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CRNL-86

TABLES OF NEUTRON

CROSS SECTIONS FOR ELEMENTS Po - Cm,

Compiled by C. Haines and K, Way

Sources of Information and Acknottj.edffro.entg,,

This summary of neutron cross sections for the heavy elements lists

all data available in the Oak Ridge National Laboratory in June 1948, The

compilers have ba'«ed their work on the lists of project and non-project

cross sections started by Hilda Castle tfehiyamada in 1943* Mrs*, Uehiyamada

kept up these lists until the spring of 1945. From that time until the

present they have been added to successively by Mr. Harold Schweinler?

Mrs, Nancy Dismuke, and the present compilers0

From Aug. 1946 - Oct., 194? cross section data were reported regularly

from both the secret and open literature by the Isotope Information Committee

(CL-IIC-#1-10)» The non-secret items collected by this committee amounted

to about three quarters of the total number and have recently been published

as a supplement to the May issue of Hucleonics0 Since the time of the last

report of this committee (Oct., 1947) the compilers have relied upon their

own surveys of quarterly reports, library lists, and upon checking of the

Physical Review for new cross section data. The present list can be con=

siderad as an addition to Mon P-405 and Hon P-405 Supplement and Errata

which form a compilation of cross section data for the elements H - Bi0 For

this reason it is labelled as covering the elements Po - Cm although no

cross sections are at present known for the elements P«e » ^L_a
04 ©7

jp^*



Graphs have been included when possible,. Many of these are Identical

with curves given by H. H. Goldsmith and H. C. Ibser in the "wall paper book"

AIUC-HHG~#70 These have been repeated here for the sake of completenessa

In cases where the curves of the wall paper book were found not to agree

exactly with those of original reports, the reports were followed*

Explanation of Tables

The designations SLOW and FAST appearing at the upper left hand

corner of a page refer to the neutron energy at which the cross sections

appearing on that page were measured. Slow neutron energies include thosa

in the thermal and resonance regions. Neutron energies given on SLOW pages

are in evv, Those on FAST pages are in mev.

For purposes of orientation the isotopes for each element covered

have been listed and information given on their abundances or radioactive

characteristics. This data has been taken from the table of G* 11 Seaborg

and I. Perlmanj BC»59, supplemented by recent project reports and open

literature results.

All cross sections are given per atom of isotope or element unless

otherwise stated0

All cross sections are given in terns (10*2* 4m2)..

When (X. decay can proceed by the emission of ex. particles of different

energies only the energy of the most energetic and most intense oi ray are

giveno These are designated g<~0 and <*m respectively.

Energies of photo neutrons have been taken to have the values estimated

in CLM-KW-5 for 20$ degradation.



ABBREVIATIONS

u0
scattering cross section CT£r transport cross section

cr* fission cross section

CHL
e

cross section for radiative capture by a target nucleus (Z, A)
resulting in production of the nucleus (Z, A+ 1)

o~ absorption cross section cj^ — <j'f -h o~

ctl total cross section as found from transmission measurements
ort - cr-s + o-f + a-&

CT(<5) scattering cross section per unit solid angle at angle & with
direction of incident beam

CT. inelastic scattering cross section

di energy of the ot particle of greatest intensity emitted by an
o( active nucleus

Ot, energy of the most energetic &• particle emitted by an oc active
nucleus

P pile

TC thermal column

Ra=Be-Par Ra-Be neutron source surrounded by paraffin

MD modulated cyclotron used in measuring neutron time of flight

CS crystal spectrometer

C energy of thermaliaed neutrons for which Cd differences were taken

T energy of neutrons produced by a thermal column or energy of neutrons
designated by experimenters as thermal without additional information

^ neutrons emitted per fission

Y] neutrons emitted per neutron absorbed ^ *» *//(l+ <* )

«' f



SIjOW and FAi-T

88 Radlgg,, JKa/
222 224 fhX

38 s Id 3*64 d
<*6-3 Gfe_ 5,717 o(5.661

(55«
r *

225 226 227. 228 '

a d 1622 y
/T~. cU 793 /5

*. 0.05 6 shorter
of C*.»i ?

/0.3.9

6.-' y
/3-0,05.3

223

jpur-;c
Neutron q—
Knexijjy., ,, Measured .^—Ji£l!SX.^LiS.

Ra

226Ra

Ra226/' Ra-Be-Par

Ra226/': Rs-OUBe

Ra226/T^2

228
Ra

CAP"! ORE

Ra226

,-v 4 mev

4 LOO Peterson and e4?«

tixicr Ames and Ghiorso, A»2, '

<lxlC Pontew'orvo ant? Westv P

t^cliT4 Cook et al, r45<

^-0.003 tonte.?orvo and Vest, P«-6S "/5a

C2 Peterson and Ghiorso, P-

12 ^euborg and Manning, private como

-8- Ra SLOW and



SLOW

89 Actinium (

cXf-.SQ

227 228 CMsTho)

I3-, '• *>
/^...o: (99%) /3~lo5*

r 037, 015 yo.:97
oC 5 0 8 less energetic ^"s

Neutron

£iBrg3L
cr

,»feii.sured_ Reference,

Peterson and Ghiorso P-3, e473

Peterson, P-5, Vr.

=9= Ac SLOW



SLOB

2g8 (RdThj ^?—-«5-t5t~"-"5ngr~^32 m
100

25,8 h lt39xl010y 23,5m
tf~Oo055 ^4.00 ^"lo6

0,2 »o r

30,9 a
0^6.3

18,6 d
d~Q 6,049
<*a 5,988

v* complex.

7„000 y ScOxlO** y
ot. 4o85 ^4,66
^ 5,05 r

1,90 y
06 5o3339 17?

