
REFERENCE 145 

L. B. ENGLE, G. E. HANSEN, AND H. C. PAXTON, “REACTIVITY CONTRIBUTIONS 
OF VARIOUS MATERIALS IN TOPSY, GODIVA, AND JEZEBEL,” NUCL. SCI. ENG. 
8: 543-569 (1960). 



NUCLEAR SCIENCE 
and ENGINEERING 
THE JOURNAL OF THE AMERICAN NUCLEAR SOCIETY 

EDITOR 
EVERITT P. BLIZARD, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

hL4?;sos BEXEDET 0. IL DIVYER RALPH T. OVERMAN 

HARVEY BROOKS P.UJL CAST HUGH C.PAXTON 

E. RICHARD COHEN D. H. GURINSKY FRANK RING 

E. C. CREUTZ A. I;‘. HENRY 0. c. SIMPSON 

W. K. DAVIS D. G. HURST B. I. SPINRAD 
G. DESSAUER L.J. I<OCH A. M. WEINBERG 

L. W. NORDHEIM 

KARL COHEN, F. L. CULLER, J. W. LANDIS, W. E. PARKINS, 
F.R. WARD, W.K. WOODS 

VOLUME 8, NUMBER 6, December 1960 

Copyright@ 1960, by American Nuclear Society Inc., Chicago, Ill. 



NUCLEAR SCIEN(‘E AX’11 ENfi INEERISG: 8, t%+iji;(3 (f%o) 

Reactivity Contributions of Various Materials in Topsy, 
Godiva, and Jezebel* 

~.~niwrsity of Cdifornicr, Los Ahoa Stientijk Lnborntory, Los Alanros, ;Yeuy Mexico . . 
Rweiwd Jww 6’, 1960 

I. KS l’I~:ItIMKVl’AI, 

W ithin the past! ten years, information on the 
effects of local addit ions of materials has been ac- 
<*uinulatcd for a number of I’ajarit,o critical as- 
semblies. This report! presents results of material 
replac*emell tl measuremen t,s on five critical as- 
st~rnblies, four in which t!he actt#ive ma,tlerial is c)y 
( GM) meteal,’ and one of &phase Pu met!al. One of 
the assemblies (Topsy Oy-17) is enriched uranium 
iI1 a thick natural uranium reflector, a variant had 
:I (‘ore at one-half normal density, and in anot,her 
(~1s~ (Topsy Oy-Ni), thick nickel was substituted 
for the uranium reflector, Another (Godiva) is en- 
riched uranium wit.houtt reflecator, and t.he final 
:lsscmt+y is bare &phase plutonium. Reported ky 
Lknberger ~!t a/. ( 1) , are series of similar results 
for :lsscmblies wit,h cores cflec~tivcly of Ov (93.15 7% 1) 
W .tu(‘, .11()0.25 and rcflert or? Of ;hiCk ‘I’ ,zd d  

thick Xi. 

li E’l’HOl) 

.I reactivity cant ribut ion mcasuremcn t is t hc 
ckt erminat ion of the reac*t ivity c*hange when a small 
(*amity wit,hin the system is filled t)y a sample of the 
mat el*ial of interest. Actually, the cliff erencc in 
control rod set.tings for delayed kt ical opcrat ion 
with the cavit,y filled and empty is observed. .+Is 
changes are made manually, disassembly of the 

system is required bet ween sucth obscrvat ions. By 
means of a (bent rol rod csli brat ion curve, tlhe re- 
sul t is (aonvert cd t,o units of cents per mole of per- 
turbing material, where 100 cents is the reactivity 
interval between delayed and prompt crit’ical (2). 

Consist envy of standards ( cxvity empty ) which 
bracket each determination with t,he sample in place, 
is required for an acceptable measurement. W ith 
tlhe assembly reproducing satisfact,orily, drift.s in 
series of st,anYdards correlate witlh changes in ambient 
temperat,ure (for .JezeM, cbonst ant t’emperat urc was 
maintained). At the operating level for these tests 
(4 w), self-heating of the oralloy assemblies is 
negligi Me. 

Three of the critical assemblies to IIC considered 
wf’rc set up on the Topsy machine ( ;? ) . The system 
ill which the more caomplct c series of replacement 
me:~suremen t s was matlc~ cbonsisted of a roughly 
sphc~rkal core built up of q-in.” uilits of Oy, sur- 
rounded intimately by a full density L? reflector of 
!I-in. avcragc thickness ( cfkct kely almost infinite ) . 
‘l’htb (*rit kal mass was Ii.4 kg ( )y ( 04. I 7%) at an 
av(‘r*age (‘ore densit*y of 18.7 g/tarn:‘. The replacements 

assembly, :llt,hough Oy, I’u, and 
nitld(h in 3 in. diani X 3 in. long cylindrical cavit its 
in the radi:Ll “glory hole” of the assembly. Most 
s:Lmples were q-i,,. (~ibcs or $ ii]. diarn X 3 in. 
c~ylillclcrs of full density nwt:rl or of pressed powder, 
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and whwwer possible wcrc of high-purity material. The other Topsy assembly had a similar “pseudo- 
Resut t s of mwsurwnen t s on this Oy-1: assem bty are 
prcselltd in Tabt~ I. The few esist.ing datla ior a 

spherical” Oy core in a full density Xi reflector of 
about 82 in. average t hkkness. 1;) this case, t#he 

similar asswnbly with cow at 50 7% normal density c*riticat mass was 21 2 kg Oy (94 %) at an average 
are given in Tubk II. density of 18.7 g/cm”. Samples were +-in. wbes of 

TABLE I 

Topsy Oy - Thick U As8enbly (Oy Radiu8 - 2.39 in.) 

Reactivity Contributions Ak of Various Material6 In Centa/mols 

l/2 in. Cubic Sampl08 Unl888 Not8d Oth8rWi80 ("hdiu8" Refer8 to Po8ition of Sample Canter) 

(0.51)* 0.44 (0.71Sf 0.67 (1.12f 1.09 (1.5d 1.56 2.50 2.93 3.34 4.30 4.71 5.29 
R8diu8 

(in.1 

Li2S04’ 

.6 L12SOqa 
(89.42%) 

Be 

Be0 

B' 

C 

CH2 

CD2 
(98.34%) 

cF2 
Ml3 

YgFzB 
Al 

u203* 

s' 

hb 

Ti 

V 
Cr 

Fe 

Yn 

co 

Ni 

cu 

Zn 

G8 

Gee 

A8* 

Zrb 

Nb' 

MO. 

Rh* 

Pd. 

A8 

Cd 

In8 

S8 

Sb 

I8 

Lab 

C8 

Ndb 

-0.5 

-99.6 

8.0 

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 
4.3 

-0.45. 

0.2 

-1.2 

-4.38+ 

-1.67. 

-2.18+ 

-3.3 

-3.7 

0.0 

-0.6 

-5.1 

-1.5 

-10.9 

-7.0 

-14.9 

-6.9 

-21.0 

-2.3 

-11.3 

-10.3 

"0.0 

-2.5 

-6.0 

-8.4 -5.0 

4.2 6.1 

120 112 

22.0 

2.0 

27.0 

5.5 

28.5 

-2.5 

6.5 

0.68* 

-3.09* 

4LSO* 

-1.13+ 

-1.8 

3.67. 

5.4 

4.1 

0.88* 

3.04* 

2.75. 

4.0 

6.9 

3.8 10.9 

10.7 

-4.2 

-0.3 

-7.7 

0.4 

-11.7 

-1.2 

11.8 12.6 

20.3 23.0 

0.0 4.7'. 

9.8 11.5 

91 65 

39.7 

8.3 

39.5 

10.8- 

6.9 

7.54. 

5.a7+ 

7.84. 

7.98* 

10.6 

14.8 
11.8 

10.8 

13.1*+ 

12.7 

10.4 

11.8 

12.7 

13.0 

19.2 

19.0 

16.4 

20.6 

11.4*+ 

13.2 

9.4 

13.8 

7.2++ 

15.6 

12.0 

4.4 

8.7 

32 

0.4 -0.1 

5.6 2.8 1.2 0.8 0.4 

14.4 2.3 -1.7 -1.9 -1.9 

9.3 

9.7 

29.5 

8.5 5.4 2.7 1.3 0.6 0.5 

10.8 

9.4 

11.6 
8.5 

0.2 

10.0 

9.3 

0.4 

9.3 

9.0 

6.1 3.0 1.7 

15.0 

15.7 

14.9 

17.9 

10.3 

16.4 

8.6 3.9 2.0 1.4 0.8 

10.3 4.9 1.8 1.3 

5.4 2.0 0.7 0.1 

10.7 

7.5 

11.6 

7.2 3.7 1.7 0.5 -0.2 

0.7 

17.0 

11.6 

9.1 

2.5 0.3 
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TABLE I (Ci'OVhW?d) 

Topry oy - Thick U A88Ombly (Oy Radiu8 - 2.39 in.) 

