2.78 2.85 

3.02 

0.07 

0 .021b 

0.103 

0.127= 0.209 

0.146 

o.163b 

0.100 

4.58 (7) 
3.38 

3.51 

3.26 

3.51 

3.33 

3.31 

3.31 

3.55 

3.47 

3.54 

3.41 

4.1 

3.99 

0 .09sb 

3.55 3.54 

3.65 

3.49 

0 .080b 

0 .076b 

0 .021b 

0.20 

0.35 

0.18 

0.112 

0 .os2 

o.076 

0.226 

3.16 

3.67 

4.2 

3.91 4.34 



TABLE X (CO?&?W?d) 

Apparent Absorption and Transport Cross Sections 

aa (barns) otr (barns) 

Element Topsy-U Topsy-Ni Godiva Jezebel Topsy-U Topsy-N1 Godiva Jezebel 

Iv 0.097 0.050 0.179 4.40 4.60 

Pt 0.097 4.34 

AU 0.143 0.093 0.093* 0.196 4.17 4.11 4.43 4.48 

Pb 0.014 0 .OOgb 4.26 

Bi 0.037 0.015 0.021* 0.053 4.64 4.32 4.60 4.62 

Th 0.069 0.017 0.017 0.139 4.48 4.64 4.92 5.00 

"233 -3.258 -3.147 -3.07 

"235 -1.893' -1.687' -1.860d -1.SlS 5.3e 

"238 -0.243 -0.271 -0.303 -0.258 5.1d 5.1d 5.0d 5.1de 

N&l237 -1.59 -1.78 
h239 -3.657 -3.602 -3.553 -3.600d 5.3e 

h240 -2.60' -2.1 -2.35 

a Compare with .rp from large-sample measurements (Section IV). 

b From large-sample q ePs"Cement* Of Section IV. 

= Though this value arises from measurements on P" samples with various RI 240 contents, 

showing apparent consistency of f 4$, it disagrees seriously with expectations from Godiva 
aad Jezebel measurements. 

d Normalized to these values. 

' Compare with values of mtr from the appendix. 

ment (.r) is Al, (r, .r)p”,‘A”, where p” is the density I’or the system to remain at delayed critical, 
aud A” is the atomic mass of clement ( .I’ ) . When 
the volume fraction of cnrkhed uranium or plu- Akl + Al+ = 0 ( 111-3) 

tonium is changed by Ar*‘as the result of substituting 
the element (.r), a reactivity change owurs which 

C~omhiiiiiig I*:qs ( III-I ), (III-Z), and ( III-3 ), ant1 

can be expressed as the sum of all reactivity changes 
noting that the frwtiollnl change in critical mars of 

occurring in each core volume elemeut due to the 
enriched urnllium is 

change AF/F. The reactivity change obtained by 
replwing core material by the diluent (.r) through- 

Am, - AF 
m, - F 

+ :3 : (III--l) 
” 

out the wr(: volume is then 

Ali1 = 4~ A; 
TO where Ar,, = Ah’,, ( II’,, Iwing the reflwl or-air radius 1, 

A/i(r Oy  or I’u) f ? dr , . .!I nlld ‘4 = .4’ for the normal asseml~ly, 011c ol,t aill: 
. L-,, __  

- 
s 

) ,I 

,I 
AX.( r, .r ) $, r’ (1) 1 

(111-l) for Topsy 

Am, A.F -_N- 
When the core volume for the Topsy assemMy m,. - F 

(ellriched uranium wrc with normal uranium w- 
flector ) is changed by Al’, t,hrough the interchnugc (111-5) 
of c:nrkht!d uranium and Iwrmnl uranium at the: 
core surfwc, a reactivity change result,s whkh is 
dcfincld as A/;:! . With IT (normal) of density p’ alld 
at omit mass A’, t hc reactivity chauge per molt at ,i 
thtr wre-reflector inlerface is A/<( Tg , 7:) and for 
elklied uranium is A/i(ra , 0s). Ali, is then 

l”or t,lie Godiw or .Jcwlwl nsscmlJics ( lzlrc (‘II- 
riched uranium or plulo~~iun~) Ah, is simpl\ 

All2 = Al., 
1 

Aldr,, , Oy) ,f; 
(111-2) AIcy = Al’, 

C 
A/<( r, Oy  or l’u ) ; 1 (Ill-6, 

- Ak:(ro, I!) 2: 1 ill1 d ouo OM ains the trxprcssion 



0 GODIVA 
. JEZEBEL (rod!us scaled by I 39 -I 

to match Godiva) 

RADIUS- in 

FIG 3  f,,(t )//“,I(O) vx radius for Tops\ , Godiva, :tird 
Jezebel  assemblies ,f,,tO) =  110  7  for Tops\ \\ i t h  U reflwt w , 
118  for Tops\’ with Si ~cfleclor, 79  8  fol (:odiv:L, :itld 4% 
for Jezehcl  The  Top-Si WIG rxdirls is 2  55  in 

It has tmn shown that A/;(?., T) call hr rrprc- 
seutcd hy the expression, 

Ak(r, s) = -u,,(.rZh,(r) + utr(n-)h(~) W-8) 

where j,,(r) and f,(r) are functions of the radius 
alone for any given assembly, and u,(:c) and utT( zr) 
are the effective ahsorption and tralisport cross 
sections of an element (x). When Ey. (111-8) is 
substituted into Eqs. (1114) and (III-i), and re- 
sult s of graphical integrations of 

Ax (r, (Jy or I’u)? c/r, .f0 ( r ) r* dr , 

aid ,li(r)r* dr are inserted, the following expressions 
are obtained: 

J’or Topsy, 

12T = 1.20 - $  [O.i% a,,(.r, 1’) 
(III-!) 1  

- 12.82 u,(.r, Z’,] 

for (Mivs, 

)1 , = 2.00 - $, [,.8-K 0,,(.1.,.1) 

Am, - AF 
171, - 

- )I - ) or m, = COllSi F” 
F 

(III-IO) 

( III-1 1 1 
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density changes that extended 
density. Similarly, gross dilution 
(to one-half volume fraction) 