5„418s 83$

Origin cf)A
not clear See decay scheme for UXj on page 12

TOTAL

232
IB

SCATTERING

Th232

Neutron

Souro«-

cs

Neutron

T

0o04» 15

T

Measured

graph

12.78

ABSORPTION

Th232 P

C 6.0
[*S"Se»H«§ Q 7ol

CAPTURE

Th23223.5 TC

Ra-Be«Par

T

T

a- at

0,025

19,8

7.2

9o4
7.0

7.58*10%

6.8

6,75

dE/E<r 81,3 for infinite
dilution

-10-

.Reference

Anderson and Bistline, A-1,'44

Sturm and Turkel^ S-l, '46.
Figure 1,

LA-140A:,

Wattenberg et al„ w-l„ ;'44<

Meitner, ft»l, "40e
Vols, V-ls »43-
Pomerancej private "0*981.

May 1'48. Oscillator.

Seren et al, S»6„ !'44<

Grummitt et al0 G-7* '44- *tqu
cr(Th)/o-(I) = 0 975,

Grummitt et al, Q»7, ;'44> From
cr(Th)/0"(U) =2.64

Hughes and Eggler, H-5, "45
Curve given for values as
function of <t-.

?h SLOW
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SLOB and FAST

Thorium (Th)

CAPTURE

23 J
Th

Th23* 24 =5 d

FISSION

227
Th

228
Th

229
Th

230
Th

Th230Ah232

232
Th

^232/0238

Soux:

TC

Rn-B?

P

P

1-6 mev

25 fission

n's

» J1 !Ra~cUBa

Th23^ (OXi) 24.5 d

^~0,2G§.

Pa*H

Neutron

/3 0*112
20%

#"o,093

a- at

Bradt and

Scherrer

B~l, V

cr
EnergyMeasured; 0.02!? Referent

C

i;

c

c

4

i+1500
500

<0„3

45 ±2.5$

60c 0012

20?±15*

^6i8xl0"4

-2xlO-5

see graph

0022

0U25

50

1500=2000

Seaborg and Manning., private
communication

Hyde et al„ H-l, 84",

Peterson and Ghiorso, P-l,

Studier and Ghiorso, S*4

Studier et al, S-2

Seaborg and Manning, S*'

Jentschke et al.,

Farwell and Kaon, r-1,'46

Seaborg and ManningSS~7/46

figure 2o

Mcak et al, K-2, "45.

Cook et al, C-l, 45.

nd FAST
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,6 ti~ "~ <

r

1x10* y J2 d 27,4 d
2 (87*) Z3' t) /3~~0<,2

<20t) f 0*084"

u-298

r
1,2

atvl'

; 3>

Se* - on

next page

Seutron Haul

irj

P

Ool5-3.->0 aev

iJa

P.a-Be-Par

s-Be •sv

Fa

Pa2'

6 0
graph

< 1

•

& 500

Ghiorso et al„ G

Farwell nnd Kahn, f-
Figure 3«,

Perlman. P~l, '46*

Hagemann et al,
3orst, private connumioat

Pontecorvo and West P«=6, L

Pontecorvo and West., P-6„

Bentley et al, B»2P '46

E. Barney et al, B=9.„ *46.
* m n m



SLOW and FAST

91 Protoactlnlua

CAPTDRE

Source

231Pa

233
Pa TC

mz w
236

/3 232

n234

/Tl„5

/j"I,54

tfa

:i

0,2$

/?0C82
tE.

5U78£

0o15$

JK394
/? 0,45

/T~l„2 I 90$
10$

JL

Ey* 0,8

Hc L, Bradt, private communicatioa to
R, W„ Stoughton, Febc 194

Neutron

JSSIgj_

V

CT"

M«HSU2'e I

290±20$

37±14

15-•' j-

Referen?e

Elson and Sellers, Ed, 847,

Eatzin and Hagemann, E=>ls "46;

Pa SLOB and PASS
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•:-:.a^

U(natural)and D23*
220___2*1 mjSXnmam _?J1 m.

0,005

2 ?5xl0-

<*4«76

221 2&
0.71 itlnued

y 8,6x10^ 2xl07 y
ctC. 4»36 {70$) oc 4:5
f 0,187 (70$)

on next

page20,8 d
015,86

TOTAL

«238

SCATTERING

U

4.2 d 70 y
d-5c31

1,62x10*7
c~4 82
X1 0.040

0.080

031

Neutron

Ra-Be-Par

Rn«Be~Par

Neutron a-

Measured

23 em C filter

D-D-Par

?

?

-0,0018
-0,0042

C

23
20

31*4
25.7
16,0

n

MS
n

P
n

0*025
n

n

,015»3 ev

15 o3
15,3
15.7

graph

InRes l,44ev

Ga "

1:,4~4 ••

9,3)
H J

9c6

^Whitaker et al? W-2,
Reference

Goldsmith et al.

'39., U aetal.
,G~8, 39, U 0g.

Value used for cr (0) not given,
E~ Lc Anderson et al, A~5, '4
Fermi and Marshall,, F=6, 1'44-
Carlson et al, C-3* ^Og, cr(0) =4.1

Fermi and Marshall, F--5,, ,:44o
Anderson and Bistline, A-l, "44;
Havens and Rainwater> H»6» '44»

» » . Figure 4,

Bragdon and Marshall, B-ll, J44« Values
vary slightly with absorber thickness.

E„ E, Anderson et al, A-6, s44„

TC 0,025 10,75 H,. L.. Anderson et als A-8, '44--

Ra-Bm-Par

TC

P
B

?

T

AcRes
Epi Cd

-12

8.5
9,6
17

•39.
Based on cr-

1

(CW.
(C)~4.

= 4.8(
6

Whitaker et al, W-2,
Bragdon, B-16, *44»
Laagsdorf, L~4, '44o

BF^ chamber.

and 0238 ;'iLOW



SLOW

g (natural) and P238
227 —Ma^

^9935^

6»8 d
£"0.14

0,35

r o,u
0,23

0,53

4,50x10* y
oL 4,180

J2SL

23-5 m
0- 0,56 (10$)

1,20 (90$)
r 0 076

0..3

•SSK&

io h

u
Neutron
Source

C7-/U atom
Measured Reference

f -dE/E Rn-Bs ;•-• 239 Anderson and Ferrai, A-11, B41o
J a « (C) 253 Anderson, A=129 '42.

