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Fission data obtained in the Petrel event of’June 11,

1965, are presented graphically and in tables, Including

calculated standard deviations. The isotopes studied were
233U 235U 239n 240W 241W 241m and 242h; the neutron

s 9 s 9 * s

energy range covered for most isotopes was 20 eV to 1 MeV.
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I. INTRODUCTION

This compilation contains the experimental neutron-

induced fission cross sections for 233U 235U 239n 240PU
9 Y 9 9

241Pu, 241Am, and 242Am, derived from an experiment performed

in conjunction with the Petrel event of June 11, 1965. Al-

though a detailed description of the experimental procedure

and data reduction technique may be found elsewhere, (1,2) a

brief description follows;

The nuclear device used as the neutron source was located

below ground, with a vertical 185-m vacuum pipe leading to

the ground-level experimental station. In order to enhance

the low-energy neutron flux, a 5-cm-thick polyethylene moder-

ator was placed in the pipe some 40 cm above the centerline

of the device. Neutrons passing up the pipe were reduced to

a Pencil be~ by means of a collimator near the surface with
2

a 3-cm aperture. After passing the collimator, the beam of

neutrons entered the first of a series of experimental stations.

This station contained the seven fissile isotopes whose cross

sections are listed in this report, plus a background monitor

and a 6Li foil used for low-energy flux shape determination.

The length of the neutron flight path to each foil was

established prior to the experiment, and the burst of y rays

released at detonation provided a time mark (corrected for y’-

flight time) for neutron release. These fission neutrons

were all released from a well-defined surface within 0.1 ~sec.

The knowledge of the flight path and the well-defined neutron

origin and birth time permitted the establishment of an accu-

rate energy scale. Neutrons which were “thermalized” by the

7



moderator, which dominate the flux below 320 eV (see Figs. 1

and 2), were delayed, the peak output coming 3 p,secafter the

burst. This interval was determined from studies of selected

resonances near 320 eV in
240Pu and in Pt.

Fission fragments from the fissile foils were detected

by solid-state detectors located out of the neutron beam,

5 cm from the foils. The high reaction rate produced a cur-

rent in the detector circuit which was directly proportional

to the product of flux, cross section, and foil atom density.

The detector current was logarithmically amplified and con-

verted to a voltage which was applied to the deflection plates

of an oscilloscope. A permanent record of the oscilloscope

beam position as a function of time was obtained by photo-

graphing the oscilloscope with a fast-moving-film camera.

The details of converting the film traces to cross sections

are discussed in Ref. 2.

A. Flux

As an intermediate step in the data reduction, the neutron

flux was established. For neutron energies above 10 keV this

flux was based on the 235U signal. The 235U fission cross

section assumed for this determination is shown in Table I.

For determining errors in our results, the standard deviation

for points interpolated from this table was taken to be 3%.

The flux shape below 10 keV was determined from the 6Li-foil
6

signal and the Li(n,a)t cross section (3) listed in Table II.

Below 1 keV, this cross section was taken to vary as l/v,

with a value of 946 barns at 0.0250 eV. The Petrel flux thus

calculated is shown in Figs. 1 and 2. The dips in the flux

at about 130 eV and in the vicinity of 15 keV are due to small

amounts of Co and Ni in the beam. The high-energy flux shape

●
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Table I

Fission Cross Section of 235
U Used for Normalization

E(eV) a(barns)

1.0 x 10:
9.5x 10
9.0
8.0
7.0
6.0

5.5
5.0
4.5
4.0
3.5
3.0

2.8
2.6
2.4
2.2
2.0
1.8 X 105

1.23
1.20
1.18
1.18
1.19
1.20

1.21
1.22
1.23
1.25
1.28
1.32

1.33
1.34
1.36
1.38
1.41
1.44

E(eV) a(barns)

1.6 X 105
1.5
1.4
1.3
1.2
1.1

1.0 x 10:
9.0 x 10
8.0
7.5
7.0
6.5

6.0
5.5
5.0
4.7
4.4
4.2 X 104

1.47
1.49
1.52
1.54
1.57
1.60

1.63
1.68
1.73
1.75
1.78
1.82

1.86
1.90
1.95
1.99
2.03
2.05

E(eV) o (barns)

4.0 x 104
3.8
3.6
3.4
3.2
3.0

2.8
2.6
2.4
2.2
2.0
1.8

1.6
1.4
1.2
1.0 x 104

Table II

6
Li(n,a)t Cross Section Used for Normalization (3)

E(eV) a(barns) 6u/a E(eV) a(barns)