ESGLE, HANSEN, A?u‘I) I’AXTON 

to 50% of normal IV LARGE-CAVITY ~II~ASl!I~l~:~lI:S’~~ h’l’ 

by natural uranium GOI)IVA CE:STISII 
gave 0.73 for the CEwm4LG0mv~ VALUES AS FC~CTI~X OF%: 

IT238 dilution exponent, which compares with 0.74 A second group of measurements on (iodirn WH 
from Table XI. designed to give more detail about cfiectivc nbr;orp- 

TABLE XI 

Dilution Exponents for TOPSY and Godiva with Comparative Cross Sections for Zeus 

Element 
(xl 

Density 3 
g-atom/cm 

Topsy (Oy 94% in IJ) 

Dilution aa(x) otrw CipOlE"t 
barn barn n(x) 

Godiva (bare Oy 94%) 

Dilution aa(x) at,(x) CipCOlt?Ilt 
barn barn n(x) 

Zeus (No I)= 

a,(x) ot,h) 
barn barn 

Ii 

D 

Ll 

Li6 

Be 

8 

BIO 

C 

0 

F 

NB 

ML? 

Al 

Si 

P 

S 

Cl 

K 
Ca 

SC 

Ti 

V 

Cl- 

Mn 

Fe 

CO 

Ni 

cl2 

Zn 

Ga 

As 

Se 

Bl- 

Rb 

Y 

Zl- 

Nb 

NO 

Rh 

Pd 

At? 

Cd 

0.077 

0.077 

0.202 

0.212 

0.212 

0.185 

0.072 

0.100 

0.063 

0 0645 

0.039 

0.095 

0.118 

0.138 

0.135 

0.137 

0.151 

0.152 

0.141 

0.109 

0.085 

0.076 

-0.610 

-0.216 

0.015 

0.597 

-0.083 

0.110 

-0.022 

-0.013 

-0.04 

-0.013 

-0.006 

-0 .oso 

0.060 

0.017 

0 .ooo 

0.015 

0.009 

0.020 

0.023 

0.066 

0.035 

0.047 

0,038 

0.018 

1.82 

2.13 

2.20 

2.30 

2.37 

2.12 

2.04 

2.16 

2.16 

2.90 

2.41 

2.70 

2.29 

2.73 

2.77 

2.68 

2.86 

2.87 

3.91 

0.72 

0.86 

1.06 

1.04 

1.15 

1.16 

1.03 

0.95 

0.98 

0.95 

1.01 

0.94 

1.02 

0.99 

1.04 

1.06 

1.00 

0.071 0.022 3.87 1.02 

0.092 0.068 3.99 1.01 

0.106 0.032 4.58(?) 0.89 

0.121 0.127 3.38 1.10 

0.113 0.093 3.51 1.04 

0.097 0.162 3.26 1.17 

0.077 0.086 3.51 1.09 

-0.599 

-0.223 

0.016b 

-0.093 

O.OS8 

0.721 

-0.028 

-0.012b 

-0.054b 

-0.014b 

-0.006 

O.OIBb 

0.057b 

0 .03gb 

-0.008b 

-0.012b 

-0.017b 

0.006 

0.007 

0.056 

0.022 

0.030 

0.012b 

-0.003b 

0.02Ob 

O.OlSb 

-o.Ollb 

0.021b 

0.095b 

0.127 

2 17 

2.10 

2.62 

2.17 

2.14 

2.29 

2.75 

2.65 

2.73 

2.78 

3.55 

0.75 

1.26 

1.02 

1.51 

1.28 

1.08 

1.22 

1.18 

1.38 

1.40 

-0.220 

-0.065 

0 74. 

-0.032 

0.155 

1 040 

-0.013 

-0.010 

-0.022 

-0.003 

-0.002 

0.010 

-0 .OOl 

1.2 

0.8 

2.4 

19 

2.8 

3.2 

2.6 

3.5 

3.4 

32 

3.0 

0.034 23 

0.019 

0.010 

0.020 

0.012 

0.022 

0.031 

0.040 

0.037 

0.043 

3.2 

4.0 

3.4 

2.9 

3.9 

3.5 

3.7 

4.2 

0.053 

0.124 

5.2 

4.3 

0.029 

0.092 

0.068 

5.7 

5.0 

5.1 

0.268 

0.122 

4.5 

4.9 



TABI,E: XI (('Onti?a?W/) 

Dilution Exponents for Topsy and Godiva with Comparative Cross Sections for Zeus 

Element 
(x) 

Density 3 
g-atom/cm 

Topsy (Oy 94% in U) GodIva (bare Oy 94% 

, o,(x) Otr(Xl 
bar" barn 

Dilution 
exponent 

n(x) 

Zeus (No. lIa 

o,(x) 
barn 

(Itr(X) 
barn 

In 

8n 

Sb 

TC3 

1 

CS 

Ba 

IA 

Ce 

Pr 

Nd 

Tt2 

w 

Re 

lr 

Pt 

AU 

His 
Tl 

Pb 

Bl 

Th 

Ll 
“233 

“235 

“238 

NpzJI 
P,,239 

P,,240 

Void 

0.064 

0.0615 

o.0545 

0.233 3.33 1.24 

0.040 i.31 1.08 

0.131 3.31 1.16 

0.039 0.122 3.55 1.16 

0.044 

0.049 

0.016 

0.041 

3.47 

3.54 

1 10 

1 10 

0.049 0.078 3.41 1.13 

0.092 0.155 3.91 1.12 

0.105 0.097 4.40 0.99 

0.110 

0.098 

0.097 

0.143 

4.34 

4.17 

0.98, 

1.08 

0.055 

0.047 

o.04g5 

0.080 

0.080 

0.080 

0.080 

0.014 

0.037 

0.069 

-0.242 

-3.220 

-1.893’ 

-0.228 

-1.40 

-3.636 

-2.58(?) 

4.26 

4.64 

4.48 

1.04 

1.66 

1.08 

0.73= 

5.106 0.74=* 

1.20cg 

0.183’ 

0 .080b 

0 .076b 

0.083b 

0.279 5.1 

0.063 4.7 

0.184 5.0 

0.066 4.5 

0.200 4.4 

0 042 

0.021b 

0.017b 

0.112b 

0.050 

0.162b 

0.120b 

0.250 5.4 

0.117 4.7 

0.093 4.43 1.16 0 200 55 

0 079 

O.O1ob 

0.009b 

0.021 

0.017 

-0.310 

4.60 

4.92 

-1.8606 5.1e 

-0.299 5.06 

0.025 6.3 

1.53 0.026 6.7 

1.46 0.133 67 

0.74 0 018 58 

-3.380 

-1.890 10.9 

0.76 0.032 

-3.561 5.2e -3.380 

-2.1 

2.00 

a Information kindly provided by Dr. R. D. Smith of Harwell. 

b From large-sample measurements of Section IV. 

