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Mass distributions in monoenergetic-neutron-induced fission of 39Pu

J. E. Gindler, L. E. Glendenin, D. J. Henderson, and J. %.Meadows
Argonne National Laboratory, Argonne, Illinois 60439
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Fission product yields for 24 masses were determined for the fission of ' Pu with essen-

tially monoenergetic neutrons of 0.17, 1.0, 2.0, 3.4, 4.5, 6.1, and 7.9 MeV. Fission product

activities were measured by Ge(Li) y-ray spectrometry of irradiated 9Pu targets and by

cheinical separation of the fission product elements followed by P counting. Yields of near

symmetric (valley) fission products increase nearly monotonically with incident neutron en-

ergy and do not exhibit a break in the slope of the yield versus neutron energy curve in the

energy region where second-chance fission begins. This is in contrast to the curves for

Th, U, and U neutron-induced fission.

NUCLEAR REACTIONS, FISSION 2'9Pu(n, f), E„=0.17, 1.0, 2.0,
3.4, 4.5, 6.1, and 7.9 MeV; measured mass yields.

I. INTRODUCTION

In previous papers' we reported reasonably
complete mass distributions (37 to 44 mass yields)
for monoenergetic-neutron-induced fission of Th,
z3 U, and 3sU for neutrons with energies from 0.17
MeV ( U) or near the fission threshold ( Th and

U) to -8 MeV. In the present paper we report
the yields of 24 masses in the fission of Pu with
neutrons of 0.17, 1.0, 2.0, 3.4, 4.5, 6.1, and 7.9 MeV
energy. Heretofore very little fission yield data were
available for this nuclide other than the yields com-
piled for thermal, fission spectrum ("fast"), and 14-
MeV ("high energy") neutrons. ' Cuninghame and
Willis reported the yields of six fission products,

Mo, "'Ag, ' Ba, ' Nd, ' Sm, and ' Eu, for the
neutron energy range of 0.13—1.7 MeV. To our
knowledge there are no other radiochemical or mass
spectrometric fission yield data for the Pu(n, f)
reaction.

II. EXPERIMENTAL

also present in the disks in amounts of —10
dis/min ((0.01 wt. %).

The targets were sealed in a flat, thin-walled

aluminum container and irradiated for periods of 8

to 16 h at the Argonne Fast Neutron Generator Fa-
cility in the manner described by Smith and
Meadows. The aluminum container was attached
to a low-mass fission chamber containing a thin,
standardized deposit of Pu to monitor the fission
rate. The Pu standard, obtained from the Nation-

al Bureau of Standards, was deposited over a circu-
lar area 12.7 mm in diameter on a 0.13-mm thick
platinum plate 19.1 mm in diameter. Its isotopic
composition was 99.10 at. % Pu and 0.883, 0.010,
0.006 at. % Pu, 'Pu, and Pu, respectively.
The fission chamber was positioned -3 cm from
the neutron source. Neutrons with energies & 5

MeV were produced by the Li(p, n) Be reaction.
Neutrons of higher energy were produced by the
H(d, n) He reaction.

Details of the monoenergetic neutron beam

A. Neutron irradiations TABLE I. Isotopic composition of plutonium targets.

Targets for the neutron irradiations were 12.7-mm
diameter by 0.127-mm thick disks of plutonium
metal with an average weight of 0.21 g. The disks
were prepared in the Isotope Research Materials
Laboratory, Solid State Division, Oak Ridge Nation-
al Laboratory. They were of two types, I used for
y-ray measurements and II used for the radiochemi-
cal measurements. The isotopic compositions of
these two types are given in Table I. In addition,
type I disks contained 700 ppm aluminum and type
II disks contained —1 wt. % aluminum. 'Am was

Type I

Type II

Pu isotope

238
239
240
241
242
244

239
240

at. %

(3 ppm
99.955
0.041
0.002
0.002

(0.0003

98.8
1.2
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characteristics were given in a previous paper. '

Spread in the principal neutron energy was 2—8%
for E„&0.17 MeV and 60% for E„=0.17 MeV.
Fission rates in the target disks were typically
4)&10 sec '. Other than the primary neutron
beam, neutrons with lower energies also contributed
to the fission rate. These neutrons were present
from the Li(p, n} Be~ reaction, deuteron stripping
reactions, and elastic and inelastic scattering from
the room environment. Small corrections (1—15%)
were made for the effect of these secondary neutrons
on the fission yields of masses that depend strongly
on neutron energy (A = 111—127).