2.09
2.12
2.15
2.18
2.22
2.27

2.31
2.36
2.41
2.47
2.55
2.64

2.72
2.83
2.95
3.23

tja/u

1.0 x 10: 1.518 0.04 4.0 x 103 2.377 0.036
9.0 x 10 1.598 0.04 3.0 2.740 0.034
8.0 1.692 0.04 2.0 3.351 0.032
7.0 1.806 0.04 1.0 x 10; 4.732 0.03
6.0 1.947 0.04 1.0 x 101 14.964 0.03
5.0 x 103 2.129 0.038 1.0 x 10 47.32 0.03
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is that of fission neutrons. A slowing down spectrum extends

from this energy to about 320 eV. At lower energies the

thermal neutrons dominate the flux. The low-energy
235

U(n,f)

cross sections derived from this flux have been compared with

results of other experimenters
(4-8)

and found to agree without

the necessity of further normalization. Because this flux is

based solely on
235

U data above 10 keV, it differs from that

shown in Ref. 9 in the region from 10 to 100 keV. This change

was made because of uncertainties in the angular distribution

and cross section of
6
Li in the 10- to 100-keV energy range.

B. Background

.

The background signal from a Pt foil identical to the

backing of all fissile foils was obtained in the same manner

as the fission signals. This signal, displayed in Figs. 3

and 4, was subtracted from all signals prior to cross-

section calculations. It should be noted that except in the

high-energy region (i.e., above 10 keV) and at the clearly

distinguishable Pt resonances, the background is very low

compared to the signal levels from all fissile foils. The

high-energy background is not fully understood but is almost

certainly due to the copious quantities of photons, neutrons,

and charged particles released at detonation. At 1 MeV this

signal typically represented less than 10% of the signal ob-

served from a fissile foil. The neutron cross section for

the largest Pt resonances was great enough to reduce the flux

slightly as it passed through the foils; therefore, a perfect

background subtraction at these resonances was not possible.

In particular the cross section shape at 67 eV is slightly

distorted.

b

●

●

●
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c. ‘IYeatment of Errors

All errors quoted are standard deviations. In the

analysis, sources of error were divided into two categories.

Correlated error includes those sources which affect all the

data for a given isotope equally: geometry factors, target

density, average energy deposited in the detector per fission

fragment, and flux normalization. The “statistical” or uncor-

related error includes film reading uncertainty (root-mean-

square deviation of readings), statistics on the number of

events detected, amplifier and system calibration (including

reading error of the recorded calibration signals), and

background subtraction. On the graphs in the following

sections, the correlated error is shown by an error bar drawn

near the top of each graph; the error bars shown on every

50th point are the statistical errors only. In the table of

data in the Appendix, the errors given are the combined statis-

tical and correlated errors. To combine data properly by

summation or integration, the correlated error given at the

top of each page must first be removed from the listed errors,

and then recombined with the resulting statistical error.

15



I

II.
233U

D. W. Bergen, M. G. Silbert, and R. C. Perisho

The fission cross section of
233U from 20 eV to 1 MeV

is listed on pp. 116 to 134 of the Appendix, and is visually

displayed in Figs. 5 through 16. Table III contains integrals

and averages over selected intervals. Reference to these data
(lo)

must include reference to the above authors.

The 233U fission cross section listed here agrees with

published results above 1 keV. However, in the energy range

from 20 eV to 1 keV it appears to be some 50% higher than

data shown in BNL-325.
(11)

In fact from 20 to 200 eV these

data appear to exceed the total cross-section measurements of

Pattenden and Harvey.
(12)

Although the data presented here are based on only one

detector-amplifier signal, it was possible to compare these

data to cross sections obtained from another fission detector

and to the signal from a Moxon-Rae type y-ray detector. The

cross sections from both of these signals support the cross

sections presented here. The y-ray signal, of course, differs

from resonance to resonance compared to the fission signal,

but when averaged over several eV the ratio of the two signals

remains constant (within experimental errors) from 24 to

2000 eV.

The density of
233

U atoms in the beam path (at 45° to

target normal) was (1.63 + 0.05) x 10
-6

atoms/barn, as deter-

mined by a activity and by thermal fission measurements. The

areal density of the U02 deposit was 0.519 mg/cm2. The

16



Isotopic composition of the U was 97.96% 233U, 1.37% 234U,

o.07% 235U, and 0.60% 238U; results were not corrected for

contaminants.

A large contribution to the correlated error (*1O.8%)

for this isotope

detector window,

used. Reference

reduce the total

reduction in the

is the uncertainty in energy loss in the

as this detector had the thickest window
to 235U as standard rather

correlated error to *6.0%,

errors should be made when

than 6Li would

and appropriate

comparing
233U

to 235U
●
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Table III

E. .

‘1
(eV)

20.0
27.3
38.4
51.6
66.0

83.7
102.
130.
159.
195.

260.
320.
500.

1.0 x 103
2.0

3.0
4.0
6.0
8.0
1.0 x 104

105
2.0
3.0
5.0
1.0 x 105

2.0
4.0

-4

f o.dE and G. for 233U
El I

‘2
(eV)

27.3
38.4
51.6
66.0
83.7

102.
130.
159.
195.
260.

