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Experimental data are presented for the angular distribution of fragments in the neutron-induced fission
of Pu?® and Pu??, for a range of neutron energies from 0.65 to 8.25 MeV. The results are compared with other
available data for even-even target isotopes by means of the parameter K2 It is concluded that excitation
energy alone is not sufficient to describe the K¢ values for this class of fissioning nuclei. A correlation be-
tween K? and fissionability is obtained. Comparison is also made with data for the even-odd target nuclei
U5, U3, and Pu®®. It is concluded that the correlation with fissionability shown by the even-even targets
could well explain the major part of the “anomalous spin effect” shown by the even-odd nuclei. Data for the
anisotropy of fragments in the fission of Pu?! are also recorded.

HE angular distribution of fragments W(6) in

fission induced by MeV neutrons is generally
considered to depend primarily on the following two
factors: L., the maximum value of orbital angular
momentum, and the quantity Ko, which is the standard
deviation in the distribution of the projection of the
total angular momentum vector on the nuclear sym-
metry axis at the saddle point. The quantity K, itself
depends on the excitation energy E* of the fission-
ing nucleus. The role of the target spin I, has
generated considerable discussion, and is discussed
below. The anisotropy! is conveniently given by the
following approximation of Griffin,?

W(6)/W (90)=1+Ln(Lm+2)/ (8K ). 6))

In the early theoretical development® of the subject,
the possible dependence of the anisotropy on the
fissionability parameter Z?/4 was ignored, so that
nuclei of a given class (even-even targets, for example)
excited to the same excitation energy and bombarded
by neutrons of the same value of L,, should show the
same anisotropy. However, the work of Chaudhry,
Vandenbosch, and Huizenga* on the alpha fission of
bismuth, lead, thallium, and gold has provided definite
evidence of variation of K¢* with Z2/4, in agreement
with liquid-drop calculations of Cohen and Swiatecki.®
Recently, Griffin? has noted the possible existence of
similar effects in the neutron-induced fission of U2
and Pu®®.

This paper presents new experimental data for the
angular distribution of fragments in the fission of Pu?%

1 Work performed under the auspices of the U. S. Atomic
Energy Commission.

1 The anisotropy is here defined to mean the ratio of the zero-
degree differential cross section to the cross section at 90 degrees,
W (0)/W (90), sometimes written (0/90).

2 James J. Griffin, Phys. Rev. 127, 1248 (1962); see also ac-
companying paper.

3 References to earlier work may be found in the following
review papers: I. Halpern, Ann. Rev. Nucl. Sci. 9, 245 (1959);
R. Vandenbosch and J. R. Huizenga, in Nuclear Reactions, edited
by P. M. Endt and P. B. Smith (North-Holland Publishing
Company, Amsterdam, 1962), Vol. II, p. 42.

4¢R. Chaudhry, R. Vandenbosch, and J. R. Huizenga, Phys.
Rev. 126, 220 (1962).

5 Stanley Cohen and W. J. Swiatecki, Ann. Phys. (N. Y.) 19,
67 (1962); 22, 406 (1963).

and Pu?*? induced by neutrons in the energy range 0.65
to 8.25 MeV. Data taken at the same time for Pu?# are
recorded, but not discussed. We compare these new
data with existing information available for other
even-even target nuclei with the aim of looking for a
possible dependence on Z2/4. We find that the values of
K¢ obtained for Pu?® and Pu?® at fixed excitation
energy, are significantly higher than those for uranium
and thorium isotopes. The implications of these
results are discussed in relation to the anisotropy data
for Pu?®, U%3 and U%5 in neutron-induced fission and
the target spin question.

EXPERIMENT

The experimental arrangement is shown in Fig. 1.
The counter is the same as that used previously,$ except
for a modification described below. Monoenergetic
neutrons were produced by means of the T (p,n)He? and
D (d,n)He? reactions. The fission foil was contained in a
multi-angle gas-filled counter, placed at a short distance
from the neutron source. The angle-defining detectors
were proportional counters covering angles from zero
to ninety degrees. In the earlier work, the fissionable
materials were deposited on thin foils, and backgrounds
were minimized by coincidence counting between the
fragment entering a given angle-defining counter and
its recoil partner passing through a thin ionization
region behind the foil. In the present experiment, the
ionization region behind the foil was replaced by an
ionization counter region of larger extent located
between the foil and the proportional counters. Coin-
cidences were then required between the two (dE/dX)
signals from a single fragment in its passage through
the ionization and proportional counters.