.i " (H20) 255 a an

u 240 Anderson, A*13„

Cyclotron ~10=1000 graph Creutz et alj, C-4-
a 17-1600 n Mitchell et al, H-5, "44^

• P 8o2-400 M Goldstein and Hughes, G~10, '46, Basec
n

00 221

See also
r a

fcrdE/E for Jn = 3,000.,
Graham et al, G=9, R44«
Dancoff et al, D~5, *46c.

n238

ABSCRPTION

ACTIVATION

13,5 m

Consistent

set for U

Heutron

Source

TC
a

Ra-Be-Par

Neutron

Energy
0.025

n

<ra(28)
CTa(25)
0-1(0)

-t,(u")
o--(n)

cr
Measured

"5" 58

2 53
2,6

2,86

2 59
2,66

2,59
4 60
7,2

:=

Anderson et al, A-7,
Based on cr(B)

Seren, S-6e '44.

'44-,
703.

Dangftr method.

Rill and Bagle, H=4, ;44- From
o~ (28)/crf(25) - 0,66±0,02, (Natural U)

Based on cr(Mn) • 13-»0Ai - -**•*,
• er(i) = 7,0 ^Jflf^f al<

• • cr (Th) s= 7 0 J '» **•

•
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O—KOONTZ ET AL, K-2, »44
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REFERENCE

<rt2«n/«-C25)»0.39 RA-BE GOFMAN ET AL, 0-2, »42
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I W-5, '43

0-(2B)/<r-(25)-a4 RA-BE COOK ET AL, 0-1, '45
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FAST

U (natural) For graphs for a-A\f) and o-ju) and <rj,(28), see Figures 5a and 5b«

Neutron

Source

^NTIAL Li-p

n rnergy

after
scattering
>E(bias)

Li-p

Li-p

SilniUail

,600

1*5

1,6

!i£ia.9l

0,160

0-350

0 16

0,16
0.35

0:50

0,75
1,20

0,50

0 >75
1:20

0,50

0»75
i,20

^1,0

f 28 fission
'threshold)

a?

"90^=180^"

30°= 60°

»

6G°-90°

90°-l80°
*

3d°«60°
n

18

60°-90°
a

a

90°~i80°
n

115°
138°
U8°

6o0

11,2

11,9

7,3
6„J3

4o0

3.«

8,2

6,5

7*5

3o4
3,6
lc8

2 t

2,1

2C2

2

1.9
1.7

P.ofereTVj£
Olum et al, 0-2, 845c

Frlsch and UcXibben,
F«15v ',-';

<j-{&) is the cross section per unit solid angle for scattering at an angle CD
' with tfte direction, of the incident beam.. The values given are Averages for

the angular ranges indicated.

•22* U (natural) FAST



FAST

U (natural)

Keutron

ERENTIAL D-D

INELALTIC

n energy

after

scattering
'-7(bias)

D»D

Neutron

Scire*

X-Be

Li-p

D-D

Ra-3

H3»D

ElMiial}_Eibiasl
0o75
1:30
2,25

3,0

5,1

E(initial)

0.2

0,6

le5

3-0

34

0,75
1,30
2:25

0,-,75
1 30
2-2S

^1„0
28 fission

threshold

E(biis)

AZ^ 40kev

0/16

0,35

0 SO

0-75
1,2

0c75

lc3
2.25

10

~L2

~3

#<•

30°-60°

60c~90°

90°=180°

45°
115°
138°
148°

en

0.4

0-0,75

0

0,4

1.6
1,9
2o0

lo8
2.,7

2,7

2,5

1,65
1:65

Jjj&l&l Referr ri-o<

Olum et al, 0-2, '457 8
61
6,0

13
0,6

1,8
0.95
0,95

2-3
1,8

lc5
lo3

Frisch and &c:.

F-15, p43o

Reference

Fischer et alp F-17, "45

Barschall et alfi B»18, li44<

a w a

a it a

Feld, F~l6, '43-

Barschall et al, B-19, '47. Cu
and Al used as threshold detector

U (natural) FAST
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U (natural)

SCATTERING
and

TRANSPORT

U238

n,2n

Neutron

Source

Li-p
n

D-D

Be-D

Neutron

Energy o-n >30l
0:20 8,4
0,60 6,3

1 50 4,7

3,00 4,3

tr

7,5
5.2

4o3

3o8

3-5 crt(U205) = 13 oO

Reference

01umfl 0=2, "45o
o^ and cr^ include cri»

Kay and Powell, B-3<

(yield of 37)/(yieia of 49) = 00003 ± 50*
Tt Jo La Chapelle, L, B,

Magnusson, private
c oramunicat1on.

Beard, B~20, "45c

24= V (natural) FAST
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~lron Neutron

Knerav
Cr- [grencjp

0?025 ev 566 E* Fermi et al* F-12.

R 559 Anderson and May, A»9V -^ «d

°s ~ 8
a 566 Lichtenb*rg«rv 1-inn et al,

Assumed cr~ = 8.
s

Average := 564

tc

TC

TC

!otron

;raphite

0.02-500 graph

487

481

Average » 488

E, E. Anderson et al, A-10,
Figure 6S

is experimental work gives only relative values of cry An absolute
at 0,025 ev of 488 was assigned by taking the average of the

giving cross sections which were found by comparison with 25«
vrs assumed that cn^(0,025 ev) = 1,13 cr^, and that 0^(0,025 ev)=ri,15<

r the tars indicate averages over Llaxwelliasrs distributions for •
XT » 0*025 ev- (See Figure 10 for variation of the 25 factor with kT,)

25) at 0,025 ev was taken to be 547,

Lichtenberger, Mnn «t al, 46.