Reactivity Contribution8 Ak of Various Yat8riale in Cent8/nole 

bdiu8 
(in.) 

l/2 in. Cubic Saplple8 Unl888 Not8d Oth8rWi8a ("bdiu8" ROf8r8 to Po8ition of Sample CentOr) 

(0.51F 0.44 (0.715V 0.67 1.09 * 1.56 + 2.05 * 2.50 2.93 3.54 4.30 4.71 5.29 
(1.12) (1.50) (2 .OW l * 

(2.04) 

Ire 

Pt. 

AU8 

Pb 

Th 

u233 

(98 .a%) 
Np237d 

pu239 
(98.W 

pu240e 

-13.6 

-7.7 

-16.9 

-7.8 

-12.4 

0.4 

-1.7 

-4.8 

24 .b+ 

184.6+ 

328.1* 

160&S 

377.1. 

268’ 

-4.0 12.9 

3.6 18.0 

11.6 3.2 0 .o 

14 .I 

1.8 

-2.6 

-2.C 4.3 

25.6* 27.3’ 

170.9+ 163.9. 

314* 284.3. 

362.7+ 324.5’ 259’ 187.9+ 128 115* 81.3 44 .o 22.8 17.2 10.6 

16.9 

13.5 

21.2 

22.6 

13.7 20.2 

30.1* 30.2’ 

137.9* 105.6+ 

232.1* 172.1* 1os.3+ 77 .s 

13.2 

12.2 12 .o 6.9 3.1 1.1 0.4 

16.3 

17 .o 

14.8 

22.1 20.2+ 11.9 3.5 2.2 1.5 0.7 

73 .o 68 .a* 46 -3 26.2 13.9 10.5 6.7 

a Pre88.d powder (l/2 In. cube or cylinder). 
b Smal l  irregular 88mple. 
' Powder in l/2 in. dim. x l/2 in. tmO.S g) Al can. 
d 0.3 g 8uple at r - 0.32 In. 
* Prom Pu 8upl88 containing 0 - 6% Pu 240 . 

Not8 on error8: The emtiutad probable error of a dotorminatioa i8 about f 0.02 cont/8uplo. A8 indicated by the 
following li8t of role8 per 8~~10, probabl8 l rror8 in cent/mole range from f 0.1 to f 0.3 l xcopt for l xtromo ca8.8: 

Li2m4 -- 0.02; L+04 - 0.02; Bo - 0.41; B&  -- 0.22; B  -- 0.24; C (graphite) -- 0.28; Cli2 (polythone) -- 0.13; 
CD2 (polythoad -- 0.10; a2 (T8flon) -- 0.09; Yg - 0.15; Yglr2 -- 0.06; Al -- 0.20; Al203 -- 0.06; S  -0 0.12; Ca -0 0.04; 

Tl -- 0.15; v -0 0.1s; Cr -- o.lo; I. - 0.28; &a - 0.19; Co -- 0.2s; Ni -- 0.31; Cu -- 0.28; Zn -- 0.20; Ga -- 0.17; 
Ge -- 0.03; As -- 0.12; Zr -- 0.05; Nb -- 0.14; MO -- 0.15; Rh -- 0.16; Pd -- 0.20; Ag -- 0.18; Cd -- 0.16; In -- 0.13: 
Sn -- 0.12; Sb -- 0.10; I -- 0.08; La -- 0.02; Co -- 0.06; Nd -- 0.007; Ta -- 0.14; U -- 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 ~010/88~p1.. 
In addition to the normal error, “wild” value8 OCCa8iOn8lly nay appear 88 8 re8ult of a88ked irreproducibility. 

Although it is believed that mo6t of theme ~8808 have been spotted and eliminated by repetition, it 18 pom8ib10 that 
8 few valuel, 8till may be in error by 1 - 2 cents/nole. 

TABLE II 

T0p8y Oy-Thick U A88eably with Cor8 at One-blf Normal Ikn8itY 

l/2 in. Cubic Sp8ces and l/2 in. Cubic Oy Unit8* 

Radius 
(in.1 

oy (94) 
c8nts/g-rtoa 

Natural U 
cent8/g~tom 

Al 
cont8/g-atoa 

0.374 

1.273 

1.77 

2.26 

2.76 

3.26 

3.76 

3.89 (interface) 