B. Fission yield determinations

Fission yields were determined by high-resolution
y-ray spectrometry of an irradiated plutonium target
or by chemical separation of a fission product fol-
lowed by P counting. These two methods are desig-
nated herein as the y or RC-P method, respectively.
Yields of '29Sb were determined by both methods.
The RC-P method was used to determine the yields
of fission products with masses in the near sym-
metric (valley) region. The y method was used for
all other determinations.

For chemical separation of the fission products
the irradiated plutonium metal targets were dis-
solved in concentrated hydrochloric arid containing
—10% concentrated nitric acid by volume. A hy-
drochloric acid solution of the carriers for the ele-
ments of interest was added followed by a drop of
bromine to effect oxidation of antimony. Plutonium
was extracted from this solution by contacting it
twice with nearly equal volumes of 0.2 formal
weight bis-2-ethylhexylphosphoric acid (HDEHP} in
xylene. After extraction, sulfur dioxide was bubbled
through the aqueous solution to reduce antimony.
The fission products of palladium, silver, cadmium,
tin, and antimony were then separated, purified, and
mounted as samples for P counting following pro-
cedures described by Flynn. The samples were
counted in a calibrated low-background (0.5
counts/min) P proportional counter equipped with
an automatic sample changer. The radioactive puri-
ty of a sample was determined by following its de-
cay over a period of several half-lives. Decay curves
were analyzed with the least-squares computer pro-
gram cI,SQ. The observed counting rate at the end
of irradiation for each fission product was corrected
for chemical yield, counting efficiency, decay, genet-
ic relationships, and degree of saturation during ir-
radiation to give the saturation activity A „.

For y counting, the irradiated targets were mount-
ed on aluminum plates and placed in a computer-
controlled sample changer designed to give reprodu-

cible positioning of the samples. To reduce the in-
tensity of the 'Am 59.5-keV y ray and thereby the
dead time of the y-ray spectrometer system, a 2.2
g/cm steel absorber was placed between the sample
and the detector. The latter was an 80-cm lithium-
drifted germanium detector with a resolution of 2.2
keV (FWHM} for the 1.33-MeV y ray of Co. De-
tails of the y-ray spectrometer and the y countiug
method are given in Ref. 1. A large number (-40)
of y-ray spectra were recorded over a period of -1
month to enhance statistical accuracy in the deter-
mination of the fission product activities. The spec-
tra were analyzed with the computer program GA-

MANAL (Ref. 11) to obtain intensities of resolved
photopeaks.

The measured fission product y-ray activities as a
function of time were analyzed with the decay pro-
gram ci.sg (Ref. 10) to obtain activities at the end of
irradiation. Further corrections were made for
counting efficiency, cascade coincidence losses, ab-
solute y-ray emission intensities, genetic relation-
ships, and degree of saturation to give the saturation
activity A „.Values of A „determined by either the
RC-P or y method are related to fission yields by the
relationship

fission yield=A „/fission rate.

In this work the fission rate was determined by
counting the standardized sample of 2 9Pu in the fis-.

sion chamber as described previously. The uncer-
tainty in this method is taken to be +5%%uo.

III. RESULTS AND DISCUSSION

The results of fission product yield determinations
are presented in Table II and shown graphically as
mass-yield curves for several values of E„ in Fig. 1.
Also shown for comparison in Fig. 1 is the mass dis-
tribution for 14-MeV neutrons based on data from
Ref. 4. Uncertainties (10} in the fission yield values
were obtained by consideration of all known sources
of random and systematic error with the usual rules
of error propagation. For peak fission yields
(&1%) measured by the y method, uncertainties
fall typically in the range of 6—10%. Larger uncer-
tainties of about 15% are associated with the valley
yields measured by the RC-P method, and of
20—50% with the independent yields of ' I and

Xe. An assessment of possible error in deter-
mination of the mass yield due to direct formation
in fission (independent yield) of chain members
beyond the one measured was made from the
energy-dependent charge distribution systematics of
Nethaway. ' The calculations show that the mea-
sured fission product yields over the E„range of
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TABLE II. Fission product yields of monoenergetic-neutron-induced fission of 33 Pu.