Anderson and May„ A~9, -44

De Wire et al„ D~3, 46,

U233 SLOW
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U233 SLOB

V

77 *

ron Neutron

jga Energy

Based on •*/(25)

Cyclotron
-egTaphite

TC

Consistent set

a\ ~ 564
<rf »49C
'T ~ 74

a—

2,50

2.57

2,70

2„38

2,33

2,35

Average =. 2,35

at 0o025 ew

at 0.025 er

»27»

Refer-•nee

DeV.tre et al, D-4. '44. Froa }) -3)A >25)
prompt » 1,033, 0,76* delays 25, 0o24
delays 23,

Anderson and May, A-9, "44. Cocpared'
n emission and fission folle>
of 23 and 25.

Anderson and May, A-9, "44= Froa 11
emission rates and <r i23)/cr (25)
= 564/644o

Lichtenberger, Sinn et al..
Oscillator used to compare vity
ehange due to 23 and E

Lichtenberger, Zinn et al„
From comparison with 25
y?(25)= 2„12„

V*2.70
^-2.35

n233

!+-<* = 1.15

SLOW
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0-235

TOI

ION

m

:'_»

Neutron

C904-1000

0.01^.-200

0,025

0,025

Average

(J-

graph

graph

653

645
640
642

642

644

-29-

Reference

Rainwater et al, R-2, "46,
From measurements en &,."//
enriched to ~95% in rv-/
sections on graphs are per
sample rather than per atom of

E, E. /»nrierson et al» A»c, "tj*c
Figure 8.
Assumed arm — 9-.2»

Fermi et al, F-10, '7.3.
Fermi and Marshall, F-6, '44«
Lichtenberger, Zinn *»t al,

L-6, '46c
Fermi and Marsha",!,, F-31,
From 3-^(255/^^1) =• \

"TOW

'
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n235

FISSION

CAPTU1E

Keutron

Source

m

Keutron

Energy.

G,0i~i0OO

cr

graph

Reference

E. E Anderson et al, A-6,
Figure Ba

The experimental work gives only relative values of <T~£ *n
absolute value at 0.025 ev of 546 has been assigned from the consistent
set on P*g« *4° .

The values below are based on the assumption that { cr{/crb at
0,025 ev) = 5Bv/crT'where a~h is the cross section of the comparison
.material and the bars indicate the experimental averages.

Ra=Be=Gr

Cyclotron
+ graphite

0,025 541

552

554

547

510

Boron absorption curve

X and W

piles
0,025 101 ±8

-30-

ModifiedSnyder and Ailliams, S=10, <44o Modi
for Q^O,900x10' sec"1:. Froa p 22,
crf = (640x:867)/(lt14x0:90)

Based on ^\B) =703 ) Bailey <-t al,
" " cr^(Li)^64 9j B-17, {44.

" cr{tin) = 13.0 ) Deutsch and
" cr^(Au)=95 r Llnenberg

E«=*., 44

Fermi et al, F-13, p45.

Williams and luster, W=5, '46. *ass
speet., measurement . Flux from
fissions, crf - 540,

l7235
SLOW
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— FIGURE 9 —

RAINWATER ET AL, R-2, '48
ACTUAL VALUES MEASURED
ARE 6IVEN ABOVE 6 VOLTS.
SEE PAGE 29 FOR DISCUSSION
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1.15

1.14

1.13

1.12

I.II

1.10
0.025

FIGURE 10 —
DR. 5875

(kU
.235

r FOR U FROM DATA OF FIGURE 8.

7 IS AVERAGE OVER MAXWELL DISTRIBUTION.

0.05

kT IN EV
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g235

• iron Heutron

Energy

&:9trJrt
H

T

•

• s const. to 10$ fr

*/{l + <* )

Cyclotron
+ graphite

Consistent set

OV r-

644
546

Value

Measured

O0I8

0a83i*006

Reference

Fermi and Karshall9 F-lls »440 sfeasured
crf(25)/craCU) ando;<2*:

Williams and luster, K-5, ass
spect, meas. Flux not involv

r

2,14

2 .15

2.11

at 0*025 ev
» R

Snyder and Williams, 5-10„ '4v modified
for Q -0,900x20~ see"1,, Froa jom-
parison with n^s emitted froa .standard
sourcea

Fermi et al, F-10? "43o From effect on
pile reactivity of sample of 25 and B
sample of equal absorling pow

Fermi and Marshall, F-6, B44. .•-"•
method.

Lichtenberger, £inn et al, L=6t '..£.-
Oscillator used to find reactivity
change„

^=2,50
7i 3 2,12

1+-CC = 1:18

ir^35 slow



FAST

*j'~~'"'* Curve for <j~ given on Figure 11,

Keutron
Source E(initial) E(bias) 1

INELASTIC Li-p 0*2 0,7

n energy

after

n 0o6 0,175
0,360

0,8

lei

scattering
<.E(biae) » 1,5 0,47

0,75

D=D 3,0 0 75

50

2.25

TRANSPORT Ll-p

D-D

0.2

0 6

1.5

°tr
8,.l
5.4

49

4.3

Reference
Barschall et ai„ B-I8,, '44

Barschail et alc 8-18- *44<
Includes en

f

U235 FAST
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SLOW and FAST

U (Other isotopes)

Meutroa Heutroa <J-

Souroa BnereV Heasurei

FISSION

t£30 TC J ^25

g231
TC I '^SO

u232 TC I 83

•g234 T 2„7

TC T 1*9
F I <- 0..65

T 3*5
40 kev 0o047

220 kev O0O65
Ra=Be 0„73

CAPTURE

D236
TC 4 30

37=°5I=

Jeferejge.