4.14 

4.55 

3.98 

~~~ ~ 
69.5 

64.8 7.4 

60.7 1.2 

53.7 7.6 

49.8 8.1 2.1 

43.7 8.1 

37 .o 7.5 2.2 

35.5 7.2 

31.3 6.0 

3.5 1.9 

1.2 0.7 

8 Replacement8 in the core were lude in lattice po8ition8 norrally occupied by Oy. 
A  few checks near the interface indicated that dqmndence on type of lattice 
pomltion is within experimental error. 



ENGLE, HANSEN, AND PASTON 

TABLE III 

TOPSY OY - Thick Ni Assembly (Oy Radius - 2.55 in.) 

Reactivity Contribution6 Ak of VIriOUs Mater1818 in Centu/Mole 

Generally l/2 In. Cub&c Samplema 

Radius 
(in.1 0.83 1.09 1.48 1.92 2.39 2.68 2.86 3.12 3.35 

B  

BIO 
(85%) 

c 
Al 

Tl 

Fe 

cu 
GLL 

AU 

Bi 

Th 

Ni 

U 

OY 
(95%) 

U233 
(90.2%) 

5.4 13.9 

4 .o 13.6 

3.7 14.4 

2.5 14.7 

1.7 15.9 

3.7 18.1 

-2.9 21.0 

5.1 26.2 

5.1 27.2 

-1.9 0.3 5.5 11.3 11.9 9.5 7.1 3.4 

33.1 35.6 37.3 39.0 35.1 25.5 19.4 9.1 

186.3 175.2 152.9 122.8 05.0 63.5 49.0 35.4 28.4 

320.7 299.2 254.3 197.8 132.4 74.9 55.1 43.9 

h239 371.9 343.8 290.3 223.0 144.3 80.5 57.9 45.7 

-6.7 

-58.7 

PI 8uples and estimated probable errore are as described in Table I. Because of fewer repe8ts. 
however, there nay be a greater possibility of “wild” values. 
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TABLE IV 

Godiva Bare Oy Ammembly (Oy Radium = 3.44 in.) 

Reactivity Contributions Ak of Varioum Material8 In Contm/Mole 

l/Z in. Cylindrical Sanplem 

Radius 
(in.) 0,030 

Be 6.7 

Ba -6.3 

B1o a -42.1 
(85%) 

C 2.2 

CH2 88.6 

Al 0.4 

Fe -0.1 

co -0.5 

Ni -4.0 

cu -1.6 

Zn -2.3 

Ag -9.2 
W  -.‘. c 3 . 

1.242 1.930 2.512 3.142 3.206 

9.4 11.6 10.8 9.4 

-0.7 4.9 8.0 7.9 

-27.3 -12.0 -0.1 6.6 6.2 

5.0 9.0 10.4 9.7 

76.6 62.0 43.6 24.5 

4.6 9.3 9.9 8.1 

3.9 8.2 10.6 9.0 

9.7 12 .3 11.1 

2.0 8.0 10.7 9.6 

4.1 9.3 11.7 10.5 

' 4.5 9.0 11.7 11.6 

8.4 14.1 13.7 

AU ~6.7 2.2 11.6 17.8 17.8 

Bl -1.5 16.6 21.8 19.8 

Th -1.2 8.7 18.8 21.6 20.0 

IT 21.9 29.0 28.1 22.6 21.2 
OY 135.5 109.7 84.2 58.6 33.2 30.6 

(93.7%) 

-239 279.6 220.4 155.4 100.2 42.6 

Pu240 168217 

a Powder in l/2 In. diam. x l/2 in. (-0.5 g) Al can. 
Note on error8: The estimated probable error of a determination is about f 0.025 centm/m8mple. 

From the following list of molem/mample, it is seen that for momt materialm the probable error8 in 
cents/mole range from + 0.1 to ,+ 0.3: Be -- 0.32; B  -- 0.24; B  10 -- 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; Zn -- 0.18; 
Ag -- 0.15; Au -- 0.16; Bi -- 0.07; Th -- 0.08; U -- 0.12; Oy -- 0.12; Pu -- 0.09 molo/8arplo. 

As for Topsy, the pommibil i ty of an occasional “wild” value in error by 1 - 2 centm/mole cannot 
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TABLE V 

Jezebel hr8 PU Asr8mbly (Radius 2.48 in.) 

Reactivity Contributions Ok of Various Materlalm in Centa/Wole 

l/2 in. Cylindrical Samples Unless Noted Otherwise 

Radius 
(in.) 0 .oo 0.72 1.22 1.78 2.28 

Be 

Be0 

do 
(96%) 

C 

CH2 

CD2 

cF2 
Al 

Si 

sio2 

s 

Ti 

TiNb 

Vb 

Fe 

co 

Ni 

CU 

Zn 

Zrb 

MO 

AIL 

Cd 

8n 

La 

c8 

w2°3 
b 

Ho203b 

Yb20gb 
Ta 

ll 

AU 

Bi 

Th 

U (normrl) 

u233 
(98.2%) 

OY 
(93.44) 

Np237 b 

13.1 

5.25 

-199.2 

34.8 61.4 

48.4 104.8 

77.3 

143.3 

-2.6’ 

67.1 

134.0 

-5.8 

100.7 

-14.7 

-36.8 

-11.9 

-13.7 

-31.3 

-59 .o 

-21.8 

-40.8 

-13 .o 

-18.1 

-20.6 

-40.2 

-27.5 

-33.9 

-30 .o 

-37.0 

-78.2 

-55.0 

-36.6 

-30.5 

-28.2 (3) 

-175.0 

-383.1 

-156.5 

-84.1 

-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 

48.6 

49.8 

146.9 

71.35 

189.8 

190.0 

224.8* 

77 .o 

77.3 

221.0 

36.9’ 

78.6 

147.6 

89.9 

76 .O 

87.5 

76.8 

84 .O 

90.4 

138.6 

118.8 

91.8 

103.6 

106.0 

101.5' 

118.7' 

68 .o 

151.1 

183.7 

15 .o 

11.1 

47.9 

71.3 

72.7 

211.8 

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 .O 37.1 

-6.6 58.6 

4.6 65.4 

73.5 

130.7 

87.8 

73.5 

79.7 

78 .O 

83.9 

84.8 

133.7 

115.3 

95.4 

108.3 

108 .O 

440.4 

-27.4 

-6.2 

-16.1 

34 .o 

13.9 

134.4 

50.5 114.1 

67.4 125.3 

53.6 121.0 

99.8 154.3 

80.6 154.2 

160.0, 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 

Pu 
(95.3% Pu23g) 

1438.7(1429=) 1203.8 1028.1 675.8(678.1=) 372.8 

E M888Ur8d at r - 1.72 In. instead of 1.78 in. 
Small 8uPp18. 

= sallIp l/8 in. thick x l/2 in. diam. 
Note: Samp18~ c.p. grad8 or b8tter; probable error -0.3 centdg-atom for 

l tard-•ize 8ample8, except 0.4% for Pu and Oy; f8W "wild" valuO8 noted. 



TABLE VI 

Topsy oy - Thick U  Assembly (Oy Radius - 2.39 in.) 

Reactivity Coefficients Ako of V8rious Elrnonts in Cents/g-8tom 

Radius 0.00 0.44 
(o.w* 

0.67 
(in.) (0.715)’ 

1.09 
, 

1.56 
(1.121 (l.ssf 

2.56 2.54 
(2.55)* 

2.93 3.54 4.30 

HP 

Db 

Ll 

Li6 

Be 

B 

C 

OC 

Fd 

wr 

Al 

S  

Ca 

Ti 

V  

Cr 

PC 

Yn 
co 

Ni 

c&l 

Zn 

Ga 

w 

An 

Zr 

Nb 

M O  

Rb 

Pd 

AI 

Cd 

In 

Sn 

Sb 

1 

L8 

Ce 

T8 

1 

Ir 

Pt 

AU 

Pb 

Bl 

Th 
"233 

u235 

r238 

h‘P 237 

pu239 

,,"240 

67.6 

24.0 

-2.4 

-130.4 

9.2 

-12.2 

2.4 

1.4 

4.0 

1.4 

0.7 

-8.9 

-6.8 

-1.9 

0.0 

-1.7 

-2.2 

-1 .o 
-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 

208.4 

26.7 

173k8 

402.6 

286214 

65.9 

23.6 

-1.2 

-125.3 

9.5 

-11.0 

3.0 

2.1 

4.7 

2.0 

1.3 

-8.2 

-5.8 

-1.1 

1.0 

-0.8 

44 

-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 

-16.7 

-8.0 

-23.8 

-3.2 

-13.0 

-11.9 

-0.5 

-7.2 

-15.6 

-8.9 

-19.2 

-9.1 
-14.0 

4.0 

-2.5 

-5.9 

344.3 

201.1+ 

27.0* 

62.6 57.4 44.4 29.9 12.3 5.6 0 -1.4 

-9.9 

4.1 

10.9 

-6.7 

5.5 

5.1 

7.4 

11.4 

-2.0 

8.6 

7.8 

11.7 

2.6 

9.8 

9.4 

12.2 

7.8 

3.0 

7.4 

7.5 

4.8 

2.2 

0.0 

2.4 1 .o 

1.7 4.7 

-4.1 

6.8 8.8.. 

4.2.. 

7.7 

7.9 

7.0 4.5 2.2 1.1 

5.3 

0.1. 2.7* 

4.3 
2.9 

-Q.5* 

1.8. 

1.2' 

2.5 

6.1. 

8.8 4.9 2.4 1.5 

-4.c 

-1.3* 

-2.1. 

4.1+ 

6.1. 

5.8* 

8.3 

11.9 

9.7 

8.9 

10.6+* 
10.3 

8.3 

9.7 

10.1 

10.2 

7.9 

9.4 

5.9 

6.8 

8.1 

7.6 

7.0 

7.9 

8.0 

5.2 12.3 

12.4 

-3.2 1.6 7.8 

13.9 

-6.6 

-2.3 

-10.3 

-1.6 

-15.2 

15.6 

14.6 

12.6 

16.9 

7.9.. 

10.1 

6.0 

10.4 

2.9** 

12.2 

7.9 

12.1 

15.2 

7.9 

6.9 

8.0 

4.0 

1.6 

1.4 

0.4 

6.7 

3.0 

9.3 

4.5 2.1 

3.1 

4.1 

1.3 

0.9 0.2 

-3.8 

9.1 

0.4 

-7.8 8.5 

1.2 13.7 

8.6 2.3 