The foils of fissionable material” were prepared by an
electro-spray® technique. The active layers were
deposited on a 1-in-diam circle on 0.005-in.-thick
platinum. The Pu*® foil contained approximately 1.9 mg
of PuO, containing less than 0.29, impurity. The Pu?®
foil contained 2.1 mg PuO; composed of 0.39%, Pu23,

¢ J. E. Simmons and R. L. Henkel, Phys. Rev. 120, 198 (1960).

” We are indebted to Dr. George Rogosa for supplying us with

the Pu2®? and to Dr. Paul Fields for the Pu?2.
8D. J. Carswell and J. Milsted, J. Nucl. Energy 4, 51 (1957).
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TasLE I. Data for the relative angular distribution of fragments in the neutron-induced fission of Pu??, Pu??, and Pu?!.

Ex+ALE (67.5/90) (45/90) (22.5/90) (10/90) (0/90)=-Fit
Pu%O
0.6540.17 1.128-+0.055 1.1404-0.056 1.1664-0.061 1.17340.058 1.127-£0.058
1.044-0.11 1.039-0.029 1.102+0.031 1.1794-0.033 1.21140.034 1.2124-0.034
1.4740.12 1.0044-0.023 1.022+0.023 1.1294-0.026 1.2004-0.027 1.2014-0.027
1.74+0.08 1.008-0.023 1.101-+0.012 1.1744-0.026 1.1904-0.027 1.21240.027
2.0 +0.10 1.035-£0.014 1.0784-0.015 1.130--0.016 1.1904-0.017 1.17540.017
2.2540.09 0.973-£0.016 1.028+0.017 1.108+0.018 1.1314+0.019 1.1584-0.019
2.5 +0.07 1.0264-0.020 1.061+0.020 1.1374:0.022 1.1574-0.022 1.160-0.022
3.0 £0.08 1.024+0.020 1.0724-0.020 1.1204-0.022 1.1424-0.022 1.1424-0.022
3.5 40.07 1.016-+:0.023 1.047-+0.023 1.102+0.025 1.12140.025 1.1224-0.025
4.0 £0.07 1.023+0.019 1.05740.020 1.127+0.021 1.1304-0.022 1.13740.022
4.5 £0.06 1.049-£0.035 1.0860.036 1.1084-0.037 1.173+0.039 1.144+-0.039
5.0 0.20 0.97140.025 1.011+0.025 1.10040.027 1.157+0.029 1.1744-0.029
5.5 £0.16 0.9924-0.027 1.004-0.027 1.080-+-0.029 1.12740.030 1.131+0.030
6.0 -0.14 0.988+-0.030 1.033+0.031 1.160-0.034 1.239+0.036 1.253-£0.036
6.25+£0.13 1.0474-0.033 1.049-+-0.033 1.25540.037 1.3230.039 1.32540.039
6.5 +0.16 1.030=0.030 1.119-+0.033 1.29340.037 1.3914-0.039 1.4022-0.039
7.0 £0.14 1.067-+0.029 1.1724-0.031 1.2594-0.034 1.393-+0.037 1.36640.037
7.5 +£0.13 1.0324-0.018 1.124+0.019 1.289-4-0.022 1.3934-0.023 1.4014-0.023
8.0 £0.14 1.036-£0.022 1.090-+£0.023 1.2550.026 1.3374:0.028 1.341-£0.028
Pu242
0.65+0.17 1.06740.045 1.1264-0.047 1.2434-0.050 1.3574-0.056 1.334-+-0.056
1.0 4-0.142 0.990--0.026 1.037+0.027 1.1394-0.030 1.1774-0.031 1.1964-0.031
1.2540.13 1.0374-0.024 1.0324-0.024 1.097+0.026 1.1464-0.027 1.1264-0.027
1.5 £0.12 1.0254-0.021 1.05640.022 1:1394-0.023 1.129+0.024 1.1414-0.024
2.00+0.10 1.02340.017 1.068+0.018 1.1404-0.019 1.178+0.020 1.1784-0.020
2.5 +0.09 1.037+0.021 1.054-£0.022 1.1264-0.023 1.15440.024 1.146+0.024
3.0 +0.08 0.9994-0.018 1.0494-0.019 1.093-+-0.020 1.150+0.021 1.1494-0.021
3.5 £0.07 1.0524-0.020 1.07340.021 1.11340.022 1.1574-0.023 1.1344-0.023