Fission Measurement

product technique 0.17 1.0
Incident neutron energy (MeV)

2.0 3.4 4.5 6.1 7.9

87Kr

Kr
91Sr
92S

"Zr
"Mo
103Ru

105Ru

109Pd

111Ag

112pd

'"Cdg
121S~g

12SS&g

»7Sb
»9Sb
132T

133I

134Te

134Ia

135I

135X a

140ga

142L

143C

y
y
y
r
y
y
y
r
y

RC-P
RC-P
RC-P
RC-P
RC-P
RC-P
RC-P

y, RC-P
y
y
y
y
r
y
r
y
r

0.76 +0.10
1.13 +0.10
2.72 %0.16
3.05 +0.38
4.16 +0.40
5.67 +0.32
6.29 %0.42
7.57 +0.50
6.03 +0.55
1.14 +0.17
0.25 +0.04
0.14 +0.02
0.027+0.004
0.032+0.005
0.039+0.006
0.34 +0.05
1.18 %0,24
5.52 +0.38
7.64 +0.45
5.14 +0.42
2.92 +1.16
6.89 +0.37
0.85 +0.37
5.49 +0.33
4.88 +0.41
4.57 %0.36

0.83 +0.09
1.16 +0.09
2.71 +0.15
3.00 +0.38
4.43 +0.42
5.37 +0.33
6.03 +0.40
5.61 %0.54
5.44 +0.43
0.94 +0.14
0.24 +0.04

0.036+0.005
0.044+0.007
0.052+0.008
0.37 +0.06
1.20 +0.24
5.11 +0.35
7.02 +0.41
4.14 +0.31
3.31 +0.95
6.29 +0.34
0.92 +0.34
5.12 +0.30
4.49 +0.37
4.40 +0.35

0.93 +0.09
1.42 +0.10
2.94 +0.17
3.36 20;42
4.86 +0.46
5.83 +0.33
6.30 +0.44
6.97 +0.47
5.49 +0.38
1.10 +0.17
0.28 +0.04
0.16 %0.02
0.050+0.008
0.048+0.007
0.058+0.009
0.35 +0.05
1.27 %0.25
5.33 +0.51
7.32 +0.43
4.36 +0.37
2.46 +1.32
6.67 %0.38
0.73 +0.61
5.37 +0.32
4.92 +0.44
4.44 +0.34

1.04 +0.11
1.59 +0.11
3.18 +0.18
3.48 +0.43
4.67 +0.39
5.84 +0.39
6.21 +0.42
6.68 +0.48
5.47 +0.47
1.12 +0.17
0.45 +0.07
0.26 +0.04
0.11 %0.02
0.085+0.013
0.12 +0.02
0.76 +0.11
1.77 +0.35
4.99 +0.28
7.06 +0.41
3.28 +0.32
3.96 %0.80
6.43 +0.37
1.15 +0.31
5.10 +0.30
4.50 +0.36
4.22 %0.33

1.38+0.11
1.61+0.12
3.24+0. 18
3.70+0.46
5.41+0.56
5.93+0.35
6.36+0.44
5.83+0.95
5.53+0.41
1.41+0.21
0.63+0.09
0.36 +0.05

0.13+0.02
0.17+0.03
0.77+0.12
1.65+0.33
5.37+0.56
7.09+0.42
3.57+0.30
4.15+0.92
6.39%0.39
1.58+0.54
5.62+0.34
5.00+0.40
4.15%0.33

0.81+0.15
1.65+0.21
3.07%0.22
3.53+0.44
4.96+0.86
5.99+0.65

4.71+0.45
1.21+0.18
0.38%0.10
0.47+0.07
0.27+0.04
0.22+0.03
0.16+0.02
0.82+0. 12
1.58+0.32
5.07+0.52
6.30+0.37
2.45 +0.27
4.19+1.30
5.40+0.31
2.43+0.84
5.62+0.35

0.93+0.16
1.73%0.20
3.0320. 19
3.51+0.44
4.03+0.50
5.13+0.52
5.49+0.39
5.66+0.39
4.74+0.41
1.16+0.17
0.66+0.10
0.5920.09

0.31+0.05
1.08+0.16
1.67+0.33
4.92+0.39
6.24+0.36
2.86+0.24
3.28%0.66
5.21%0.29
1.83+0.48
5.49+0.34

'Independent yield.