1l.S 

4.3 

-4.9 9.9 5.5 2.4 0.8 

329.1’ 

194.3. 

27.7' 

1.9 9.2 

296.5' 240.2* 

176.6' 146.6* 

27.6' 28.6' 

13.7 

10.0 

17.2 

18.0 

15.7 

175.9. 

110 .o* 

27.1' 

71.3 

19.6 

11.0 
9.8 

13.3 

13.5 

11.6 

102.2* 

67 .O+ 

17.2* 

72.8 

44.9 

10.1 

25.5 13.6 

4.5 1.7 

386.3. 371.0. 330.6' 262.2. 188.1. 120.5 106.8. 75.0 40.6 21.2 

a From CH2-C. 

’ From CD2-C. 

’ Average 01 values from BeO-Be and A1203-2Al. 
d Average oi valuom from CF2-C and YgF2-Mg. 
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TABLE VII 

Topsy Oy - Thick Ni Assembly 

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

Radius (in.1 0 0.83 1.09 1.40 1.92 2.39 2.68 2.86 3.12 3.33 

B -12.2 -8.4 

BIO -09.8 -76.0 
C 2.7 5.0 11.8 

Al 0.9 3.4 11.1 

Ti 0.1 2.9 11.5 

PO -1.5 1.7 12.2 

cu -3.0 0.8 13.4 

G8 -1.1 2.7 14.0 

AU -11.0 -4.8 17.4 

Bi -1.8 3.6 21.1 

Th -2.0 3.7 22.6 
Ni -6.6 -3.0 -1.1 3.7 9.2 9.9 7.9 5.9 2.6 
u233 372.8 333.0 309.7 261.1 200.7 130.5 69.5 51.3 41.0 
u235 223.5 202.4 189.2 163.1 128.6 86.0 61.3 46.7 34.1 27.5 
l?38 31.8 33.3 35.0 35.5 36.6 31.5 22.0 16.9 7.0 
m239 426.0 381.5 351.0 295.1 234.2 141.1 73.2 53.0 41.7 

TABLE VIII 

Godiva Bare Oy Assembly 

Reactivity Coefficients Ak, for Variou8 Elomento In Contdg-8tOm 

Radium 
(in.) 0.030 1.242 1.930 2.s12 3.142 3.206 

II* 
Db 

Be 

B 

El0 

C 

Al 

?e 
co 
Ni 

cu 
Zn 

Au 

Bi 

Th 

t?3s 
u238 

pu239 

h240 

47.8 

17.8 

7.3 

-6.9 

-55.3 

2.4 

0.5 

4.2 

-0.6 

-4.4 

-1.8 

-2.5 

-10.2 

4.0 

-7.4 

-1.7 

-1.4 

149.3 

24.3 

285.2 

170fl7 

30.5 27.7 16.9 7.2 

9.4 

-1.8 

-37.6 

4.5 

3.9 

3.1 

1.0 

3.3 

3.5 

0.5 

6.9 

118.8 

223.2 

11.0 

3.4 

-19.4 

7.0 

7.9 

6.9 

0.4 

6.5 

7.9 

7.3 

6.1 

9.3 15.2 15.3 

13.3 17.9 16.2 

lb.5 17.7 16.7 

00.4 59.3 31.9 29.2 

27.6 25.7 19.9 16.6 

154.8 97.9 39.8 

9.9 

6.4 

4.7 

8.9 

8.2 

9.0 

10.7 

9.1 

10.0 

9.7 

11.6 

0.4 

6.5 

4.5 

8.3 

4.1 

6.6 

7.6 

9.7 

8.2 

9.1 

9.9 

11.5 

* ?rom cx2-c. 
b Prom CD20C. 



1.24, this being close to t#hc value in turns of 

K V- l)q - Qc]oy l  

Similarly c (Jezebel) is chosen such that. 

- u(-J ( P u23g ) , +.GO kkrns, 

TABLE IX 

Joukl Mr. Fu Ammombly (Radium 2.48 in.) 

Ikactivity Coofficiontm Ak, of Various t lomnta in Cmtda-•t- 

Radium 
(in.) 0 .oo 0.72 1.22 I.70 2.28 

IF 
Db 

Ba 

BIO 

C 

NC 

od 

P  

Al 

si 

s 

Tl 

V  

FO 

co 

Ni 

cu 

Zn 

Zr 
MO 

Ae 

Cd 

SXN 

Is 

CO 

m  

HO 

Yb 

Ta 

u 

Au 

Bi 

Th 
U233 

U235 

;rJ8 

Np237 
m239 

m240 

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 

-33.6 
44.0 

-93.4 

-65.5 

-43.3 

-36.2 

-33.5 

-89 

-153 

-70 

-100.5 

-82.3 

-87.2 

-23.4 

-64.7 

1359 

804 

114 

789 

1592 

1038 

64.0 66.0 

11.2 3S.l 

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 47.0 

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 

-30.3 39.0 

-7.1 40.2 

45.9 30.0 

-19.9 46.1 

-32.0 36.2 

23.5 01.4 

-1.0 65.4 

736 

146 

14o8 

616 

177 

1111 

37.4 

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 

84.0 

86.3 

81.8 

97.9 

30.4 

52.6 

62.1 

59.5 

61.7 

60.8 

61.5 

62.1 

73.4 

64.4 

72.0 

69.3 

74.0 

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 

190 

106 .O 

115.9 

112.3 

125.2 

126.5 

250 

160 

708 366 

a lroa CH2-C. 
b boa Co,-C. 
' From TIN-Ti. 
d Average of vdues from B&-Be and S102-Si. 
* Proa CF2-C. 
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v 
a 
w 
a 

RADIUS- tn. 

F 
in ‘1’ 

1% I ‘. W. ~3 and 4. The shapes of these functions are 
dct.ermincd by the radial dependences of Al;o( T, II’) 
wit.h :t pure absorber and pure scatterer, respec- 
tively. The former is represent cd by combinations 
such- as Ak,( T, h ‘I - A/&( r, oy) or A/&( T, 0~) - 
A/&,( T, U) sinctc gtr( 1’~) = ~t~( Oy ) = at,( U), while 
t.. he ht er may t )c rcpresen t ed by &men ts such as 
Al \t-here ucr = 0. The relative values of J-J(~) and 
fi( r ) are f-&d by requiring agreement with Eq. 
(11-2) at small values of r, and the absolute values 
t.hen determined bv t hr above-mentioned choice of Y 
the constant. c. 

cores), and t.he value of utr( X) is determined m&dy 
by the A/; measuremeW in the range 152.5 in. 
Typically, in this range, Ak - 10 cent s/g-atom 
with an experimental precision of -0.2-0.3 cents/g- 
atom, so that. the apparent transport cross section 
gtr( X) can be spec+kl with a relative pretlision of 
24 %. The exceptions are (i) I’ in Topsv ( through 
influence on a, of large spect.ral changk near the 
core surface) ; (ii) the highly fissionat+ materials 
Pu, cz33, and Oy [because a universtil funr+on .fl(r) 
cannot permit sufficiently accurate suhtrsction of 
the very large absorpt’ive component, - c,, ( .I* ‘).fo( 4 
from Ah-&, x)]; and (iii) hydrogen and dcuterium 
(because of a change with radius of the energy 
dependence of the adjoint or neutron effectiveness). 

Included in the tables of reactivity (*oefGents, 
Ako( T, X) (Tables VI and VII) for the-Topsy II zlnd 
Topsy X i assem hlies, is the addit ional colunm 
A/?& = 0, s). The normal st.acking of the Topsy 
assemblies prevcn t ed access to t.he core wn t cw, and 
the values ill this addit.ional column art obtairltul 
from Ali& = 0, 1-j = -~u(z)jo(~ = 0). It may be 
notBed t.hat for the weakly :&orbing matcrial~, 
there is a large percent:age differelwc lwt wccll 
Aku(r = 0, .r) and the nearest observed KLIUC 
Ako( r - 0.5 in., .I*). The difference is due almost 
entirely to the wat)terillg wntrihut ion t cl rcwtiAty 
change at the r - 0.5 in. sample posit ion. Siiw 
ctr( .t*) values are accurately det.erminecl ii 1 t htb Fame 
experiment , the est rapolat.ion to A/&,( r = 0, X) is 
unambiguous. 

The detailed significance of ct, , and t hc break- 
down of gU into componems arising from capt*ure 
(and fission) and from energy degradtlt ion by 
scat*t.ering are discussed by Hansen and Maicr (‘6 ). 
The scattering contribution to b0 is walutlt(~d hv 
Byers ( 7) in cases where appropriat tb capture (arks 
sections have been measured and his result s :W user I 
in Section IV. 
III. CRITICAL MASSES 0); XIII,l~l,\’ 1 ,Il,[“l‘l~:l) P:) 

AN1 1 Pu”‘~ SYS’IY:hIS 1 )ERIVI:l 1 IW ).\I 
lt~AC’l’IWl‘Y COWFIC:Ir(:STS 

The relationship for cri t,ical mass versus WIWI~- 
tration of tl diluent is ohtairwd as follows for Topsy, 