4.0 4=0.066 1.015+0.021 1.0304-0.021 1.10340.023 1.158+0.024 1.1524-0.024
4.5 £0.06 0.9804-0.023 1.0274-0.024 1.0784:0.025 1.100+0.026 1.11540.026
5.0 +0.191 0.961+0.037 1.03540.040 1.1064-0.041 1.1384-0.043 1.16840.043
5.5 +0.156 1.0414-0.028 1.078+0.029 1.2064-0.032 1.233+0.033 1.24140.033
6.0 +£0.14 1.047+0.027 1.142+-0.029 1.203-£0.030 1.3214+0.033 1.299+0.033
6.5 £0.16 1.01140.026 1.1074-0.028 1.2834-0.032 1.37840.034 1.4010.034
7.0 £0.141 1.035-£0.024 1.1304-0.026 1.321+£0.029 1.458-+-0.032 1.461+0.032
7.5 +0.128 1.054+0.026 1.1304-0.023 1.316+0.031 1.4184-0.034 1.4184-0.034
8.0 +£0.117 0.997+4-0.022 1.1204-0.025 1.2374-0.027 1.3174-0.029 1.3424-0.029
8.25+0.14 1.033+0.024 1.0964-0.025 1.2354-0.027 1.307+0.029 1.31240.029
Put
0.65+0.17 0.9784-0.058 0.962+0.058 1.029-+:0.061 1.0754-0.063 1.073+£0.063
1.00+0.14 1.026+0.033 1.0324-0.033 1.1394-0.036 1.121£0.036 1.13540.036
2.0040.10 0.9844-0.023 1.0314+-0.024 1.1574-0.026 1.1494-0.027 1.1894-0.027
2.5040.09 0.985+0.022 1.03140.023 1.09340.025 1.123+0.026 1.136+0.026
3.00£0.08 1.01140.024 1.030--0.024 1.10540.026 1.076-0.026 1.094-0.026
3.50£0.07 1.002+0.025 1.0660.028 1.103+0.027 1.08740.027 1.106-0.027
4.00£0.07 1.038-+0.029 1.04740.030 1.124+0.031 1.102+0.031 1.108-+0.031
4.50+0.06 1.012+0.029 1.041-£0.030 1.1094-0.032 1.146-40.033 1.1460.033
5.5040.16 1.0860.045 1.086+0.045 1.13040.047 1.1754-0.049 1.13640.049
6.50+0.16 1.034-+0.044 1.09740.047 1.2414-0.052 1.2324-0.051 1.261+0.051
7.004:0.14 1.013+0.039 1.0394-0.040 1.1544-0.044 1.2504:0.046 1.24340.046
7.50+0.13 1.063+4-0.040 1.1094-0.041 1.25140.045 1.283+0.046 1.2864-0.046
8.00+0.14 1.018-+0.037 1.057+0.038 1.120+0.040 1.20540.042 1.19140.042
= See Ref. 1.
0.226% Pu*®, 7.51% Pu*®, 3.33% Pu*, and the first column. The following four columns give the

remainder (88.519,) Pu?2 The amount of Pu?%
available to us was appreciably smaller than for the
other two isotopes. The Pu?* foil contained 0.8 mg of the
oxide, composed of 1.40%, Pu?®, 2.29%, Pu?%, 0.20%,
Pu?2, and 96.119, Pu?4.

RESULTS

The results of this experiment are given in Table I
for the Pu?®, Pu?2, and Pu?# isotopes. The neutron
energy Ey and half-energy spread AE are listed in the

experimental values of W (6)/W (90), which defines the
relative angular distributions of the fragments. The
fifth column, labeled (0/90)-Fit provides an extrapola-
tion to zero degrees by an even Legendre polynomial
function.® The standard deviations associated with the
data are predominantly statistical in origin. The errors
listed under (0/90)-Fit are arbitrarily taken to be the
experimental errors listed under the (10/90) column.
There were two sources of backgrounds that were taken
into account: At deuteron energies between 5.5 and
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F16. 1. Schematic diagram of the fission counter.