Bsntley et al, B~2, °46c

?an Winkle et al? V»2, ('47,

Linenbergorp L=5»
Farwell and Kahny F~l9 °46o
Shapiro,, S-l!? r'48o
<Ti(24)/ <7>(25)= 0o064^

• =0o02 I
« *0.04 f
» =r0o56 J

XJU140

Finklestein and Turkeviebu F«14» H45<

b* (other isotopes) SLOW and FAST



SMR and FAST

3? Hoptunium (gp)
J2522L

4o40 d 400 d

I X

^* 1„9 a"

FISSIOI

Hp2^

a«236

237
Up

238
Up'

239Hp

CAPTURE

23*up

s<as£*L

TC

P

P

P

TC

J2L

22 h

fiT> Ool
.£ 102

r

Heutroa

j£§£gH~

T

C

c

0*1-3 mev

C

T

ML

2„25xl0t) y
(X4.72

cr

1000

105

0*019
^0,10

graph

1500
1600

<20

<10

144

ng2n No clear

for n,2n
uut evidence

reaction with

at present
piles n's«

•38=- * n:

238
• <•• *-—-••••-

§22.

2.10 d 2.33 a

/T0..2 C60%) /3"0c48, 0,70
1,4 (4036) T °»5, 0,208

^1,2 0,226, 0.276
0o075 ©~

Mtrwwf,

Bentley et al, B-29 s46.

Seaborg & Manning, private communioa-
tion.

Ghiorso et al, G»59 "47 and 3-3, 846c
Farwell and Kahn, F~ls 946„
Figure 12. Blair et al, B=3, "45*

Perlmanj, P=ls
Studier et al, S-5, "47, From

o-f(38)/cr-f(23) =* J.07.

'46,
., S-5,

Deutsch et al, D-l, "460 Observed
cr-- U-4 with possibility that
undepleted U was introduced as
impurity„

Floyd and 5eofield9 F-8, "

Jaffey and Magnusson^ J=38 946,

W. M, Manning*, private communication
July 1948,

8p SLOW and FAST





SLOT.'

Pu;?39 See page 45 for Pu half lives and activities,

100 rv

f crdE/E
J

0,04 ev

Neutron

Source

Maxell
distribu

tion

Keutron

2480 m/s
Sjjj = 0,-025

CJ"

520

-40-

Referenoft

S. E, Anderson et al, A«15, '45, Figure 13

E. E, Anderson et alv A-l6, '44=.

H. L. Ande-scn, A=17,, »44.

From numerical integration using curve
of Anderson,, A-I5*

h t» n « • * " n

Mason, M»4, "47, Calculated from curve
of A-15 for infinite dispersion of
Pu in Hanford pile.

Pu239 SLOW



SLOW

Pu239

FISSION

100 ev

er dE/E

0o04 ev

Neutron

Source

HS

Neutron

0o02-500

di

graph

Reference

E. E. Anderson et al, A-15, '45c Figure 13.

The experimental work gives only relative values of CTV An absolute
value at 0,025 ev of 701 has been found by taking the average_of *"•
following cross sections which are based on measurements of 0~fU9)/jf(25)
Fipure 8 gives a=>(25) = 475 for an average over a 3toell_distribution
with kT = 0o025<. ^Figure 13 gives (^(49) at 0-025 ev) =o-(49) lo058o
Thus ((7-f(49) at 0,025 ev) =£a^(49)/^f(25)J|475xlo058oJ

TC

Cyclotron
-+- graphite

0«025

Average

Boron absorption curve

709

689

704

701

325

=41=

H. L. Anderson and Kagle, A=14„ "44;
Used solution-.

Snyder and Williams, S=10, "44«

DeWire et al, D=6, 944<>

Fermi et als F°13, "45.

M=>4, '47, Calculated from curve of
Figure 13 for infinite dispersion of
Pu in Hanford pile*

Pu239 SLOW
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.

•

N-utron

Enerpr
Value

^asured

2,95

2 93

2.06

1,99

Reference

; arisen with 25 assuming 77 (25) = 2.50

De¥.ire et al, D-79 '..

Snydsr and V. Milam* 9 844-

Anderson aid Ka^le, A-14, "44c
^C49)/^(25)^ 0,97

Snyder an;1 fellllamg, .--
for value of cr- v found froa >
13 by numerical integration.

Consistent thorns 1 distribution for which kT- 0^025 ev<.

0, - 1025

C} ^664

0c -361

• * 3.00

y •= 1.95

m/k3 "

l-r« - 1,54

Pu239 SLOW
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c^(PU239)

-FIGURE 14-

D-

6 -

X-

A-

BAILEY ET AL, B-4,'46
BAILEY ET AL. B-8, '44 HIGH RESOLUTION
CORRECTED FOR NEW <^<25)
BAILEY ET AL, B-8,'44 LOW RESOLUTION
CORRECTED FOR NEW o^(2$)
WIEGAND, W-2, *43 Y-BE
AGNEW ET AL, A-4, '44 D-D

X
• ' •

XXX
-*

O-(49)/0-(25)«l.57 RA»BE WIEGAND, W-2 '43
<f (49)Ar(25)*L59 RA*BE GOFMAN ET AL.G-2, 42
<r(49)/0-(iJJ h 4* RA«BE COOK ET AL, W-2 H3
cr-(49V<H25)» IB FISSION N'S LA-140, LAMS-95

0.1 1.0

Dr 5879
J 9

-

23-

».*-

1.8-

(O

1

3

1
2

Vr

i W
10



SLOW

94 Plutonium, (Pu)
234 ^2j5X 236 237~"~23T

8 h

oC 6 .2

K

^12 h or 207 y
?5y cc5,75

40 d

E

90 y
tf.5.5

§22 ^£L

2,41xloV 6„2xlCrV
^0,05 a 5*1 ol 10~3 %

003 /3"0=01~0o02

(X- 5,15
X-rays

.1U

Source

Neutron

Enermr
or-

Sfeasured Reference

FISSION

Pu236 P C large Perlman, P-l, s46«

Pu236 P

P

P

C

0

C

^.15
18

24

Perlaan, P-l, U6? and p.z, .
Reed et al, R»l, "47.
Osborne and Ghiorso, 0-1, »47«

Pu2*0 P . c <-180 Ghiorso et alj, 0-1, »460

Fu^O/Pu239 P c 0o09 Farwell and Kahn, F~4S "45.