Godiva, and Jezebel. Let the reuctivitv vodfivieut. 
(per gram atom) of enriched uranium & plutonium 
at. a given radius (r) be Ak( r, Oy OI- PII ). ‘l‘tw rcac- 
tivity wnt ributioii pw unit volunie is t her) . 

Ak(r, (-1~ or l’u)p/.4, 

where p is t ht! density and A is thr ayrat#v tit cmlic 
mass of the uranium or plutonium. Sirnikdy, the 
reac4ivitv ctontribut ion wit voluinc for ill\ &I- 



REACTIVITY CONTRIBUTI( ,Xs 

TABLB X  

Apparent Absorption and Tramport Croma Uoctionm 

Ilomont 

ua (barns) utr (barns) 

Topsy-U Topsy-N1 Godiva JOZOb.1 Topmy-U Topmy-Ni Godiva JOZOb.1 

H 

D 

LP 

Li' 

Be 

BIO 

B  

C 

N 

0 

F 

wir 

Al  

91 

S  

C8 

Ti 

V  

Cr 

Yn 

FO 

co 

Ni 

cu 

Zn 

Ga 

As 

2s 

Nb 

MO 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

I 

La 

Ce 

Nd 

DY 

HO 

Yb 

T8 

-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 

0.078 

0.155 

0.790 

0.103 

-0.023 

4.093 

0.721 

0.088 

-0.028a 

-0.008 -0.006' 

-0.001 

-0.012b 

0.013 

0.056 

0.025 

0.009 

-0 .o17b 

0.006 

0.007’ 

0.056’ 

0.022* 

0.030 

0.012b 

-o.003b 

-0.399* -0.141 1.18 

-O.2238 0.013 1.88 

AI.036 

0.561 

1.82 2.17 

2.62 

2.10 

2.17 

2.25 

1.90 

0.016 

0.05 

0.023 

0.041 

2.13 2.20 2.15 

1.‘2 
2.22 

2.‘2 

0.032 

0.039 

o.lsg 

2.20 

2.30 

2.37 

2.12 2.17 2.14 

0.054 

0.033 

2.04 

1.94 

2.16 

2.90 
2.41 

2.70 

2.29 

2.73 

2.77 

2.68 

2.86 

2.87 

3.91 

3.87 

3.99 

4.58 (?I 

3.38 

3.51 

3.26 

3.51 

3.33 

3.31 

3.31 

3.55 

3.47 

3.54 

3.41 

2.30 

2.34 

1.60 

2.29 2.48 

2.‘2 

0,049 

0.057 

0.109 

0.073 

0,092 

2.53 

2.36 

2.85 

2.29 2.44 

2.75 2.76 

2.65 2.77 

2.73 2.83 

2.78 2.85 

3.02 

0.07 

0.021b 

0.103 

4.1 

3.99 

0 .09sb 

0.127" 0.209 

0.146 

0.183b 

0.100 

3.55 3.54 

3.65 

3.49 

0 .080b 

0.076b 

0.021b 0 l O82 
0.076 

3.16 

0.20 

0.35 

0.18 

0.112 0.228 3.91 

3.67 

4.2 

4.34 
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ENGLE, H,4XSlCS, AXD PAXTON 

TAmE x (Contin24ed) 
Apparent Absorption and Trazmport Crams 8sctions 

da (barns) utr (barns) 

Topsy-N1 Godiva Jozobel Topsy-U Topsy-N1 Godiva Josobs 

W 

Pt 

Pb 

Bi 

Th 
"233 

,,235 

"238 

NP 237 

hr239 

,,"240 

0.097 

0.097 

0.143 

0.014 

0.037 

0.069 

-3.258 

-1.893d 

-0.243 

-1.59 

-3.657 

-2.60' 

0.050 

0.093 0.093* 

0 .OOgb 

0.015 0.021. 

0.017 0.017 

-3.147 

-1 .887d -1.860d 

-0.271 -0.303 

-3.602 -3.553 

-2.1 

0.179 

0.196 

0.053 

0.139 

-3.07 

-1.818 

-0.238 

-1.78 

-3.600d 

-2.35 

4.40 4.80 

4.34 

4.17 4.11 4.43 4.48 

4.26 

4.64 4.32 4.60 4.62 

4.48 4.64 4.92 5.00 

5.3O 

5.1d 5.1d 5.0d 5.1d0 

5.3. 

* Compare with ua from large-ramp10 measurements (Section IV). 
b From large-sample measurements of Section IV. 

’ Though this value arises from masuronents on Pu saaplos with various Pu 240 contents, 
showing apparent consistency of f 4%, it disagroos seriously with oxpsctations fro= Godiva 

and Jezebel noasurononts. 
d Normalized to these values. 

’ Compare with values of utr from the appendix. 

tonium is changed by Ak’ tls t hc? result of’ subst i t ut ing 
the elemw t, ( .I* ) , a rew t ivi t v c*hauge occurs which . 
can be expressed as t he sum of all react ivit’y changes 
occurring in each core volume element due to t.he 
change AF/r. The rear:tlivity &ange obtained by 
replacing core material by the diluent. (x) t,hrough- 
outI the wrc volume is t hen 

of writhed uranium and normal uranium at the 
cxwf~ surface, a react ivi t,y change results which is 
ddined as Ak, . With U ( normal) of der&y p’ and 
atomic mass 44 ‘, t.he rearGvity change per mole at, 

( brnhining Eqs. (III-l), (III-Z), and (III-3), and 
noting thatf t.he fract,ional change in critical mass of 
enriched uranium is 

A7nc h/ AF --- 
)?I,: - F 

+s+ (1114) 
ro 

where AnI = A& (& being the refleckwair radius), 
and A = ;I for t,hc normal assembly, one 0Mains 
for Topsy 
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dewity changes thst extended to 50 % I of normal IV. LARGE-CAVITY i\lI~ASIJItr(:MESTS AT 
density. Similarly, gross dilution by nat,ural uranium G( MIVA CENTER 

(to we-half volume fraction) gnve 0.73 for t,he CEKTRALGODIVA VALUES ASFUNCTIOSOFZ 
-2’38 1) dilu tliorl espow 1 t,, which compares with 0.74 A second group of measurements on Godiva was 

from Table XI. designed to give more detlail shout, effective abaorp- 
TABLE XI 

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

Topsy (Oy 94% in U) Godiva (bare Oy 94%) Zeus (No. l)* 

Element 
(xl 

Density 
g-*tom/cm3 

aa otr(x) 
barn barn 

Dilution 
exponent 

n(x) 
a*(x) at,(x) 
barn barn 

Dilution 
exponent 

n(x) 
a*(x) atr(x) 
barn barn 

H 

D 

Li 

Li6 

Be 

B  

B1° 

C 

0 

F 

N8 

M S  

Al 

Si 

P  

s 

Cl 

K  
Ca 

SC 

Ti 

V  

CF 

Yn 

Fe 

co 

Ni 

cu 

Zn 

Ga 

Atn 

Se 

Br 

Rb 

Y  

Zr 

Nb 

MO 

Rh 

Pd 

As 

Cd 

0.077 

0.077 

0.202 

0.212 

0.212 

0.185 

-0.610 

-0.216 

0.015 

0.597 

-0.083 

0.110 

1.82 0.72 

-0,022 2.13 

-0,013 2.20 

-0.04 2.30 

0.86 

0,072 

0.100 

0.083 

-0.013 2.37 1.06 

-0.006 2.12 1.04 

O.O645 -0.080 2.04 1.15 

0.039 0.060 2.16 1.16 

0.095 0.017 2.16 1.03 

0.118 0 .ooo 2.90 0.95 

0.138 0.015 2.41 0.98 

0.135 0.009 2.70 0.95 

0.137 0.020 2.29 1.01 

0.151 0.023 2.73 0.94 

0.152 0.066 2.77 1.02 

0.141 0.035 2.68 0.99 

0.109 0.047 2.86 1.04 

0.085 0.036 2.87 1.06 

0.076 0.018 3.91 1.00 

0.071 0.022 3.87 1.02 

0.092 0.068 3.99 1.01 

0.106 0.032 4.58co 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 

0.088 

0.721 

-0.028 

-0.012b 

-0 .054b 

-0 .014b 

-0.006 

0.018b 

0 .057b 

0 .03gb 

-0.008b 

-0.012b 

-0.017b 

0.006 

0.007 

0.056 * 

0.022 

0.030 

0.012b 

-o.o03b 

0.020b 

O.O1gb 

-o.Ollb 

0.021b 

0 .09sb 

0.127 

-0.220 1.2 

-0.06s 0.8 

0.74- 

2.17 0.75 -0.032 

2.10 1.26 0.155 

2.62 1.040 

2.17 1.02 -0.013 

-0 .OlO 

-0.022 

-0.003 

-0.002 

2.14 1.51 0.010 

-0 .oo 1 

2.29 1.28 

2.75 1.08 

2.65 1.22 

.2.73 1.18 

2.78 1.36 

3.55 1.40 

0.034 

0.019 

0.010 

0.020 

0.012 

0.022 

0.031 

0.040 

0.037 

0.043 

0.053 5.2 

0.124 4.3 

0.029 

0.092 

0.068 

2.4 

1.9 

2.8 

3.2 

2.8 

3.5 

3.4 

3.2 

3.0 

2.3 

3.2 

4.0 

3.4 

2.9 

3.9 

3.5 

3.7 

4.2 

5.7 

5.0 

5.1 

0.268 4.5 

0.122 4.9 



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