' Integrated separately. 
d Used for normalization. 

e From appendix. 

* Compares with 0.73 observed directly from Oy(47) to Oy(94). 

g Compares with 1.20 observed directly from 50% to 100% normal density. 

tiott cross sections particularly the apparent 
periodicity against Z’for the isotopically simple odd 
%  - odd -4 elements (a few other elements were 
inc*luded) *As the emphasis was on relisMc relative 
values rat her than minimum perturbation of Godiva, 
large samples were used. ISach material was sealed 
in a cylitrdrical AI can of 2 x 9 in. inside dimen- 
siotts, which fit into a g x +$ in. cylindrical cavity 
at the center of Godiva. Reactivity contributions 
were determined relative to the system with an 
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The patt,ern corresponds in general to similar data for fission neutrons, reported by Hughes ff al. (10) 

reported for t,he Los Alamos fast reactor (9), it is not surprising that. there is strong suggestiou of 
Clementine, and for Harwell’s Zeus and Zephyr a magic number influence on reactivity contrihu- 
(8). In view of the behavior of capture cross sections tions by this isotopkally simple class of elements. 

TABLE XXI 

Dilution Exponents for Jezebel with Comparative Cross Sections for Zephyr 

Element 
(Xl 

Density 
g-atom/cm3 

Jezebel (bare Pu) Zephyr (No. On 

UaW o,,w Dilution 
exponent op(x) ut,w 

barn barn n(x) barn barn 

Ii 

D 

Li 

Li6 

Be 

6 

BlD 

c 

N 

0 

P 

Na 

w 

Al 

Si 

P 

S 

Cl 

I 
ca 

SC 

Ti 

" 

Cr 

Y" 

Fe 

CO 

Ni 

CU 

2" 

ca 

Ge 

As 

Se 

Br 

Rb 

sr 

Y 

zr 

Nb 

NO 

RU 

Rh 

0.202 

0.185 

0.100 

0.083 

0.064S 

0.095 

0.118 

0.137 

0.151 

0.152 

0.141 

0.109 

0.071 

0.106 

-0.141 1.18 -0.189 

0.013 1.88 -0.029 

0.032 

0.786 

-0.037 2.25 1.09 -0.031 

0.165 

0.561 1.90 0.786 

0.016 a.15 1.39 0 

0.05 1.72 0.080 

0.023 2.22 0 

o.o.pl 2.72 0.002 

0.021 

0.014 

0.033 2.30 1.61 0.026 

0.040 2.34 1.68 0.022 

0.061 

0.161 1.60 1.91 0.085 

0.067 

0.059 

0.076 

0.040 

0.055 2.48 1.62 0.031 

0.034 2.72 1.45 0.034 

0.035 

0.023 

0.050 2.44 1.45 0.055 

0.058 2.76 1.32 0.051 

0.111 2.77 1.39 0.093 

0.074 2.83 1.37 0.074 

0.093 2.85 1.53 0.083 

0,081 

0.077 

0.114 

0.088 

0.146 

0.073 

0.061 

0.045 
0.070 4.10 1.51 0.040 

0.141 
0.105 3.99 1.33 0.105 

0.126 

0.217 

0.9 

2.0 

2.0 

2.4 

1.8 

2.5 

2.8 

2.9 

2.6 

2.7 

2.5 

2.5 

2.2 

2.2 

2.5 

2.5 

2.2 

2.6 

3.2 

2.6 

2.8 

2.9 

3.0 

3.2 

3.2 

3.3 

3.3 

3.4 

4.1 

4 1 

3.4 

3.3 

4.9 

5.9 

4.6 

4.9 

4.4 

3.6 
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TABLE XII (CO&W&) 

Dilution Exponents for Jezebel with Comparative Cross Sections for Zephyr 

Jezebel (bare Pu) Zephyr (No. l)* 

U,(x) at,(x) Dilution 
exponent o*(x) o,,(x) 

barn barn II(x) barn barn 

Pd 

AK  

Cd 

In 

sn 

Sb 

Te 

I 

CS  

Ba 

La 

Cfl 

Bu 

Bf 

Dg 

No 

Yb 

Ta 

N 

Re 

OS 

Ir 

Pt 

Au 

HS 

Tl 

Pb 

Bi 

Th 

ll 
“233 

“235 

,,236 

Np237 
pu239 

pu240 

Void 

0.165 

0.097 0.212 3.54 1.57 0.256 

0.077 0.146 3.65 1.66 0.166 

0.305 

0.0615 0.102 3.49 1.67 0.102 

0.171 

0.114 

0.236 

0.215 

0.075 

0.063 3.16 1.76 0.060 

0.077 3.67 1.71 0.069 

0.336 

0.177 

0.044 

0.049 

0.062 

0.105 

0.096 

0.20 

0.35 4.2 

0.18 

0.232 4.34 

0.162 4.66 

. 

0.199 4.4s 

0.047 0.054 

0 .04g5 0.141 

0 .oso -0.249 

0.080 -2.66 

Q .060 -1.826 

0.060 -0.236 

-1.52 

-3.6oob 

-2.34 

1.46 0.265 

1.30 0.174 

0.310 

0.146 

0.303 

0.176 

1.36 0.226 
0.120 

0.095 

0.060 

4.62 1.62 0.046 

5.00 1.66 -0.169 

5.1 1.05 -0.124 

-3.32 

5.3 -1.650 

5.lb 1.06 

5.3 -3.660 4.6 

2.00 

4.1 

3.7 

4.1 

4.1 

4.0 

3.6 

4.4 

3.5 

3.2 

5.0 

5.2 

4.7 

4.3 

4.9 

3.6 

4.1 

4.4 

4.6 

4.7 
4.9 

5.6 

5.1 

5.1 

5.6 

5.1 

6.5 

6.1 

a Information kindly provided by Dr. R. D. Smith Of HarWSll. 

b Used for normalization. 