320.
500.

l.O x 103
2.0
3.0

4.0
6.0
8.0
1.0 x 104
1.5

2.0
3.0
5.0
l.O x 105
2.0

4.0
1.0 x 106

I

~adE
(barn-eV)

1329
96”7
542
972
1034

889
1504
951

1.23 X 103
2.46

1.83
4.30
1.02 x 104
1.24
8.62 X 103

6.83
1.05 x 104
8.97 X 103
8.49
2.14 X 104

1.89
3.26
5.63
1.11 x 105
2.18

4.00
1.08 X 106

af
(barns)

182.0
87.1
41.1
67.5
58.4

48.6
53.7
32.8
34.0
37.8

30.6
23.9
20.4
12.4
8.62

6.83
5.25
4049
4.24
4.28

3.78
3.26
2.81
2.23
2.18\

2.00
1.79

I

Standard
Deviation

5?5/3

O.108
0.108
0.108
0.108
0.108

0.108
0.108
0.108
0.108
0.108

0.109
0.108
0.108
0.108
0.108

0.110
0.109
0.110
0.110
0.109

0.110
0.109
0.109
0.109
0.109

0.109
0.109
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III. 235U

Wilbur K. Brown, D. W. Bergen, and J. D. Cramer

The fission cross section for 235
U from 20 eV to 1 MeV

is presented on pp. 135 to 154 of the Appendix and displayed

in Figs. 17 through 28. Reference to these data must include

reference to the above authors. (9)

This signal was used to normalize all other signals above

10 keV. The fission cross section used for 235U is shown in

Table I, and the data presented in the Appendix reproduce the

“fed in” cross section within the statistical errors of the

data. Comparisons to the results of other experimenters (4-8)

have been made for the energy region below 10 keV. The re-

sults of this comparison, listed in Table IV, show agreement

well within the experimental errors over the entire energy

range.

The number of 235U atoms along the beam path was (1.864 A

0.037) x 10-6 atoms/barn, determined by a activity, by thermal

fission, and by chemical and mass-spectrometric analysis. The

isotopic composition of the U was 99.77% 235U, 0.04% 234U,

o.05% 236U, and 0.14% 238U; no correction was made for con-

taminants.
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IV. 239W

Edward R. Shunk, W. K. Brown, and R. LaBauve

The fission

is listed on pp.

Figs. 29 through

cross section of 239Pu from 20 eV to 30 keV

155 to 172 of the Appendix and displayed in

39. Table V lists integrated and average

cross sections for selected intervals. Reference to these

data must include reference to the above authors. (13) The

data above 30 keV have been omitted because the two signals

from 23’Pu badly overwrote one another on the film at early

times, making the film reading difficult and inaccurate.

The number of
239

Pu atoms along the beam path was (1.55 A

0.05) x 10
-6

atoms/barn, determined by a activity. The areal

density of the PU02 deposit was 0.492 mg/cm2. The isotopic

composition of the Pu was 99.95% 239Pu, 0.05% 240Pu, and

0.0025% 241Pu; no correction was made for contaminants.

In the low valleys between resonances at low energies,

individual fission events can be counted on the recorded

signal for this isotope. Including a factor of two for the

light fragments which producepulses too small to count and

for pileup, approximate values of the cross section in the

valleys are as follows:

E(eV) u(barns)

20.4 0e5 + 0.25

24.2 oez * O.l

30.0 0.01 * 0.01

38.0 0.2 * oel

45



Note the good agreement with the signal plotted in Fig. 29,

calculated from the recorded current signal by our usual

method. Note also the extremely low value of the cross sec-

tion at 30 eV.
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El

(eV)

20.0
30.0
4000
54.0
70.0

92.0
112
140
173
210

300
500

1.0 x 103
2.0
3.0

4.0
5.0
6.0
8.0
1.0 x 104

1.5
2.0

Table V

E2

~ u.dE and=. for 239PU.
El ‘

E2
(eT?)

, 30.0
40.0
54.0
70.0
92.0

112
140
173
210
300

500
1.0 x 103
2.0
3.0
4.0

5.0
6.0
8.0
1.0 x 104
1.5

2.0
3.0

~adE
(barn-eV)

422
21.6

363
1160
1270

372
621
489
772

1.55 x 103

1.75
3.64
3.82
2.64
2.75

2.31
2.71
4.43
4.60
1.11 x 104

1.10
1.82

Zf
(barns)

42.2
2.16

25.9
72.2
57.9

18.6
22.2
14.8
20.9
17.2

8.74
7.29
3.82
2.64
2.75

2.31
2.71
2.21
2.30
2.22

2.20
1.82

Standard
Deviation

56/6

0.075
0.076
0.075
0.075
0.080

0.075
0.076
0.074
0.074
0.075

0.076
0.076
0.076
0.078
0.081

0.087
0.093
0.088
0.088
0.078

0.079
0.079
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