Topsy (Oy 94% in U) Godiva (bare Oy 94%) Zeus (No. lja 

Element 
(xl 

hnsity 
g-atom/cm3 

a,(x) a&x) 
barn barn 

Dilution 
exponent 

n(x) 
On(X) at,(x) 
barn barn 

Dilution 
exponent 

n(x) 
a,(x) f&.(x) 
barn barn 

In 

Sn 

Sb 

Te 

I 

CS 

Ba 

La 

Ce 

Pr 

Nd 

Ta 

w 

Re 

Ir 

Pt 

Au 

Hg 

Tl 

Pb 

Bi 

Th 

U 
“233 

*235 

“238 

3p2= 
pu239 

&240 

Void 

0.064 0.233 3.33 1.24 

0.0615 0.040 1.31 1.08 

0 .0545 0.131 3.31 1.16 

0.039 

0.044 

0.049 

0.049 

0.092 

0.105 

0.110 

0.098 

0.055 

0.047 

0 .04g5 

0.080 

0.060 

0 .oso 

0.000 

0.122 3.55 1.16 

0.016 3.47 1.10 

0 .().I 1 3.54 1 . 10 

0.078 

0.155 

0.097 

3.41 

3.91 

4.40 

1.13 

1.12 

0.99 

0.097 4.34 0.98 

0.143 4.17 1.08 

0.014 

0.037 

0,069 

-0.242 

-3.220 

-1.893' 

-0.228 

-1.40 

-3.636 

-2.50w 

4.26 

4.64 

4.48 

1.04 

1.06 

1 .oa 

o.73c 

s.lod 0.74=* 

1.20CQ 

0. 183b 

0 .080b 

0 .076b 

0 .083b 

0.021b 

O.OISb 

0.112b 

0.050 

0.162b 

0. 120b 

0.093 4.43 1.16 

O.O1ob 

0 .oogb 

0.021 

0.017 

-0.310 

-1.060d 
-0.299 

4.60 1.53 

4.92 1.46 

0.74 

3.1' 

5.0d 0.76 

5.2’ 

2.00 

0.279 5.1 

0.063 4.7 

0.184 5.0 

0.066 4.5 

0.200 4.4 

0.042 

0.250 5.4 

0.117 4.7 

0.200 5.5 

0.079 

0.025 6.3 

0.026 6.7 

0.133 6.7 

0.018 5.8 

-3.300 

-1.890 10.9 

0.032 

a Information kindly provided by Dr. R. D. Smith of Hawell. 
b From large-ample l oaaurementa of Section IV. 

’ Integrated separate 

d Used for normalizat 

lY* 

ion. 

’ From rppondix. 

* Compare8 with 0.73 obmwved directly from Oy(47) to Oy(94). 

’ Comprrem with 1.20 observed directly from SO% to 100% normal dOn8ity. 
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The pattern corresponds in general to similar data for fission neutrons, reported by Hughes ef al. (IO) 
reported for the Los Alamos fast reactor (9)) it is not surprising that there is strong suggestion of 
Clementine, and for Harwell’s Zeus and Zephyr a magic number influence on reactivity contribu- 
(8). In view of the behavior of caphre cross sections tions by this isotopically simple class of elements. 

TABLE XII 

Dilution Exponent8 for Jozobel with Comprrativo Cro88 Sections for Zephyr 

Jezebel (bar. Pu) Uphyr (No. l)* 

Ilomnt blh8ity U,(x) UJX) 
(Xl g-•tom/cr3 b8rn barn 

Dilution 
exponon t 

n(x) 
a*(x) atr(x) 
barn barn 

-0.141 

0.013 

1.18 

1.88 

-0.189 

-0.029 

0.032 

0.786 

-0.031 

0.165 

0.786 

0 

0.080 

0 

0.002 

0.021 

0.014 

0.026 

0.022 

0.061 

0.085 

0.067 

0.059 

0.076 

0.040 

0.031 

0.034 

0.035 

0.023 

0.055 

0.051 

0.093 

0.074 

0.083 

0.081 

0.077 

0.114 

0.088 

0.148 

0.073 

0.061 

0.045 

0.040 

0.141 

0.105 

0.126 

0.217 

H 

D 

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 

Li 

Lib 

Be 

B 

BIO 

C 

N 

0 

F 

N8 

w 

Al 

81 

P 

8 

Cl 

x 
C8 

SC 

Ti 

V 

Cr 

Yn 

Fe 

co 

Ni 

cu 

Zn 

G8 

2.25 1.09 0.202 -0.037 

0.561 1.90 

0.016 2.15 

0.05 1.72 

0.023 2.22 

0.041 2.72 

0.18s 1.30 

2.30 1.61 

2.34 1.68 

0.100 

0.083 

0.033 

0 .O# 

0.0645 0.161 1.60 1.91 

0.095 

0.118 

0.055 

0.034 

2.48 1.62 

2.72 1.45 

0.137 0.050 0.44 1.45 

0.151 0.058 2.76 1.32 

0.152 0.111 2.77 1.39 

0.141 0.074 2.83 1.37 

0.109 0.093 2.85 1.53 

Ge 

AS 

Se 

Br 

Rb 

Sr 

Y 

Zr 

Nb 

0.071 

0.106 

0.070 

0.105 

4.10 1.51 

1.33 MO 

Ru 

Rh 

3.99 
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TABLE XII (Continued) 

Dilution txponents for Jocebel with Caparrtive Crow Section8 for Zephyr 

EloBent 
(Xl 

Deluity 
g-.tad 

J~z~bol (bare Pu) Zephyr (No. lja 

O,(x) 'trtX) 
Dilution 
exponent a,(x) 'trtx) 

barn barn n(x) barn barn 

Pd 

hi 

Cd 

In 

an 

8b 

TO 

I 

Cm 

m  

IA 

CO 

Eu 

Bf 

m  

HO 

n 

T8 

w 

Ro 

a 

Ir 

Pt 

AU 

HI 

Tl 

Pb 

Bi 

Th 

U 
u233 

u235 

u238 

Np237 
pu239 

pu240 

Void 

0.16s 

0.097 0.212 3.64 1.57 0.2w 

0.077 0.148 3.6s 1.60 0.166 

0.305 

0.0616 0.102 3.49 1.67 0.102 

0.171 

0.114 

0.238 

0.21s 

0.07s 

0.044 0.083 3.16 1.70 0.090 

0.040 0.077 3.67 1.71 0.069 

0.330 

0.177 

o.os2 

0.105 

o.oa8 

0.20 

0.35 

0.18 

0.232 

0.182 

0.169 

0.047 o.os4 

0.0496 0.141 

0 .oso -0.249 

0.000 -2.88 

q .oso -1.828 

0 .oso -0.238 

-1.52 

-3.6Dob 

4.2 

4.34 

4.60 

I.40 0.265 

1.30 0.174 

0.310 

0.146 

0.303 

0.170 

4.40 1.36 0.220 
0.120 

0.095 

0.060 

4.62 1.62 0.046 

5.00 1.66 -0.169 

s.1 1.05 -0.124 

-3.32 

5.3 -1.850 

&lb 1.06 

5.3 -3.660 4.0 

2.00 

4.1 

3.7 

4.1 

4.1 

4.0 

3.6 

4.4 

3.s 

3.2 

s.0 

s.2 

4.7 

4.3 

4.9 

3.6 

4.1 

4.4 

4.0 

4.7 
4.9 

5.6 
s.1 

5.1 

5.8 

5.1 

6.3 

6.1 

a Information kindly provided by Dr. R. D. 8rlth of Hamll. 
b Used for normalization. 
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II 1 

D 1 

Ll 3 

C 6 

0 8 

F 9 

Na 11 

Al 13 

P 15 

Cl 17 

K 19 

SC 21 

V 23 

Yn 25 

co 27 

Ni 28 

cu 29 

Ga 31 

Au 33 

Br 35 
Rb 37 

Y 39 

Nb 41 

Rh 43 

AIs 47 

In 49 

Sb 51 

I 53 

CS 55 

La 57 

Pr 59 

T8 73 

Re 75 

Ir 77 

AU 79 

Tl 81 

Pb 82 

81 83 

+41.2 f 0.5 

+14.9 f 0.2 

-1.04 f 0.05 

+l.ao f0.07 

+0.8 f 0.2 

+3.6 f 0.1 

+0.9 * 0.1 

+0.35 f 0.06 

-1.2 k 0.1 

-3.8 f 0.1 

-2.6 f 0.15 

+o.s f 0.4 

+0.80 f 0.08 

+l.lO f 0.06 

4.58 f0.06 

-3.53 f 0.04 

-1.14 f 0.07 

-0.80 f 0.08 

+0.2 f 0.1 

-1.35 f 0.25 
-1.25 f 0.5 

MI.7 f 0.4 

-1.4 f 0.2 

-6.25 f 0.2 

-8.1 f 0.2 

-12.1 f 0.1 

-5.3 f 0.1 

-5.05 1: 0.2 

-5.5 f 0.3 

-1.4 f: 0.2 

-1.1 f 0.3 

-7.40 f 0.08 

-10.7 f 0.3 

-7.9 2 0.9 

-5.6 f 0.2 

-9.66 f 0.15 

-0.61 f 0.10 

4.9 f 0.15 

l ee  CH2 

se. D20 

3.00 c. p. (Figher), rasmive 

3.23, 1.627 di8mond, crystals 

a.0 A1203, Pbo 

mee C2F3C1, NaCl 

5.02 An. Rerg. (Baker), massive 

9.75 (68ker), gr8aul8r 

7.05 yellow purified (Baker), r8ssive 

a.0 CC14, N8C1, PbC12 

5.02 (B8ker), rasmive 

see 8c203 

12.48 

19.47 

18.70 

28.34 

32.73 

16.12 

14.07 

8.0 NsBr 
see RbBr 

me0 Y203 

29.15 

9.91 

8.73 

23.07 

22.74 

12.74 

8.0 C8Cl 

11.84 

800 Pr203 

53.92 

20.07 

bee Ir02 

22.26 

27.75 

41.18 

35.32 

99.7% (Yackay), l asmivo 

96X, C-free (B8ker), massive 

98 - 100% (Baker), maamive 

c.p. An. low Co (Baker), shot 

An. Re8g. (Y8llin.), shot 

(from Rondell), rammive 

pure W8llin.), graaul8r 