5G0 

Ii 

D 

Li 

c 

0 

F 

Ne. 

Al 

P 

Cl 

K 

SC 

” 

sn 

co 

Ni 

cu 

Ga 

AS 

Br 
Rb 

Y 

Nb 

Rh 

As 

In 

9b 

I 

cs 

La 

Pr 

Tn 

Re 

1r 

A” 

Tl 

Pb 

9i 

1 

1 

3 

6 

9 

9 

11 

13 

15 

17 

19 

21 

23 

25 

27 

28 

29 

31 

33 

35 
37 

39 

41 

45 

47 

49 

51 

53 

5s 

57 

59 

72 

75 

77 

79 

81 

82 

83 

see or3 

se* D20 

3.00 C.P. (Fisher), massive 

3.33, 1.627 di8mmd, Crystals 

see 11203’ Pbo 

see C3P3Cl, Nncl 

5.02 An. 9eag. (Baker,, massive 

9.75 KwAer) ( granular 

7.05 yellow purified maker) ) mas*iYe 

*ee CC14. Hacl, Pbc12 

5.02 mker) , massive 

see sc303 

12.48 99.7% Wackay), massive 

19.47 96%. C-free (Baker), massive 

12.70 98 - 100% (Baker), massive 

28.34 C.P. An. low Co (Baker), shot 

32.73 An. RBP.. (Nanin.), Shot 

16.12 (from Readem, massive 

14.07 pure WPlli. ). granular 

see NaBr 
see Rb!b 

see Y203 

29.15 st'il grade (Fansteel), vat. dried 

9 91 (sake< sm.3 Co.), powder, cae not full 

8.73 clean scrap 

23.07 99.97% (I”. Corp. Of A”.,, Shot 

32.74 e.p. (City Ctml.,, massive 

12.14 An. Reag. Wallin.), flake 

se.3 CSCl 

11.94 (Ames mteria1, fro" Halley), maESi"e 

s*e Pr203 

53.92 (ircel Linenberger) , 50 mesh 

20.07 99.9% wnr1*coim. YBC. dr%ed 

Be.2 1m3 

22.20 c1**n scrap 

27.75 c.p. (Fisha*), massive 

41.19 c.p. (Brun,, granular 

35.32 c.p. An. (Baker), granular 

Compound 

C”2 
%O 

‘5% 

PM 
NLP 

C*P,p 

CC14 

Nacl 

PI%19 

3=z”3 

NPBF 

RbBr 

‘2’3 

c&l 

p=2°3 

I*2 

CO”tr*b*tiOll, 
cents/mole 

+e4.1 * 0.9 

+30.4* f 0.10 

+*.s * 0.2 

+0.3 * 0.2 
+*a k 0.1 

+10.5 * 0.2 

-13.35 r 0.40 

-2.9 f 0.15 

-9.8 + 0.4 

+3.4 * 0.9 

-0.45 * 0.9 

-2.9 f 0.5 

+3.9 f 0.6 

-9.3 * 0.3 

NJ.2 f 0.4 

-9.3 i 0.8 

Sample wt - g 

2.699 

6.902 

5.99 

22.89 
7 38 

11.75 

8.84 

6.73 

lb.57 

4.29 

9.14 

5.19 

9.95 

9.95 

10.21 

10 .o* 

Remarks 

polythene, cm-r. from epecia1 geon. 

99.8% 

An. Reag. (Baker), heat dried 

An. Rag. wanin.,, heat dried 

c.p. An. (Baker), hear dried 

fl"OrOthene 0 

An. Rsag. ahlli".) 

A". RBPg. wallin.), hear dried 

Reag. Oterck), undried powder 

spec. An. GYa1tz and 9auer). heat dried 

*n. seag. o4allin.), Imat dried 

C.9. (Fisher), ll0P.t dried 

99% mes. Chem., Inc.), heat dried 

e.p. ~Pisherl, Imat dried 

99% @es. Chem.. Inc.), he.at dried 

(Baker and Co.). heat dried 
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l PROTON SHELL BOUNDARIES 
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0 
I - 

spectrum have hew measured by 13yers (7) and 
others may he estimated from published data. 

I’or comparison with (TV , effective ahsorptioit 
cross sect ions may he ohtainrd from react irit) 
contribution values by meaus of I’q. ( II-I ). I;01 
the central position, this relation may he rcwritteu 

u,,(x) = (r,,(O~)[Al;,,(.~,/Al~,,(()y,] 

n-here (T,,( .r ) is the effective ahsorptiorr cross section 
of nuclide .c. .1s before, a,( Oy) = 1 .i7 barns, and 
by taking A/;,,(()y) = 117 cents/mole, the value fm 
a small Oy sample iit a E x g in. cylindrical 
ca\Tity, A/C,,(J) for a nonfissionshlc (low ahsorption ) 
material is simply the observed rcwtivity con- 
trihution Table XIV lists (T” , correspoiiding esti- 
mates of q’, for Godiva, and the scatteriug residues, 
UC - U” . 

The resulting estimates of inelastic scattcring 
tompoueut for odd %  - odd A elcmeuts are shown 
vs Z in l:ig. 6. Again a periodicity with %  is sug- 
gested, such that. maximum inelastic scattering (at 
least in the two most pronounced cases) coincides 
with maximum absorption. Two rases of negative 
scattcriug residues fall at magic- lwutrou numlwrs. 