Pu2*1 P p ^25,000 Mason, K-4, '47.

CAPTURE

Pu238 P C 300-800 Reed and Bentley, R-3, 447.

^240

Pu2*1

P

P

P

•
c

•

<~2,000
1,500

600

Mason, M~4, U7*
Seaborg and Mannings private c(

» n » »

>iQBunJ.ca'

Pu SLOW



95,. amerlaiua (Am)
2J8. 239

? ?

12 h

-rays K and L X-rays
e- oc

>" 1.4 285

—J..

510 y
a

HeutroaNeutron

Source

FISSION

Am2' P

"?

An P

(not Arn2^1)

.

a~
Energy Beasursd,,

yiRE

Am2**1 400 y

242

fa

400 v

oL (0.2?)

Reference

Cunningham and Ghiorj

Perlaan, P=2? D47~ if isotope
Involved has T£ of several
months.

tWHJtwum i^^'-fcn:

8 and Perlmai
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96 CuriiMi (Cm)

&L

29 d 60 d
<* 6,3 X

242

150 d
0C6.1

Neutron Neutron q—
Souree Energy pleasured

FISSION

C2*0 P C

CaA2 P c

P c

,

~ 20,00<

^ 70

3,500

Reference

Perlman, P~4 and P-l, B46r
Impurities possible,.

Perlman, F-4, "46,

Ghiorso et al, G=6, ?48c



REFERENCES FOR HEAVY ELEMENTS

A=i Ho Lo Anderson, Bistline, CP-1965, 20 (1944)»

A-2 D„ Awes, A. Ghiorso, ANL=4038 (1947),

A=3 %» Amaldi, D. Bocciarelli, F« Rasetti, G. C. Trabacchi, Phys= Rev,. 56,
881 (1939).

A-4 H» Mo Agnew, H, H, Barschall^ W„ C, Wright, J. Coon, R, Christy, E. R„
Graves, T. Jorgensen, J„ Ha Manley, B. HValdman, LA=»163 (1944)«

A»5 H. Lo Anderson, E, Fermi, L, Woods, CP-718, 7 (1943).

A-6 E. E, Anderson, L0 S. Lavatelli, B. D* McDaniel, R. B. Sutton, LA-158
(1944).

A-7 H. L. Anderson, Bistline, J» Dabbs, H„ Heskett, ft'. Sturm, J. Tabin0
CP»1965 and CP-2079, (1944) -

A-8 H„ L* Anderson, H. Heskett, J. Tabin, CP.2301, 15 (1944) =

A-9 He Lo Anderson and A, N. May, CP-2301, CP-2297 (1944) and MP-126, Last
report gives values corrected for redetermination of amount of 23
present in sample,

A-10 E. E, Anderson, B. D. McDaniel, Ro Bs Sutton, LA=190 (1944)«

A-ll Ho Lc Anderson, E„ Fermi, A~2 (1941)»

A-12 H. Lo Anderson, CP«235 (1942)„

A-13 Ho Lo Anderson, N=l6760

A-U H* L. Anderson and Do Nagle, CK-1761 (1944) . Transmission experiment
used solution to avoid errors due to grain size0

A-15 E„ E. Anderson, L» So Lavatelli, Bo D. McDaniel, R, B. Sutton, LA»266
(1945)o

A-16 E. E. Anderson, L. So Lavatelli, Be D. McDaniel, R. B, Sutton, R« Ro
Wilson, LA-91 (1944).

A-17 Ho Lo Anderson, CF-2161, 10 (1944).

=48-



B-l Ho L, Bradt and P. Scherrer, Helv, Phys„ Acta, 12* 307 (1946) and Phys*
Rev. 21, 141 (A) (1947),

B-2 W, Bentley, R« Elson, A. Ghiorso, E. X, Hyde, 1. lo Katsin, D.. Osborne,
B. F, Scott, M» Studier, Ro C. Thompson, S» Varsaw, CC-3699, 6 (1946)

B-l J. Mo Blair, Jo M. Hush, E„ Do Klema, L. R* Seagondollar, R. F0 Taschek
and Ca K. Turner, LA-232 (1945) and MDDC-394* Counted simultaneously
fissions from known 37 and 25 foils placed back to back in a mono-
energetic neutron beam.-.

B~4 C. L, Bailey, Jo M. Blair, D» H. Frisch, A. 0. Hanson, A. Hemrtendinger,
E, Klema, R* Perrys Ro Sherr, W. Seagondollar, R. F» Taschek, Co Mo
Turner, J, Ho Williams, LA-520 (1946),

B-5 Co L„ Bailey, T/4 S< L, Friedman, and R, Peterson* LA-447 (1945). Cross
section curve compiled by Co L„ Bailey, Do Ho Frisch, P. Go Koontz*
L. S„ Seagondollar, Ro F. Taschek, C; H. Turner, Jo Ho Williams.
Curves in this report supersede those of LA»150c>

B~6 J. M. Blair, Jo M. Hush, Eo D. Klema, L. 8. Seagondollar, R. F. Taschek,
C. M. Turner,, LA-445 (1945). Description of Be' and Mn bath methods,

B~7 Eo Bretscher, Au P, French, E, Bo Martin, BR=385o

B-8 C. Lo Bailey, Jo M„ Blair, D0 Ht Frisch, De Molt* Greene, X, Grelsen,
A. 0o Hanson, Jo H. Hush, B. Klema, Ro Krohn, J, L0 MeKIbben, R. Perry„
Ro To Richards, Lo K. Seagondollar, K. Do Smith, R. F. Taschek, C, Mo
Turner and Jo H„ Williams, LA-150 (1944).