st'd grade (F8nsteel), VW. dried 

(Bakei 8nd Co.), powder, CUD not full 

clern scr8p 

99.97% (In. Corp. of An.), shot 

c.p. (City Chen.), um8ive 

An. Re8g. (Y8llin.), fl8ke 

(Anem mterial, from Halley), nasmive 

(fra Linenbergerl , 50 mesh 

99.9% (V8rl8COib) , VW. dried 

clean l cr8p 

c.p. (Fisher), n8mmivo 

c.p, (Br8un1, granul8r 

c.p. An. (B8ker). gr8nul8r 

Compound 

CH2 
D2° 

A1203 
PbO 

N8F 

C2F3C1 

ccl4 

N8Cl 

Pbc I2 

"2'3 
NaBr 

RbBr 

'2'3 
CsCl 

'=2'3 

Iro2 

Contribution, 
cents/mole 

+84.1 f 0.8 

Kw.48 f 0.10 

+2.8 f 0.2 

+0.3 2 0.2 

+4.6 2 0.1 

+10.5 f 0.2 

-13.35 f 0.40 

-2.9 f 0.15 

-6.8 * 0.4 

+3.4 f 0.6 

-0.45 f 0.2 

-2.6 f 0.5 

+3.8 f 0.6 

-9.3 f 0.3 

+0.2 2 0.4 

-6.3 f 0.8 

988plO Wt - Q Rearrk8 

2.698 polythene, corr. from speC181 geom. 

6.602 99.0m 

5.99 An. Re8g. (B8ker), he8t dried 

22.89 An. Re8g. (W8llin.1, he8t dried 

7.38 c.p. An. (Baker), hO8t dried 

11.75 fluorotheae G 

8.84 An. Re8g. (Ullin.) 

6.73 An. Re8g. (hllin.), he8t dried 

16.57 Re8g. (Merck), undried powder 

4.29 Spec. An. (Pf8ltz 8nd Bauer), he8t dried 

8.14 An. Re8g. (M8llin.1, he8t dried 

5.19 c.p. (Fisher), he8t dried 

6.95 99% (Res. Chem., Inc.), he8t dried 

9.65 c.p. (Fisher), he8t dried 

10.21 98% (Rem. Chem., Inc.), hO8t dried 

10.02 (Baker rnd Co.), he8t dried 



z 
o -6 

I PROTON SHELL BOUNDARIES 

4 i NEUTRON SHELL BOUNDARIES 

posit ion, r, until t he ( focliw surfwv is iw~*h~~d, t htm 
remains constaid at’ 1.Z * (ME. IJcc:kus~~ t ho self- 
multiplication of t hr I’u s:kmplc is the Iargwt and 
that of t hr U samplr! t hc sndlcst , t hc limiting v,zlucs 
of those espcrimo~~tnl rat ios ~wwd t how (If t hc rc- 
wt kity (wcHicicntS or vq + eqq r,zt iw. With the 
customary %izr correct ion” 01 I the cxpcrimcn t al 
vahws, t hew Iat tcr ratios htwnw 
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TABLB XIV 

Interpretation of Material Replacement Data for Godiva Center 

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

Element 

Apparent 
absorption cro8s 

section (ua, barns) uc (barns) 
Scattering effect 

(uc-ua, barns) 

Ii 

D 

Li 

C 

0 

F 

Na 

Al 

P  

Cl 

K  

SC 

V 

Yn 

co 

Ni 

cu 

Ga 

AS 

Br 

Rb 

Y  

Nb 

Rh 

Al3 

In 

Sb 

I 

cs 

La 

Pr 

Ta 

Re 

Ir 

Au 

Tl 

Pb 

Bi 

-0.623 f 0.008 

-0.225 f 0.003 

0.0157 f 0.0009 

-0.0272 f 0.0011 

-0.012 f 0.003 

-0.054 f 0.001s 

-0.014 f 0.0015 

-0.0053 f 0.0009 

0.018 k 0.0015 

0.057 f 0.0015 

0.039 f 0.002 

-0.008 f 0.006 

-0.0121 f 0.0012 

-0.0166 k 0.009 

0.0088 * 0.0009 

0.0334 f 0.0006 

0.0172 &  0.0011 

0.0121 f 0.0012 
-0.0030 f 0.0015 

0.020 f 0.004 

0.019 f 0.008 

-0.011 f 0.006 

0.021 f 0.003 

0.095 f 0.003 

0.123 f 0.003 

0.183 f 0.0015 

0.080 2 0.0015 

0.076 f 0.003 

0.083 f 0.005 

0.021 * 0.003 

0.017 f 0.005 

0.112 f 0.0012 

0.162 f 0.005 

0.120 f 0.014 

0.085 f 0.003 

0.010 f 0.002 

0.009 f 0.0015 

0.014 f 0.002 

0 .0090a 0.063 

(0.0014) b (0.015) 

(0.0038) b (0.009) 

< 0.004= -0.035 

0.0029 0.015 

0.0033 0.020 

- 0.081 cc 0.077 

0.0127 -0.009 

0.0562 

0.0669 

- 0.045 

0.0086 

0.037 

0.164' 

0. 194a 

0 .243d 

0.120d 

0.104 

0.059 

0.047 

- 0.026 

0.020 

0.016 

0.069 

0.071 

0.060 

0.040 

0.028 

0.009 -0.012 

0.016Sa 0 .ooo 

0.152 0.040 

- 0.196 - 0.036 

0.123 0.038 

0.001 AI.013 



SC
AT

TE
RI

NG
 

RE
SI

DU
E 

(u
c-

ua
) 

- 
m

b 

- 



564 ENGLE, HAWEN, AND PAXTON 

TABLE XV 

Reactivity Contributions of Pu, Oy(93.5%), and U Samples 

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

Radius 
(in.) 

Ak(U) 
(t/g-at4 

Ak(Oy) 
(t/g-atom) 

Ak(Pu) 
(d/g-rtod 

Ak(Pu) 
hk 

2.892 26.8 

3.142 22.6 

3.206 21.2 

3.268a 19.3 

3.28Sa 20.0 

3.415" 17.3 

3.456 12.8 

3.541LL 10.6 f 0.1 

3.706 7.8 f 0.1 

43.8 

33.2 

30.6 

27.4 

27.8 

24.4 

18.4 

14.6 f 0.1 

10.7 + 0.1 

66.1 

48.2 

42.7 

-- 
-- 
- 

25;9 

-- 
14.7 + 0.2 

1.63 

1.47 

1.44 

1.42 

1.39 

1.41 

1.44 

1.38 f 0.02 

1.37 f 0.02 

1.51 

1.45 

1.40 

-- 

we 
-a 

1.41 

-- 

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 a 49.7-g cylinder of the same 

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

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

0.500 in. and diameter 0.500 in.; the Pu 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 each 
fissionable isotope, x, the quantity 

c x = [~p(~>/~,(~235>]/[A~~,(x>/A~,( U235)] 

according to the perturbation theory equation 
(IIIA-1) given below. In this equation 6(E) denotes 
the neutron flux, x( E, E’) denotes the normalized 
fission neutron spectrum for incident neutrons of 
energy E, ai “(E, E’) denotes the differential in- 
elastic scattering cross section, and for compactness 
the n - 2n reaction is notI included explicitly. Be- 
cause C, = 1 is ensured by the weak energy de- 
pendence of +‘(E); say 1 &E) - 1 1 << 1, Eq. 
(IIIA-1) could be rephrased in terms of the small 
quantities (C, - 1) and (&(E) - l), thereby 
better illuminating the extent to which the poorly 
known neutron reaction cross sections of isotopes 

such as Npz3’ affect the precision ‘of the computation 
of C, . Rather than going into such detail, we shall 
assume a 50% uncertainty in our computed values 
of (C, - 1) for all x except U23s, and indicate only 
qualitatively the source of this uncertainty. For 
X = Np23’ or Pu~~O, little or no data exist for a,,,,(E) 
and gin( E, E’) and one is obliged to estimate these 
quantities from the empirical rule that the radiative 
capture cross sections of the heavy element,s are 
equal, the nonelastic cross sections of the heavy 
element,s are equal, and the spectrum of neutrons 
inelastically scattered from some primary energy by 
any heavy element is the same as that for U23”. It 
is felt that use of this empirical rule is the primary 
source of the 50% uncertainty ascribed to the com- 
puted (C, - 1) values for these isot*opes. 

For x = U233 or PUCK’, the nuclear properties of x 

J dE [(v - 1 - &.dE)lx &Ebb+@) 
C x = 

s dE [(v - 1 - dqml u*36 dohb+uQ 

1 dE dE’[v cq(E)x(E, E’) + ain@, E’)lU235 +(E)qb+( E’) 
(IIIA-1) 

- I dE [Cl + &q(E) + ~in(E)1u235 +(E)++(E) 
. 

/ dE dE’[v q(E)x(E, E’) + ain(E, E’)], +(E)++(E’) 

- J dE [(I + &j(E) + a’“(E)lx &E)++(E) 



TABLE XVI 

Correlation of Cross Sections from Reflector Savings and from Reactivity Coefficients 
~~~~ 