.41’1’bSl)IS I: RI~l,ATIVIS TI~ASSI’OItT 
c110ss SISCTIoxS OF 1’11, ov (9.3 5’/‘,), 

A?;]> U IS (:OI>IVA 

The reactivity rontrihut,ions of samples of l’u, 
Oy (Y3.5%), and I! placed just heyond the Godiva 
surface were measured in an attempt t.o improve 

the iuf’ormatiau on the relati1.c transport cross scc- 
t ions of these materials. (These heavy elements 
were kuowt to have nearly eclunl traltslwrt cross 
sections). ITor such a sample pwitiolt, the rcncti\.ity 
contributiort is prq~ortional to the ~~uml~er of 
neutrons sent hack to the core (per core tj,wion 01 
other flux lt~1~1 ullif ) and is thus a nm1sure of the 
cross srctioil W, + s’s . Although the highly alriso- 
tropic flux distribution lqwltl the (b&\-a surfncc 
gives rise to a con~plic:~ted w~ighiing of t hc angul:u 
distribution of elastically srntttred ueutrous, oue 
expects Ca to be comparable to the transport scnttcr- 
iug cross section, alid hence that 6, + C, + (T,,,? = o 
he comp:wal~lc to the transport cross sect iou 

Tahlc X\’ lists the measurc~l rcncti\.ity con- 
tritmtioiis for both the externally posit iouc:l s:mlplcs 
aud samples placed within l)ut mar the (+0&\-n 
surface It is sceii that the ratio .!J;( l’u) .L/;t Oy ) 01’ 
the ratio A/<( Oy),;A/;( I-) Tarits with radial sample 
position, r, uutil the Godiva surface is rcachcd, tlwu 
remniiis constant at I.37 f 0.0‘2. Rrcausc thr self- 
miiltiplic,ntion of the l’u sample is t lit largest a11d 
that of the I sample the smallest, the limit ittg ~aluca 
of these experimental ratios cxcccd those of t 1~ rc- 
activity coeflicictit or yg, + & ratios. \Yitli tllcb 
customary “size correction” cm tlic cspcrimcnt al 
values, them lat t cr ratios l~ccomc 
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TABLB XIV 

Interpretation of Material Replacement Data for Godiva Center 

(Large Samples in 15/H in. x 15/16 in. Cylindrical Cavity) 

Element 

Apparent 
absorption cross 

section (a,, barns) Oc (barns) 
scattering effect 

(~,-a~, barns) 

H 

0 

Li 

C 

0 

F 

Na 

Al 

P 

Cl 

K 

SC 

" 

Yn 

CO 

Ni 

cu 

Ga 
As 

B+ 

Rb 

Y 

Nb 

Rh 

Ag 

In 

Sb 

I 

cs 

La 

Pr 

Ta 

Re 

xr 

Au 

Tl 

Pb 

Bf 

-0.623 f 0.008 

-0.225 It 0.003 

0.0157 A 0.0009 

-0.0272 f 0.0011 

-0.012 i 0.003 

-0.054 f 0.0015 

-0.014 f 0.0015 

-0.0053 * 0.0009 

0.018 f 0.0015 

0.057 i 0.0015 

0.039 f 0.002 

-0.008 f 0.006 

-0.0121 f 0.0012 

-0.0166 f 0.009 

0.0088 f 0.0009 

0.0534 f 0.0006 

0.0172 _+ 0.0011 

0.0121 f 0.0012 
-0.0030 + 0.0015 

0.020 t 0.004 

0.019 + 0.008 

-0.011 f 0.006 

0.021 f 0.003 

0.095 f 0.003 

0.123 f 0.003 

0.183 iO.0015 

0.080 f 0.0015 

0.076 + 0.003 

0.083 2 0.005 

0.021 f 0.003 

0.017 2 0.005 

0.112 f 0.0012 

0.162 f0.005 

0.120 * 0.014 

0.085 + 0.003 

0.010 f 0.002 

0.009 io.oo15 

0.014 f 0.002 

0 .oo60a 
(0.0014)b 

(0.0038)b 

0.063 

(0.015) 

(0 .OOS) 

< 0.004= -0.035 

0.0029 

0.0033 

_ 0.081 

0.0127 

0.0562 

0.0669 

-0.045 

0.0086 

0.037 

0.164' 

o.194a 

0.243' 

0.120d 

0.104 

0 .oos 

0.0165' 

0.152 

- 0.198 

0.123 

0.015 

0.020 

. 0.077 

-0 .oos 

0.059 

0.047 

- 0.026 

0.020 

0.016 

0.069 

0.071 

0.060 

0.040 

0.028 

-0.012 

0 .ooo 

0.040 

-0.036 

0.038 

0.001 -0.013 

a Piesion-spectrum cross sections scaled by 1.5 (z). 
b a(n.a), a(n,p) included. but not scaled by 1.5 (14). 
' Measured by Hess of ANL (@. 
d Estimated from (I= vs neutron energy Cx). 
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FIG. 6 Srattering residues from Godiva central re- 
cativit\ eoeffirients for odd Z - odd A elements 

with cross-section measurements if 5 is identified 
with the transport cross section. We then obtain” 

&J/c,,, = 0.98 f 0.02 

AI’I’ISSI)lS II: COI~HlSIATIOSS HE’lv’II:ES ItI<- 
FI,IWT( )R SA\‘IS(;S ASI) CROSS Sfi:CTI( )SS 

FI<olI I~~~.~CTIVIT‘t’ COE:FFICIESTS 

I:rom critical masses of j&in. diameter cylinders 
of Oy( $1&j) i,, 3 and 1 -in, thick reflwtors of various 
materials, corresponding reflector savings for spheri- 
cal cores 1lar.e IKWI deduced (12) 120r a thin IX- 
flector of material .r, the savings (AT), in cm Oy is 
proportional to [Ntu( 1 + .f)lZ , where A’ is the 
nuclear density, t is tho thickness, u is the collision 
cross section (assumed to be the transport average), 
alld ,I is the I~umbctr of excess neutrons emit ted pcl 
collision. In terms of the parameters for natural 
uranium, for which U( 1 + ,f) = 5.4 barns, thcll 

coefficient data (Table X). The listing in T:tl)le 
XVI of both types of results show reasonahlc agrw- 
ment except in the cases of 310 and the Topsy IYIIUC 
for Be. 

The central Topsy, Godiva, and Jczclwl reac- 
tivity coefficient data provide, for sel-era1 of the 
fissionable isotopes, accurate values of the llet 
neutron production cross section, 

up = [v - 1 - C?]u, . 