B-9 Eo Barney, F„ To Bonner, Lc B. Borst, J. Halperin, J. P. Huat, C. 0sborne9
R. Wo Stoughton, private comraunicationo

B-10 Co Lo Bailey, Jo M0 Blairs K, Grelsen, A. 0, Hanson, B. Long, E. F. Taschekj,
C No Turner, Jo Ho Williams, LA-39 (1943).

B-ll Eo W. Bragdon, J, Marshall,, CP-1319 (1944) =

B-12 C„ Lo Bailey, Do H. Frisch, Do Greene, R. Krohn, R. Perry, H„ Richards,,
LA-256 (1945),

B-13 E. Bretscher, E. B. M. Murrell, 3i-1360

B-14 E. Broda, Do H, Wilkinson^ HR-574 (1945),

B-15 C. L, Bailey, Jo Mo Blair, D, H> Frisch, De Motte Green, A, 0. Hanson,
Jo M„ Rushy Eo Do Klema, Ro Krohn, R. Perry, Lo ». Seagondollar8
W. D. Smith, Ro Fo Taschek, C. Mo I'urner, J. Ho V.illiams, LA-188 (1944),

B-16 E. Wo Bragdon, CP-2081, 28 (1944).



B-17 Co Bailey, J. Blair, K„ Ia Greisen, Lo Helaholtz, R Krohn, R. Perry,
Ho To Richards, H. Russell, Jr., L= Seagondollar, LA-90 (1944)-

B-18 H. Ho Barschall, Mo Bnttat, W. C. Bright, E.. Graves, J. Ho Manley,
R. Valker, V. Welsskopf, LA-169 (1944)- The compilation gives the
values of LA-140 A (1945) which are slightly different from those of
LA-169 but presumably based on the same work. 25 results apparently
not corrected for fission neutrons3

B-19 H. Ho Barschall, G. Go Everhart, H. T. Gittings, A. Hemmendinger,
C. A. Jarvis, R, F, Taschek, LAMS-663 (1947),

B-20 W. Co Beard, CF-2914 and CN-2766 (1945).

C-l G. B„ Cook, Do M. Eisen, Bo H0 Flowers, MP-212 (1945)0

C-2 B, B, Cunningham, A. Ghiorso, ANL-4045 (1947).

C-3 G. R.Carlson,Jo H. Coon, M0 lona, Jr., L. S. Skaggs, R. G. Wilkinson,
A-31o

C-4 Ko Creuts, H. Jupnik, To Snyder, C»ll6. No date.

D-l MB Deutsch, Jo k, Uiskel, Ma I. Ramsey, LAMS-344 (1946).

D-2 M. Deutsch, Go A, Linenberger, LA-100 (1944).

D-3 J. W„ DeTire, R» R- Wilson, W„M0 Woodward, LA-485 (1946).

D-4 J. Wo DeWire, R<. Re Wilson, WUM„ Woodward, U-185 (1944)»

50=



D-5 S. Mo Dancoff, Ho V. Lichtenberger, R, G. Nobles, H. Kubitschek, Go Do
Monk, CP-3781 (1946).' From analysis of boron absorption of 28
activation find data consistent with interpretation that 7 ev resonance,
group at 47 ev, and higher resonaces account for 78#, 17%, and 5%
respectively of Ja-dE/Eo

D-6 J. Wo DeWire, R. R. Wilson, B. M. Woodward, LA-103 (1944).

D-7 Jo R. DeWire, R. R. Wilson, W. M. Woodward, U-104 (1944). Fron
comparison of coincidences between fissions and proton recoils.

2-1 R= Eo Elson, P. Sellers, ANL-4112, 27 (1947)

E-2 A, C. EngliBh, J. Gueron, MC-69 (1944).

F-l G. ?;. Farwell and M. Kahn, LAMS-354 (1946).

F-2 N. Feather and Eo Bretscher, CPB-111, 3 (1942) and HU136.

F-3 Do H, Frisch, J. Ho Smith, Co Ltt Bailey9 D, Greene,R<> D. Krohn, R. Perry,
W„ Smith, LA-554 (1946).

F-4 G. Wo Farwell, Mo Kahn, LA=444 (1945)«

F-5 E. Fermi, L. Marshall, CP-1255, 16 (1944)«

F-6 E. Fermi, L. Marshall, CC-1389, 23 (1944)*

F-7 R. Fields, Bo Russell,. Do Sachs, Ac ftattenberg, CP-3470 (1946).

F-8 J. Floyd, R. Scofield, Mon P-56, 25 (1946),

51*



F-9 E. Fermi, C-207, 2 (1942).

F-10 E. Fermi, J. Marshall, L, Marshall, CP-1186 (1943).

F-ll Ec Fermi, h, Marshall, CP-1531, 14 (1944) and CK-1761, 6 (1944).

F-12 E. Fermi, J. Hinton, £< D» P. King, LAMS-228. Quoted in U-140 A, 17 (1945)
and in LA-485. Date not known,

F-13 E. Fermi, H. L. Anderson, CP-2161 (1945). Ho ttchtenberger, CP-3195, 8
(1945)o

F-14 H. Finklestein, A. Turkevich. CP-3165 (1945). Preliminary experiment
reported in CS-2420.

F-15 D. H. Frisch, J. Lo MeKibben, CF-625 (1943).

F-16 B. To Feld, CP-964, 24 (1943).

F-17 M. Bo Fischer, S. L. Friedman, A. 0. Hanson, E. D. Klema, J.. K. Williams,
U-276 (1945) c

G-l A. Ghiorso, CS-3436, 38 (1946) ,

G-2 J. Wo Gofman, R. B. Duffield, C. Go Blanchard, C. T. Seaborg, CF-392 (1942)j
G. Friedlander, Jo W. Gofman, G. To Seaborg, CF-221 (1942); U-140.