0—8 MeV represent essentially total (&90%) chain
yields except for the independent yields of ' ~I and

Xe. From the fission yields of the isomers "Cdg,
' 'Sng, and ' Sng total chain yields may be estimat-
ed by using isomer ratios (m +g)/g of 1.11+0.005
for "3Cds (average value for several fissioning sys-
tems in Ref. 4), 1.16 for '2'Snii, ' and about 3.0 for
125S g 4

As with neutron-induced fission of Th, U,
and U, ' the praminent features of the mass dis-
tributions shown in Fig. 1 are the strong dependence
of fission yields in the valley mass region on E„(in-
creased probability of near-symmetric mass splits
with increasing excitation energy) and the weak
dependence of peak yields on E„. These effects are
illustrated in Fig. 2, where the yields of the valley
fission products and a typical peak fission product
(' Ba) are plotted as a function of E„. Also shown
at the bottom of the figure is the cross section oF
for neutron-induced fission of Pu as a function of
E„. The arrow indicates the energy [6.4 MeV (Ref.
14)] where second-chance fission (n, nf) becomes
possible. In contrast to the other fissioning systems,

Th(n, f), U(n, f), and U(n, f) studied at this

laboratory, there is no apparent break in the slope
(d 1nY/dE„) of the yield vs E„curves for Pu(n, f)
at the onset of second-chance fission.

The appearance of a break in the ln Y vs E„curve
depends on the relative cross sections of first- and
second-chance fission in the energy region where
second-chance fission becomes possible and on the
magnitude of d lnY/dE„ for the second-chance fis-
sioning species, A~ —1, where A~ is the mass of the
original or first-chance fissioning species. (AF 240——
in the present case. ) The fission cross section aF for
i39Pu(n, f) increases about a factor of 1.3 between
E„=5MeV and E„=8MeV. The fission cross sec-
tion for U(n, f) increases a factar of -1.5 be-
tween these two neutron energies. One may, there-
fore, assume that the relative increase in second- to
first-chance fission for 9Pu(n, f) is less than that
for U(n, f). Also the slope d lnY/dE„(or, more
properly, d lnY/dE„, where E„ is the excitation en-
ergy E„+8„,and 8„ is the neutron binding energy)
for the fission products shown in Fig. 2 is less in the
energy region where only first-chance fissian occurs
than it is for the same fission praducts in U(n, f).
If one makes the assumption that d lnY/dE„ for a



27

100 i
I

I I I

259'
( l

IQ-
leap BQ~~

MASS DISTRIQUTIONNS IN OENERGET C-NEUTRON 2061

1.0—
/

/

/

I
I
I
I
I
I

1.0-

0.1-

l27Sb-0-5-y

' Ag-~y
—0

01-

lP5
c Sasg

5~()

() I

112

121 rSn~

:10

o.01
80

' I

90 100 110 150 160

'Pu(n ) Glass dls

)d t were taken from Rm ef. 4.

iI

I I

115

001

4
I

l
LL

1

II(MeV)

~ Fission yields and cross
b

tron ener
ons as a ounction ofo neu-

given fission dproduct iniv d the
spectively, as d in'

u or U, then t" on o a neut ron pri-

fi io
H

cro tion and s
1 lik 1

n vsE
y to observe

cu ves at t
e any break

e pointed out, howowever, that th

sion'
gy region for the reis ener

ere are fe

an fo others studied

Some char

een over-

H

aracteristics
e ission yield data for

d fi io of "'P
e relative

and h

'
e change in

given in Tabl

ge number of neut

i experimentala values

TABLE III. ' Pu, ass d'Pu(nz, f) mass diPu, ass distribution hc aracteris-

Peak to
valley
ratio

Mean mass (u)
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group
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group
b

V

0.17
1.0
2.0
3.4
4.5
6.1

7.9

230
160
130
70
50
25
13

2.90
3.01
3.18
3.35
3.60
3.81

5

138.3
138.2
138.3
137.9
137.9
137.7
137.7

2.7
3.2
3.1
3.4
3.5
3.7
3.6

99.0
98.5
98.7
98.7
98.6
98.6
98.8
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0.0I—

0.00I

excitation as the fissioning nucleus moves from its
saddle to its scission configuration, has been de-
duced' ' from the ratio of "Cd to ' Ba yields vs
E„orE„ for neutron-induced fission of Th, U,
and 23sU. The magnitude of the dissipation energy
has been found to be inversely correlated with the
slope of the "Cd to ' Ba yield ratio vs E„ in the
energy region where only first-chance fission can
occur. Because the slope of this yield ratio is small-
er for Pu(n, f) than for either of the other three
fissioning systems (see Fig. 3},the dissipation energy
for Pu is expected to be greater. A detailed
analysis for this energy has not yet been completed.
However, a linear extrapolation of dissipation ener-
gies based on the fission parameter Z /A indicates it
to be -9 MeV for Pu.
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FIG. 3. The ratio of '"Cd to ' Ba yields as a function
of excitation energy for the fission of Th, U, U,
and 2 Pu in the region where only first-chance fission
occurs. The curves are merely to guide the eye.
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