Since the major neutron reaction parameters of 
most of these isotopes have already been measured 
as a function of neutron energy, the questiotl arises 
as to what new information resides in the reactivity 
coefficient data. Especially for the threshold fis- 
siollers, the values of uli arc sensitiw to thv neutron 
flux energy spectra of the critical ns~wmblic~,~;, a11(1 
in lieu of other flux sampling measuremcllts, ma! 
Ijest he utilized to characterize these spectra thereby 
indicating gross inelastic wattwing properties of 
[““” and 1~~‘““. Combined with auxiliary mcarurr- 
mcnts of U, , however, OIK: obtains values for the 
much less spectral-sensitive clunntity Iv - 1 - ~1, 
and retains the ,spwtral ~hal.ac,terizatiolr of the 
caritical assemblies. For the majority of [v - 1 - a] 
values so obtailwd, the prohat~lr uncertaintic iii 
available v and o( data imply Av > Acu, thus OUl 
prcscllt emphasis is on cstimutillg v. 
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TABLE XV 

Reactivity Contributions of Pu, Oy(93.59, and U Samples 

Positioned near the Godiva Surface (cc - 3.44 in.) 

Radius 
(in.) 

Aktll) 
(d/g-atom) 

bk(Oy) 
(L/g-atom) 

AkWu) 
(d/g-atom) 

Ak(Fu) 
mw 

2.892 26.8 43.8 66.1 1.63 1.51 

3.142 22.6 33.2 48.2 1.47 1.45 

3.206 21.2 30.6 42.7 1.44 1.40 

3.268a 19.3 27.4 -- 1.42 -- 

3.285' 20.0 27.8 -- 1.39 -- 
3.41? 17.3 24.4 -- 1.41 -- 

3.456 12.8 18.4 25.9 1.44 1.41 

3.541* 10.6 t 0.1 14.6 f 0.1 -- 1.38 2 0.02 -- 

3.706 7.8 zt 0.1 10.7 ?: 0.1 14.7 f 0.2 1.37 * 0.02 1.37 f. 0.02 

a At these radii, the u sample is a 50.3-g cylinder of length 0.295 in., Outer diameter 

0,875 in., and inner diameter 0.24 in.; the Oy sample is B 49.7-g cylinder of the same 

dimensions. At all other radii, the II sample is a 29.10-g solid cylinder of length 

0.495 in. and diameter 0.495 in.; the Oy sample is B 30.08-g solid cylinder Of length 

0.500 in. and diameter 0.500 in.; the P,, sample is a 21.56-g solid cylinder of length 

0.454 in. and diameter 0.488 in. 

cross-section ratios, and one must compute, for ewh 
fissionahle isotope, .r, the quantity 

awording to the perturhstion theory equation 
(111,1-l ) given below In this equation 4(E) denotes 
the neutron flux, x(E, E’) denotes the normalized 
fission neutron spectrum for incident neutrons of 
energy I<, fYn( I<‘, 13’) denotes the differential in- 
elastic scattering cross section, and for compactness 
the TL - 2~ reaction is not included explicitly. Be- 
cause C, N 1 is ensured by the weak energy de- 
pendence of 4+(E); say ( 4+(E) - 1 ( << I, IQI. 
( IIIA-I ) would he rephrased in terms of the small 
quantities (C, - 1) and (q5+(&) - I), thereby 
better illuminating the extent to which the poorly 
known neutron rewtion cross sections of isotopes 

such as ?;p23i affect the precision of the computation 
of (I, . Rather than going into swh detail, we shall 
assume a 50 7% uncertainty in our computed values 
of (C* - I ) for all .r except Kg3’, and indicate OIIIJ 
qualitatively the source of this uncertainty. I:or 
.r = Sp23i or l’u24”, little or no data exist for u,, ?t 6) 
and Jn( R, B’) and one is obliged to estimate these 
quantities from the empirical rule that the r:ulinti\c 
capture cross sections of the heavy elemwts are 
equal, the nonelastic rross swtions of the hea\*> 
elements are equal, and the spectrum of neutrow 
inelastically scattered from some primary e~wrg~ 1)~ 

any heavy element is the same as that for I’L’3h. It 
is felt, that use of this empirical rule is the primar> 
source of the 50 % uncertainty ascrilwd to tlw (wn- 

puted (C, - 1) valurs for these isotopes. 
ror I’ = IT*“J or ]>,l*Jn 7 thv nwlear prolwrt iw of .I 
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Correlation of cross sections from Reflector Savings and from Reactivity Coefficients 

Reflector 
Naterial and Ilef 1ector Reflector effect %r - On ” o(1 + f) 

density (g/cm3) 
ThiCk”G?S savings o(1 + f) (barns) 

(cm) (cm oy-93.51 (barns) TOPSY &diva 

Be (‘WV) 2.54 1.45 2.32 + 0.02' 1.92 2.30 
1.84 1.27 0.89; 2.30 f 0.02' 

c (CS-312) 2.54 2.22 %  0.02 2.18 2.34 
1.67 1.27 

o.952 
o.5g7 2.25 f 0.03 (2.23jb 

Mg (FS-1) 2.54 o.554 2.49 f 0.05 2.41 -- 
1 77 1.27 o.378 2.73 f 0.13 

II1 (2s) 2.54 0.67 
2.70 1.27 0.43; 

2.19 f 0.02 2.16 
(2.19)b 

2.19 
2.27 %  0.09 

Ti (96.5 w/o) 2.54 2.23 %  0.02 -- 
4.56 1.27 

0.646 
0.420 2.34 f 0.10 

(2.30jb 2.20 

Fe7’;~$f~& 2.54 1.27 0.91S 2.32 
o.5g4 

2.14 2.23 A %  0.02 0.03 (~:~,b 

co (reagent) 2.54 
6.72 1.27 

1.199 2.63 %  0.02 2.75 2.79 
0.776 2.75 f0.02 

Ni (electrolytic) 2.54 1.15 2.52 If 0.02 2.63 
8.79 1.27 0.75; 2.64 t 0.02 

(2.31jb 2.74 

cu (99-99.5 w/of 2.54 1.189 2.76 f 0.02 2.76 
8.87 1.27 o.752 2.82 + 0.02 

(2.83jb 2.67 

MO (99.8 w/o) 2.54 3.61 f 0.02 4.60 -- 
10.53 1.27 

1.21g 
0.764 3.65 %  0.02 

w (191.3 w/o) 2.54 4.89 f o.03c 4.60' -- 
17.3 1.27 

1 .2g4 
0.816 4.97 %  0.03= 

II (natural) 2.54 1.31 5.40d 5.40d 
18.8 1.27 0.81: 5.406 

a Effect of multiple scattering unknown. 
b For Topsy with Ni reflector. 
’ For the “molecule” W(Cu, NiJO .og3. 
d Normalization value; otr - oa renormalized. 