8.0 MeV, a measurable neutron flux is generated in the
target assembly; this source produced an average
background of 2.59%, of the fission rate. Second, a
spontaneous fission rate is present for Pu?% and Pu?#?;
for Pu22 the spontaneous fission contributed 2.5%, to
the total rate, and less for Pu?®,

Certain corrections must be applied to the data
after background subtraction. Let I(6) be the back-
ground-subtracted intensity at the angle 6, where 6 is
very closely the same for laboratory or c.m. coordinates.
Then the relative angular distribution in the c.m. frame
is defined to be

we) I(0)

Fr

= X .
W(90) I(90) duem. Fo

dur

(2)

The correction factors entering this relation have the
following meanings: The quantity (dur/due.m.) is the
lab to center-of-mass (c.m.) solid angle reduction factor;
at 8 MeV it attains its smallest value of 0.973. The
Fr factor corrects for resolution effects® which derive
primarily from the nonuniform flux illumination of the
fission foil, and secondarily from the finite angular
opening of the counters. One set of values was used for
all the data, namely Fz=1.0000, 1.0029, 1.0089, 1.0196,
and 1.0196 at angles =90, 67.5, 45,22.5,and 10 degrees,
respectively. Fg is the relative solid-angle factor which
was measured experimentally. This factor measures any
deviation of the solid angles of the apertures from their
design values. In this experiment, it was measured in
two ways: For the even-even isotopes, alpha particles
were counted in the proportional counters with appro-
priate precautions taken for the high rates of decay.

Pu242, AND Pu?24! B 811
In the case of Pu*!, Fy was measured by using the
thermal fission cross section to obtain a solid-angle
calibration with very low-energy neutrons. This was
done by surrounding the counter by two cubic feet of
paraffin, as described previously,® and bombarding the
entire assembly by 2.5-MeV neutrons. The resulting
increase in fission rate—a factor of 87—was assumed to
be induced by very low-energy neutrons impinging on
the foil from random directions in space. The values of
relative solid angle factors are listed in Table II; it is

TasLE II. The relative solid angle correction factors Fo.

Isotope Method (67.5/90) (45/90) (22.5/90) (10/90)
Pu?  Parafinrun 09916 0.9698  0.9893  0.9803
Pu?t  Alphadecay 09911 0.9716 09917  0.9769
Pu®  Alphadecay 0.9997 09825 1.0019  0.9730
Pu2 Alphadecay 0.9999 09814 1.0024  0.9750

seen that there is agreement on the average to roughly
#+0.005 between measurements made by different
methods and different isotopes.

It was estimated that the resolution and solid angle
factors each contributed 39, relative error to the data,
and these were compounded with the statistical errors.
It is to be noted that corrections for isotopic impurities
in the foils were made in one case only: that of Pu?* at
Ex=0.65 MeV, where the correction resulted in a rise of
59, for the anisotropy. The corrections at other energies
and isotopes were less than the experimental errors and
were not made.

Figure 2 displays the trend of the anisotropy for
Pu?® and Pu?* as function of neutron energy. The shape
of the curves shows the usual behavior, i.e., almost
constant values for neutron energies less than 5 MeV,
followed by a rise caused by fission occurring after
neutron emission. It may be noted that there is a lack
of strong fluctuations in the anisotropy at low neutron
energy, near the fission threshold. This behavior is in

W(0)/W(90)

F1G. 2. Fission fragment anisotropy in neutron-induced fission of
Pu® and Pu?2. Comparison to U8 is shown in the insert.
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Fic. 3. Fission fragment anisotropy in the neutron-
induced fission of Pu®!.

contrast to that of thorium and uranium even-even
isotopes, which often show spectacular variations near
threshold. The insert in Fig. 2 indicates the comparison
to U2, The values of anisotropy for Pu?# are shown in
Fig. 3. The errors for this isotope were larger than for
the other two owing to the smaller mass available on the
foil. We do not comment further on the data for this
isotope, except to note that the fission cross section has
recently been measured® for it.