G-3 A. Ghiorso, W. Mo Manning, Go To Seaborg, MIC-WMM-Uo

G-4 A. Ghiorso, Mo Ho Studier, Bo B. Cunningham, P. R. O'Conn-*, Moa S-29,
7 (1945)o

0-5 A. Ghiorso, D. Wo Osborne, L B. Magnusson, ANL-4047 (1947).

G-6 A. Ghiorso, S. Go Thompson, N. Ho Hopkins, L. Be Werner, ANL-4114 (1948).

C-7 W. Eo Grummitt, J. Gueron, G. Wilkinson, aS-70 (1944)•

G-8 H. Hr. Goldsmith, V. W. Cohen, Jo R* Dunning, Phys. RevQ 55, 1124 (1939) o

* Values given corrected for T£(23)» l,62xl05 y and T£(49)=2ci. j3



G~9 G. A. Ro Graham, H, H, Halban, H. Seligman, MP-42 (1944)= Neutron
absorption in the resonance region in an aqueous solution of uranvl-
nitrate. Find p ^ (9.1±2)j6 for 4208 H/0\

G-10 N. Goldstein, D. J. Hughes, CP-3580 (1946).

R-l E. K. Hyde and Ro J. Bruehlman, ANL-4086, 20 (1947) and E. K, Hyde and
W. Mo Manning, CC-3837, 10 (1947).

H-2 P. To Hagemann, Mo Ho Studier, A. Ghiorso, CF-3796 (1947),PPR, 17B #9, 4.

H-3 A. 0. Hanson, L» W. Seagondollar, Lyda Speck, U-562 (l°46).

H-4 D. Lo Hill, Do Eo Nagle, CF-1686 (1944).

8-5 Do J, Hughes, C. Eggler, CP-3093 (1945).

H=6 tt. K. Havens, Jr, and L» J« Rainwater, M~1103 (1944).

J»l Wfi Jentschke, F. Prankl and F. Hernegger, G-45o

J-2 A. H. Jaffey and Q. Van Winkle, CF~2860 (#8), 4 (1945).

J-3 A. Ho Jaffey and L. B. MagnussoUj, AHL-4030 (1947) and CF-29H (1945) s
Go To Seaborg, A. Ho Jaffey and Lo B. Ma&Tiusson, Science 2&b» 379 (1946)

•53



K-l L. I. Katsin and F. T. Hagemann, CC-3699, 8 (1946). Also CF-3630 (1946)

K-2 Po G. Koontz, T. Ao Hall and B. Rossi, U-128 (1944).

L-l C. Ao Unenberger and J. Ao Miskel, U-467 (1946)

L-2 R Ladenburg, M. H., Kanner, h\ Barschall and Co C. Van Voorhis, Physo Rev,
56, 168 (1939),

L-3 Go A, Linenberger, M„ Lo Perlman and E„ Segre, U»l6 (1943).

L-4 A, Langsdor/, CP-2638, 8 (1944).

L~5 Go Ao Llnenberger, U-140 A. Corrected for weight according to UMS=354.

L-6 H, V. Lichtenberger, r. Ho Ziim, R Nobles, Go S. Monk, A. S. Langsdorf,
Jr., Re, Purbrick, Ho Kubitschek, S« M„ Dancoff, CF-3651 (1946),

M~l Lo Meltner„ Nature J^g, 422 (1940).

M«2 Co D. Moako So Bernstein* Lo A. Pardue and E. 0, rollan, CP-2843 (1945)*

M»3 A, N, May and C. F„ Powell, Br~94«, No date, .

M-4 Ro Co Mason, Mon P-287 (1947)*

M5 Ao Co Go Mitchell, L„ J, Brown, Jo R, Pruett, E„ D. Bering, CP-1676
(1944). Based on Anderson's value for infinite dilution of 240,,
Curve of Project Handbook Chap, IV E, Fig., t labelled "after Mitchell"
is one In general use*



0-1 D. r. Osborne and A, Ghiorso, ANL-4046 (1947).

0-2 S. Cohen, P. Olum. V. Weisskopf, U-274 (1945). Evaluation of experimental
results of U-169 (B-18).

P«l I. Perlman, RL~4.5o51 (1946).

P~2 I, Perlman, RL-4.5.56 (1947).

P-3 S. Peterson and Ac Ghiorso, ANL-4039 (1947),

P-4 1. Perlman, RL-4»5c,54<. (1947)»

P-5 S. Peterson, ANL-4042 (1947).

P~6 B. Pontecorvo and D* West, MP-210 (1945)0

P~7 I. Perlman, tJCRL-71 (1948).

R-1 Go Reed, t, M. Manning and W, Bentley, ANL*4112, 5 (1947),

R-2 L. J. Rainwater, Wo W. Havens, Jr., C0 S. Wu, Jc Ro Dunning, CDD-1,
CIID-4 (1948)o

R-3 G. Reed and Wo Bentley, CC-3780 (1947).



m and S

ao ar«i

S-4 er aad A

sr4 H. Bentley,

L. Sere. Hc Frie> lander an3

Bannln

G, T Seaborg, BNI 12 (1948), Brookhaven
.8.

G-9 E Segre and J, V Kennedy, CF-348, 1 (1942

•0 To M, Snyder, R. W. Ni

S-=ll Mo Shapiro, private communication 1948, Re m photogra
comparison of 24 and 23, and 24 and D in pile flux,.

T»l Rv F. Taschek, forthcoming rey

V-l H. Vols, 2. phys, 121, 201 (194

V-2 Q. Van Winkle, u, Elson, Wo C, Bentley, A. Ghior



fiattSJ private CO

793 0

Kiegand I

-507 (19/

D. Williams aster, U- ! Ho date- M„. Deutsch, U J A
U-5U (194*


	image0001