are similar to those of I”“” alIt I hP small JYLlw of 
C, - 1 depends significantly OI) suckle cluantitiw as 
(dv/dB). or (dv,ltll<‘)Uzts , uot only through explicit 
appearance in ICq. (IIIA-1 ) hut for U’“” and IV”, 
implicitly in the functions ++( A’). It. is c!stimatctd 
that the sourwx of the 50 7% ullwrtainty ill the 
computed (C, - I ) values for these isotopes arc 
about evenly distributed between the nwlrar dc- 
stription of :C aud the dcwription of the charw- 
teristic functions, +(I$) and #J+( 1C). I:or .r = I”“‘, 
the value of ((7, - 1 ) depends primarily on t hc a(*- 
curntely known (16 ) differential scat1 ering cross 
section, and the estimated 20% unwrtainty arises 
primarily iu the wwertainties of ++(E). ‘l’ahlr 
XVII lists the observed ratios A/:,,( .r),/Al~,~( I”““) and 
the inferred ratios u~>(.~)/(T~( I?““) from which OUI 

computed values of (‘, may be iuferrcd. TaMe XYI II 
lists the multigroup values of $(E), +‘(fC:‘), :11~1 
several other quantities whic*h play a significant 
role in t hc wmputation of C, and sulmc~c~ur1lf 
computations. It may be noted in passing that the 
magnitude of uncertainty in 4+(E) given above 
arises from the claimed precision in i hr mcasurc- 
ments of the nwlcar parameters of T:““” a11d 1’~““‘. 
What few experimental checks on ++(I;:) that exist, 
such as the ohserved reactivit,y cweffic~icnts of hy- 
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IIBLS XVII 
Vnlues of the Nuclear pyrometers Obtained in the Succeseive Stages 

of the Reduction of Reactivity Coefficient Data to 1/ 

A. Observed central reactivity coefficient rntios, Ak,(x)/Ak,(U235), of isotope x 

to isotope I235 in Topsy, Godiva, and Jezebel. 

Isotope x TOPSY Godiva Jezebel 

P"239 1.932 Lt 0.015 1.910 f 0.015 1.979 ?: 0.015 

"233 1.721 f 0.015 -- 1.089 ?: 0.020 

p,,240 1.37 f 0.06 1.14 fr 0.11 1.29 t 0.06 

Npz3' 0.84 i 0.04 -- 0.98 f 0.02 

u23S 0.128 f 0.005 0.163 f 0.005 0.142 ,I 0.005 

8. Inferred net production cross-section mtios,[( v-l-a)Of]./[(V -1-&'f]u235 . 

IsotODe x Topsy Godiva Jezebel 

p,,239 1.923 2 0.015 I.913 t 0.015 1.947 f 0.019 

"233 1.726 i: 0.015 -- 1.664 + 0.023 

pu240 1.33 f 0.06 1.11 f 0.11 1.284 + 0.06 

NP 237 0.81 it 0.04 -- 0.98 f 0.02 
"238 0.106 f 0.008 0.124 + 0.012 0.175 t 0.012 

C. Inferred ratio,[V-ld]X/[Y-1-CI]V235, of excess neutrons produced per fission. 

Isotope x TOPSY Godiva Jezebel 

P"239 1.390 + 0.030 1 358 i 0 030 1.330 k 0.030 

u233 1.121 2 0.036 -- 1.094 * o.036 

m240 1.89 f 0.11 1.46 f 0.16 1.45 f 0.09 

Np237 1.04 * 0.07 -- 0.98 + 0.05 

"238 0.76 f0.06 0.80 + 0.08 0.87 f 0.06 

D. Inferred values of [v-a],. 

IsotoDe x TOPSY Godiva Jezebel 

235 2.47 f 0.06 62.48 f 0.06 2.53 f 0.06 

h239 3.04 f 0.09 3.01 + 0.09 3.03 L 0.09 

"233 2.65 + 0.08 -- 2.67 i 0.08 

P,,240 3.77 2 0.19 3.16 f. 0.24 3.21 f 0.16 

Np237 2.53 f 0.12 -- 2.50 + 0.10 

"238 2.12 ?I 0.10 2.18 * 0.13 2.33 2 0.11 

B. Inferred values of Y(x) . 

Isotope x TOPSY Godiva Jezebel Ave. Ewe") 

"235 2.59 f 0.06 2.59 f 0.06 2.63 310.06 2.60 + 0.06 1.45 

pu239 3.10 k 0.09 3.07 fO.10 3.08 f 0.09 3.08 t 0.09 1.58 

"233 2.70 f 0.08 -- 2.72 f 0.08 2.71 _+ 0.08 1.45 

p,,240 3.68 f 0.20 3.26 f 0.24 3.27 f 0.17 3.6 f0.5 2.13 

Np237 2.62 f0.13 -- 2.57 k 0.11 2.60 f 0.11 2.08 

l?= 2.61fO.10 2.61 _+ 0.13 2.61 f 0.11 2.61 _+ 0.10 3.01 

less than one per cent over the grossly different 
spectra of Topsy, (Godiva, and Jezebel. Its uncer- 
tainty is thus governed almost exclusively by the 
uncertainties in the basic cross-section measurements 
of V,( If, ?;p*“) (I?‘) and u,(B, I’u**~) (18) which 
should amount to ~4%. We have used 
a,(l’u240)/cr,(1~235) = [(r,(I’U240)/~,(?;p217)lro,n,,ofc~cl 
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TABLE XVIII 

F%rtUl Listing of the Computational Elsie for the Estimation of Z/ Valuea 

Yultfgroup representaticJne 
Energy grouping olev) 0 - 0.1 0.1 - 0.4 0.4 - 0.9 0.9 - 1.6 1.6 - 3.0 3.0 - - 