DISCUSSION

Comparison of the angular distribution data for
Pu?®, Pu?%, and various other even-even (e—e) isotopes
are made by means of the parameter K¢, which is
related to the anisotropy by Eq. (1). The maximum
value of orbital angular momentum is given by Leach-
man and Sanmann!® to be L,2?=4.2 Ey, which we use
here. The quantity K¢ is assumed to be a function of
excitation energy, E*=Ey—Ep, where Ey is the
neutron energy and Er is the neutron energy corre-
sponding to the “fission threshold.” The values of Er
are chosen to correspond to the 109, point on the fission
excitation curve. This convention should provide con-
sistent values to within a few hundred kilovolts; it
corresponds to our earlier usage® for other e—e targets.
From excitation curves' 2 for Pu?® we choose Er=0.35
MeV and from data!® for Pu?* we choose Er=0.45 MeV.
In Fig. 4, values of K¢ are plotted versus E* for a
number of e—e targets. The range of E* varies from
1.5 MeV above the fission threshold to energies below
the onset of #, #’ fission. The values for the uranium
isotopes come from Ref. 6. Recently, accurate data for
U234 have become available from Lamphere!4; however,
they have not been included here. The Th?*? datum is

9 H. L. Smith, R. K. Smith, and R. L. Henkel, Phys. Rev. 125,
1329 (1962).

R, B. Leachman and E. E. Sanmann, Ann. Phys. (N. Y.)
18, 274 (1962).

D, J. Hughes and R. B. Schwartz, BNL 325, 2nd ed.,
1958 (unpublished).

2V, G. Nesterov and G. N. Smirenkin, Zh. Eksperim. i Teor.
Fiz. 35, 532 (1958) [English transl.: Soviet Phys.—JETP 8§,
367 (1959)7; and At. Energ. 9, 16 (1960) [English transl.: Soviet
J. At. Energy 9, 511 (1961)]. We are indebted to D. K. Butler
for bringing these references to our attention.

13 Daniel K. Butler, Phys. Rev. 117, 1305 (1960).

14 R. W. Lamphere, Nucl. Phys. 38, 561 (1962).
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derived from a measurement of Blumberg.!> Earlier
datal® for Th?? and data® for Th?*® have not been
included because of their relatively large uncertainties.
The straight lines appearing in the figure represent
linear least-squares fits to the data of the various target
isotopes, with the exception of Th?2. The K¢ values for
the plutonium isotopes fall significantly higher than
those for the uranium and thorium data. It had been
noticed earlier that the uranium data seemed to group
rather closely to one line; it is somewhat surprising that
the Th?? datum point falls close to the uranium data.
In any case, the data of Fig. 4 indicate that excitation
energy alone is not sufficient to correlate values of K¢?
for this group of e—e targets.

In Fig. 5, values of K¢ are plotted against Z%/4 of
the compound nucleus at fixed E*, to display a possible
correlation with fissionability. The plotted points for the
e—e targets are taken from the straight-line fits of
Fig. 4, at E¥*=4 MeV, the highest excitation energy
available to all the data. The errors were assigned to be
1/v2 times the average of the nearest two experimental
errors in K. The plot suggests two groupings: that of
the uranium and thorium data for which K¢*=16, and
that for the plutonium points for which K¢? is close to

T T T T T T

oPu242
aPu240
ey 238
-aU236
=y 234

o The32 . /
A1 A A

Pu242
Pu240
s

~o 20 |
o} i
%l
U238
1 1 i 1 1 1
00 ] 2 3 4 5 6
£*(Mev)

F16. 4. K¢* as function of excitation energy, E*=Enx—E;, for
Pu, Pu?2, and other even-even target nuclei. The uranium data
are taken from Ref. 6. The Th?? datum comes from Ref. 15.
Straight-line fits have been made for the data of each nucleus
and are shown in the figure.

15 Leroy N. Blumberg, thesis, Columbia University, 1962 (un-
published), and accompanying paper of R. B. Leachman and L.
Blumberg. The value of K2 for Th?®2 plotted in Fig. 4 was derived
from W (0)/W (90) as extrapolated to zero degrees by a least-
sguares fit to the data which is illustrated in Fig. 12 of Blumberg’s
thesis.