Reflector 
Material and Rsf bctor Reflector affect ‘tr - ‘a 2 00 + f) 

density (g/cm3) 
Thickness savings u(1 + f) t barns) 

(cm) (cm oy-93.5) t barns) TOPSY Godiva 

2.32 f 0.02' 
2.30 f 0.02" 

se (WV) 2.54 
1.84 1.27 

1.459 
o.8g6 

o.9s2 
0.59, 

1.92 2.30 

2.34 

-- 

2.19 

-- 

2.32 

2.79 

2.63 

2.76 

2.22 f 0.02 
2.25 2 0.03 

2.18 
(2.231b 

C (CS-312) 2.54 
1.67 1.27 

Hg (FS-1) 2.54 
1.77 1.27 

o.5s4 
0.378 

2.48 f 0.05 
2.73 f 0.13 

2.41 

Al (2s) 2.54 
2.70 1.27 

0.676 
o.433 

0.646 
0.42O 

0.91* 
o.5g4 

2.19 f 0.02 
2.27 f 0.09 

2.16 
(2.19jb 

Ti (96.5 w/o) 2.54 
4.50 1.27 

2.23 f 0.02 
2.34 f 0.10 tX:% b 
2.14 f 0.02 
2.23 f 0.03 cf:E,b 

2.75 

2.54 
1.27 

2.63 f 0.02 
2.75 f 0.02 

Co (reagent) 2.54 
8.72 1.27 

1.196 
0.778 

2.52 f 0.02 
2.64 f 0.02 

2.74 
(2.311b 

Ni (electrolytic) 2.54 
8.79 1.27 

l.lsg 
o.7s4 

l.1S8 
o.7s2 

2.76 f 0.02 
2.02 f 0.02 

2.67 
(2.831b 

cu (99-99.5 w/o) 2.54 
8.87 1.27 

3.61 f 0.02 
3.65 f 0.02 

Ho (99.8 w/o) 2.54 
10.53 1.27 

1.219 
0.764 

4.89 f 0.03' 
4.97 f o.03c 

5.40d 
5.40d 

w (41.3 w/o) 2.54 
17.3 1.27 

1.2g4 
0.816 

tEbd U (natural) 2.54 
18.8 1.27 

1.312 
0.814 

Ir Effect of multiple scattering unknown. 
b For Topsy with Ni reflector. 
’ For the “molecule” W(Cu, Nil0 Og3. 
d Normalization value; utr - aa’renormalised. 
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TABLE XVII 

Valuem of the Nuclear Paranreterm Obtained in the Succemmive Stagem 

of the Reduction of Reactivity Coefficient kta to v 

A. Obmerved central reactivity coefficient ratiom, Ako(x)/Ako(U 235) , of imotopa x 

to imotope U 235 in Topmy, Godiva, and Jezebel. 

Isotope x Topmy Godim Jezebel 

pu239 1.932 f 0.015 1.910 f 0.013 1.979 f 0.015 

u233 1.721 f 0.015 a- 1.689 f 0.020 

Pu240 1.37 2 0.06 1.14 f 0.11 1.29 f 0.06 

Np237 0.84 f 0.04 -- 0.98 f 0.02 

"238 0.128 f 0.005 0.163 k 0.005 0.142 f 0.005 

B. Inferred net production cromm-mection r8tiOm, [( v -l-a)af]x/['~ '1-)of]u235 l  

Imotope x TOWY Godivr Jotokl 
~- ~~ 

pu239 1.923 f 0.015 1.913 f 0.015 1.947 f 0.019 

U233 1.726 f 0.015 -- 1.664 f 0.023 

Pu240 1.33 f 0,06 1.11 +, 0.11 1.284 f 0.06 

Np237 0.81 f 0.04 w- 0.98 f 0.02 

,,238 0.106 2 0.008 0.124 2 0.012 0.175 f 0.012 

c. Inferred ratio, ["-14]x+14]u235' of excems neutronm produced per fimmion. 

Isotope x Godiv8 Jezebel 
~~-~~~ ~~~ 

Pu23g 1.390 f 0.030 

U233 1.121 f: o.035 

puZ40 1.89 f 0.11 

Np237 1.04 f 0.07 

u238 0.76 f 0.06 

D. Inferred valuom of U-o Xa I 1 

1.358 f 0.030 1.330 f 0.030 

-- 1.094 2 0.036 

1.46 f 0.16 1.45 f 0.09 

-- 0.98 f 0.05 

0.80 f 0.08 0.87 f 0.06 

Imotope x 

"235 

Pu239 

u233 

Pu240 

Np237 

u238 

ToPmY 

2.47 f 0.06 

3.04 f 0.09 

2.65 f 0.08 

3.77 f 0.19 

2.53 f 0.12 

2.12 f 0.10 

GodiV8 

62.48 f 0.06 

3.01 k 0.09 

-- 

3.16 f 0.24 

-- 

2.18 f 0.13 

Jezebel 

2.53 f 0.06 

3.03 2 0.09 

2.67 f 0.08 

3.21 2 0.16 

2.50 f 0.10 

2.33 k 0.11 - 
E. Inferred valuom of V(x)* 
I8otope x Topmy Godiva Jezebel Ave. ii(Mev) - 

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

Pu239 3.10 f 0.09 3.07 f 0.10 3.08 It 0.09 3.08 A 0.09 1.58 

U233 2.70 f 0.08 we 2.72 f: 0.08 2.71 f 0.08 1.45 

Pu240 3.88 f 0.20 3.26 f 0.24 3.27 f 0.17 3.6 f 0.5 2.13 

NP 237 2.62 f 0.13 w- 2.57 2 0.11 2.60 f 0.11 2.08 

U238 2.61 f 0.10 2.61 f 0.13 2.61 2 0.11 2.61 f 0.10 3.01 
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TABLE XVIII 

Putial Listing of the Comput8tion81 Bemlm for the Lmtiutioa of V V8luos 

Multigroup ropromont8tionm 
Rnorgy grouping (nov) 0 - 0.1 0.1 - 0.4 0.4 - 0.9 0.9 - 1.6 1.6 - 3.0 3.0 - QD 

d (‘M-Y) 0.038 0.233 0.251 0.140 0.221 0.119 

+ (Oodiva) 0.030 0.198 0.255 0.151 0.239 0.127 

4 (Jorokl) 0.023 0.137 0.214 0.164 0.284 0.178 

‘#+ (TOPSY) 1.388 1.109 0.928 0.932 0.989 1.063 

++ (Godiva) 1.431 1.131 0.949 0 .BSl 0.975 1.039 

++(J.%obol) 1.159 0.976 0.920 0.958 1.013 1.082 

Uf UP34 2.34 1.43 1.20 1.22 1.22 1.21 

u d3”) 

*;(Rp5p 1 

3.23 2.24 1.94 1.09 1.03 1.75 

2.05 1.67 1.70 1.03 1.9s 1.90 

Uf (h2'O) 0 0 .os 0.77 1.39 1.64 1.60 

Uf (nP237) 0 0.07 0.95 1.63 1.72 1.63 

0 0 0 0.044 0.485 0.616 

a, ,wY 0.32 0.13 0.113 0.11 0.05 0.02 
8 

Intogrrl ropre8ont8tionm 

Critic81 8uably: Toply kdiv8 J.c.b.1 Rof aronco 

u f d3’)/u (g34 f Obmorvod 1.630 f 3 l/2% 1.627 1.610 (we) 
(Camputod) 1.537 1.536 1.527 

af (pu23') /a, d3') 0bsorv.d 1.391 f 2% 1.41s 1.401 (5,36) 
(Computed) 1.384 1.404 1.444 

ai (Np 237)/O d3’) Obmorvod f (Computed) 

CJ~(U~~*)/~,(IJ~~~) Obmorvod 
(Computed) 

0.781 f 3% 0.864 0.996 W,l9) 
0.794 0.969 0.994 

0.139 f 2% 0.155 (5,201 
0.143 0.156 

0.200 0.201 

0.530 f 4% 0.476 (20) 
0.531 0.475 oYJ35 
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