4 (Topsy) 0.036 0.233 0.251 0.140 0.221 0.11s 

4 (Godiva) 0.030 0.198 0.255 0.151 0.239 0.127 

4 (Jezebel) 0.023 0.137 0.214 0.164 0.264 0.178 

+‘+ 1.388 (Topsy) 1.109 0.928 0.932 0.989 1.063 

4++(Godivd 1.431 1.131 0.949 0.951 0.975 1.039 

@+(Jeeebel) 1.15s 0.976 0.920 0.958 1.013 1.082 

Of W=5, 2.34 1.43 1.20 1.22 1.22 1.21 

0 d33) 3.23 2.24 1.94 1.99 1.83 1.75 

of m123Q, 2.06 

of ml29 0 

1.67 1.70 1.83 1.95 1.90 

0.05 0.77 1.39 1.54 1.60 
f 

of(Np 237) 0 0.07 0.95 1.63 1.72 1.63 

B  (v236) 0 
f 

0 0 0.044 0.465 0.616 

an,y(u23*) 0.32 0.13 0.113 0.11 0.05 0.02 

Integral representations 

Critical assembly: 

vi t lJ2%Pfw=5) ($;;obs;:~) 

O*(FU 23g)/O f (U235) Observed 
(Computed) 

0 (Np237 j/u d3') Observed f f (Computed) 
Of (lJ29 /Of w2351 m;Bp:;:d) 

TOPSY 

;.a; f 3 l/2% 
. 

1.391 + 2% 
1.384 

"o:% * 3g 

0.139 f 2% 
0.143 

Godiva Jezebel 

1.627 1.610 
1.536 1.527 

1.415 1.481 
1.404 1.444 

0.864 0.996 
0.869 0.994 
0.155 0.156 0.200 0.201 

Reference 

(5,lQ) 

(5.20) 

(5,lS) 

(5,20) 

:*:z", . f 4g 0.476 0.475 0.335 -- (20) 
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1.321 for the I?“’ thermal fission neutron spectrum, 
however, is -5 %  higher than Richmond’s measure- 
ment of I .-kj f 2.2 %  (as (quoted by Allen and Hen- 
kel (18). We adopt the computed ratio; i.e., the 
implication of the c,(A’, I”““) and c,(G, l;235) 
data, and assign to it a 3% prohahlr error. 

As may he seen in Table XVIII, the computed 
ratio fl,(I’P)/~7,( V’f”“), with a11 estimated 3% 
uncertainty, agrees well with the measured xdue 
(20) which has an estimated I! %  uncertainty. 
The computed ratio for thr I-“’ thermal fission neu- 
tron spcctrmn agrees well with I~khmond’s (18) 
value of I .12:$ f 2.1 %. We adopt the mean of the 
ol)served and computed ratios listed in Table XVII I, 
and assign a 2% prohntk error. 

The quantities [Y - 1 - a],,‘[~ - 1 - (Y]~.z= oh- 
tamed by division of ~,(.r)/~,(l*‘““) hy u,(.~)/‘i 
a,( ~“‘“j arc listed in Talrle X\‘Il lvith their asso- 
ciated prot~ahle errors. 

According to one-group newt ran transport the- 
ory, the critical radius of Godiva estnl)lishcs a rnla- 
tion between the net neutron prodwtion CWISS- 

section uP( l?““) and the transport cross sect ion, 
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0.3% less than the observed Godiva radius. Here 
the & approximation yields critical radii 0.8% less 
than S, (see, for example, Table 2a of reference 
l7), while the t’ransport approximation is esti- 
mated to produce an additional negative bias of 
-0.1%. The nuclear parameter descript,ions of 
U23” and 1J*“’ of reference 18 thus imply a Godiva 
critical radius 0.9% larger than that observed. To 
secure agreement we must raise the correspondingly 
implied value u,( I?‘) = 1.878 barns by 1.3 %. 
We conclude t.hat the observed critical radius of 
Godiva implies a,(U235, Godiva) = 1.90 f 0.05 
barns, or combined with aj(I’*3’, Godiva) = 
1.289 f 3 %  barns, implies (~-a) U*36,GO<iiyil = 2.48 
f 0.0G.4 If we normalize to this value, (Y - a) U~3~ ,To,,ss 

. = 2.468 f O.OG and (Y - a)Uz~~,J,>e+, = 
2.526 =t 0.06, and thence from our (Y - 1 - (Y)~/ 
(v - 1 - (r)u236 ratios the values of (v - a), 
listed in Table XVII. 

D. ABSOLVTE VALUES OF Y(X) 

Capture to fission ratio data for the critical assem- 
blies exist only for U”“‘. Here, the observed a,,,/cr, 
values listed in Table XVIII together with the ob- 
served Godiva value (TV ,2,, (P’“*) /(T~( U23x) = 0.05 
(20) give the Y(U*~‘) values listed in Table XVII. 
The available differential (23) and/or integral 
(5%) un,y data for L’235 and I’L?~!~ permit estimation 
of a(1;‘35) and (Y(I’u~~‘) in each critical assembly 
with a -25% precision. Ko fast radiative capture 
data are available for U233, I’u~~‘, and ?;P*“~. Kever- 
theless, the data for other elements suggest t.hat 
the fast radiative capture cross sections of the heavy 
elements are similar and it is felt that the error 
incurred by our assigning to U233, Pu’~“, and Kpz3’ 
the capture cross sections of U2”” is only -50%. 
Comparison of the v( .c) and (Y - (Y), listings of 
Table XVII indicates the relative unimportance 
of refining cy estimates. Generally, the spread in v 
values obtained from reactivity measurements in 
the different fast critical assemblies is small com- 
pared to the stated uncertainties indicating that 
these uncertainties originate mainly in the estima- 
tion procedure. The one exception is for v(I??~~) : 
here the basic reactivity coefficient measurements 
were made in (Godiva and .Jezebel wit.h the same 
1’u240-enriched plutonium sample whereas the meas- 

4 Similar procedure utilizing the Jezebel oriticnl size 
gives ~,,(I’II*~~, Jezebel) = 3.72 & 0 06 hams, or uith 
CT, mP , .Jezel~el) = 1 83 f 3’,,, hnlns, gives 

urements in Topsy involved a separate set of I’u*““- 
enriched samples. We have been mlable to dcter- 
mine which was incorrwtly specified, and hnvc, 
therefore, iwreascd the estimated uncertainty in 
the value of the average v( 1’~~~“) also listed in 
Table XVII. In this table, the energy B(x) corrc- 
sponds to the average energy of the critical assembly 
neutrons producing fissions in sample R’ and is 
computed as 

where the summation extends over the assemblies 
in which reactivity coefficients of .I‘ were measured 
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