(IIGSR)' L. Henkel and J. E. Brolley, Jr., Phys. Rev. 103, 1292

956).
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F1G. 5. K¢? as function of (Z2/4) compound at E*=4 MeV for

even-even and even-odd target nuclei. The e—e points are taken
from the straight-line fits of Fig. 4. Errors given with the points are
discussed in the text. A linear function has been fitted to the e—e
data with the result K= (—117.745.9)4-(3.8£1.7) X (Z¢/4).
Note that the right-hand scale has been located such that the U2
value of K¢ falls on the straight line through the e—e points.

23.5. Nevertheless, an attempt was made to fit these
data by a linear function of Z%/4. The result is

K&(E*=4 MeV)= (—177.7+5.9)
+(3.8£1.7)(22/4). (3)

The value of x?, with 4 degrees of freedom, for this fit is
5.4, corresponding to the probability of 259, that x2
could be larger than this value. The fit deserves our
consideration even though x? is on the high side. The
probability that the data are fitted by a constant is
much smaller; x? becomes 12.5, with a 3.3%, probability
that x? is greater than this value.

The present results have a bearing on the target spin
effect for even-odd targets, which has recently been
investigated by Leachman and Sanmann.® Bohr!”
originally suggested that the presence of large spin in
the target nucleus should tend to reduce the anisotropy
of the fragments The even-odd targets, Pu*®, U%3 and
U2 with splns of 1,5, and Z, respectively, are the usual
examples in neutron-induced fission. The trend of the
experimental data is reversed from that expected, since
the anisotropy of Pu?® is smaller than that of U2,
In terms of K¢, the value for Pu?® is largest and that of

17 Aa. Bohr, in Proceedings of the International Conference on the
Peaceful Uses of Atomic Energy, Geneva, 1955 (United Nations,
New York, 1956), Vol. 2, p. 151.
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U2 js smallest, at a given excitation energy. Leachman
and Sanmann,!? in their investigation of the process,
found indeed that the spin-induced effects were small.
They ascribed part of the observed increase of K¢* to
a dependence on Z2/4, following the work of Chaudhry,
Vandenbosch, and Huizenga.* The major part of the
increase in K¢ was explained by use of an angular
momentum-dependent fission mechanism.

The slope of K¢* as a function of Z%/4 for the even-
even targets, given in Eq. (3), shows the same qualita-
tive behavior as do the experimental values of K¢* for
Py U2 and U5, Taking Eq. (3) at face value, we
assume that the slope represents even-odd targets as
well as the even-even ones, from which it was obtained.
Estimates of K¢* for Pu?®, U283 and U?% have been
made from the experimental data of Refs. 6, 15, and 18,
at E*=4 MeV. The procedure used was similar to that
described above; however, the large number of points
enabled the errors to be obtained from the least-squares
fitting process. These estimates are entered in Fig. 5
as dashed vertical bars, plotted against a K¢ scale (on
the right-hand side of the figure) which has been dis-
placed vertically and normalized, so that the K¢ point
for U2 falls on top of the straight line through the
even-even data points. It is seen that the slope of Eq. (3)
accounts for the major part of the change of K¢ from
U235 to Pu?®. This observation is intended to emphasize
the possible role of fissionability with regard to the
spin effect; however, the data do not allow a quantita-
tive statement.

In conclusion, it is noted that the variation in Kg?
with Z%/4 agrees qualitatively with that predicted by
Cohen and Swiatecki.® The parameter K¢ can be
expressed” in terms of the effective moment of inertia
Lot by IoesT=1?K %, where T is the nuclear temperature,
assumed to be constant. The variation in /. versus Z%/A4
calculated by Cohen and Swiatecki shows about a
10% increase of I per unit change in ZZ/A in the
reglon Z*/A =36, compared to a (20-£9)%, increase
in K¢ predicted by Eq. (3). Cohen and Swiatecki have
pointed out that above Z2/4~33.5 (X =0.67) the lack
of a definite necking-in of the saddle-point shape gives
rise to uncertainty in the final outcome of the fission
process, as described by the liquid-drop theory. The
comparison noted above must be qualified accordingly.
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