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A radiochemical study of fission and spallation products pro-
duced by bombardment of U3 U5 and U8 with 18-46 Mev
helium ions has been made. As in the case of similar studies using
isotopes of plutonium as targets, most of the reaction cross section
is taken up by fission. Also, the pronounced increase of the total
cross section for (o,xn) reactions with increasing mass number of
the target that was observed for plutonium targets is observed for
uranium targets.

Excitation functions for (,2#), (a,37), and (a,4n) reactions are
interpreted in terms of compound-nucleus formation and fission
competition at the various stages of the neutron evaporation chain.
The importance of neutron binding energies for the competition
between fission and neutron emission is stressed. An existing model
for neutron evaporation following compound-nucleus formation
has been extended to include the effect of fission competition.

Results of calculations based on this model show good agreement
with those features of the (a,xn) excitation functions believed to
result from compound-nucleus formation. These calculations also
show that fission usually precedes neutron evaporation for helium-
ion-induced reactions of U??® and U%5. The excitation functions for
the (Ol,n), (arp): (a,pn—f—a,d), (a,{)Zn—f—a,t), and (a;P3”+a:tﬂ)
reactions are discussed in terms of direct interaction mechanisms
involving little competition from fission.

Fission shows an increase in symmetry with energy and becomes
symmetric at about 40-Mev energy of the helium ions. There is no
significant difference in the symmetry of fission for the three
uranium isotopes. Total reaction cross sections, including those
for both fission and spallation reactions, indicate a nuclear radius
parameter 7, slightly larger than 1.5X 1071 cm.

I. INTRODUCTION

HIS paper extends the investigations of the

present series™ on fission and spallation re-
actions in the heaviest element region. Spallation
reactions in the heaviest elements are particularly
interesting because the fission process provides a
prominent competing reaction (not found in lighter
elements except at high excitation energies) which can
have effects on the cross sections of the other reactions.
In addition, the fission process is interesting in its own
right. '

The investigations which are being pursued in the
present program are primarily of target nuclides of
atomic number greater than or equal to 88, where
fission threshold energies are roughly comparable to
nucleon binding energies. We have been concerned
principally with nuclear reactions induced by particles
of less than about 50-Mev energy, with the hope that
at these relatively low energies the compound nucleus
theory can be used as a starting point in describing the
characteristics of the nuclear reactions.

Previously reported work!™* has indicated, first, that
fission competes successfully with spallation reactions

* This work was performed under the auspices of the U. S.
Atomic Energy Commission. It is based in part on the Ph.D.
theses of R. Vandenbosch, University of California, September,
1957, and T. D. Thomas, University of California, September,
1957, and on the M.S. thesis of S. E. Vandenbosch (nee Ritsema),
University of California, January, 1956.

T Present address: Argonne National Laboratory, Lemont,
Illinois.

i Present address: Stanford Research Institute, Menlo Park,
California.

1 Glass, Carr, Cobble, and Seaborg, Phys. Rev. 104, 434 (1956).

2 Harvey, Chetham-Strode, Ghiorso, Choppin, and Thompson,
Phys. Rev. 104, 1315 (1956).

‘3Wade, Gonzalez-Vidal, Glass, and Seaborg, Phys. Rev. 107,
1311 (1957).

4 Gibson, Glass, and Seaborg (to be published).

that proceed by the formation of a compound nucleus,
and, second, that reactions involving the emission of
charged particles proceed by direct interaction mech-
anisms. In particular, fission competes with neutron
emission at every stage of the neutron evaporation
chain. There has been noted,! however, a striking
effect of the mass number of the target on the relative
probabilities of fission and neutron emission: neutron
emission competes more successfully as the mass num-
ber of the target is increased. The surprisingly large
cross sections for the production of the nuclide corre-
sponding to the (a,p2#) reaction have been shown to
be due to the reaction (o,H?), in which a triton, rather
than three separate particles, is emitted.? Furthermore,
it has been suggested that an appreciable fraction of the
(eyxn) reactions are produced by direct interaction
mechanisms.

In the first paper of this series,! the variation in the
fission mass yield distribution with bombarding energy
of helium ions was reported for plutonium isotopes. It
was found that the transition from predominantly
asymmetric to symmetric fission occurred at helium-ion
bombarding energies between 30 and 40 Mev.

This paper will report cross sections for helium-ion-
induced reactions of U3 U2 and U#%%. The study of
these isotopes was undertaken to determine the effect
of changing the atomic number and mass of the target
nucleus, to compare with the work on the plutonium
isotopes, and also to see if the striking mass effect on
the spallation reactions in the plutonium isotopes is
apparent for uranium isotopes. It was also hoped that a
comparative study of the fission mass-yield distribution
in U2, U5 and U8 would shed some light on fission
asymmetry.

1358



He ION-INDUCED REACTIONS IN URANIUM

ISOTOPES 1359

TasLE L. Nuclear properties and counting efficiencies used in this work.

Principal mode

Percent

Proportional counter
counting efficiency

Isotopes ty2 of decay alpha emission Source (percent) Source
Puz2 36 min E.C. 11 8
Pu2s 20 min E.C. 0.12 b
Pyt 9 hr E.C. 6.16 ° )
Pus 26 min E.C. 3.0X1073 b 70414 b
Pu28 2.7 yr « 100 -
Pu? 44 days E.C. 3.3X1078 b 7948 b
Pu2s 89.6 yr a 100 -
Np?23 35 min E.C. 80420 d
Np2+ 4.4 days E.C. 6342 e
Np2ss 410 days E.C. 4114 £
Np2s 22 hr E.C, B8 92420 g
Np?2s 2.1 days B~ 7045 h
Np2o 2.3 days B~ 92435 i
Np2© 60 min B~ 946 i
u=? 6.75 days B~ 805 i

a Estimated from the alpha systematics. I. Perlman and J. O. Rasmussen, Handbuch der Physik (Springer-Verlag, Berlin, 1957), Vol. 42.

b Thomas, Vandenbosch, Glass, and Seaborg, Phys. Rev. 106, 1228 (1957).

¢ R. W. Hoff and F. Asaro, 1957 (private communication).
d Estimated by authors.

e By “milking”” daughter U4 and determining its alpha disintegration rate, see W. M. Gibson, Ph.D. thesis, University of California, June, 1957, also
available as University of California Radiation Laboratory Report UCRL-3493, November, 1956 (unpublished).

t This work, mass spectrometry.

& This work, by ‘““milking’’ daughter Pu26 and determining its alpha disintegration rate. Percent negative beta decay (57%): T. O. Passell, Ph.D., thesis,
University of California, June, 1954 (unpublished); also University of California Radiation Laboratory Report UCRL-2528, March, 1954 (unpublished).
This work, by ‘“milking’’ daughter Pu28 and determining its alpha disintegration rate.

i This work, by 4=-counting to determine absolute disintegration rate.

i This work, by 4r-counting and by counting K x-rays. The number of K x-rays per disintegration was taken as 0.55, from Rasmussen, Canavan, and

Hollander, Phys. Rev. 107, 141 (1957).

II. EXPERIMENTAL PROCEDURE
Preparation of Targets

The U2 used in these bombardments had an isotopic
-purity of approximately 96%; there was about 3%,
U28 and less than 19, U present in the material. The
U generally had an isotopic purity of greater than
99.9%. The U%? also had an isotopic purity of greater
than 99.9%,. The techniques used in these experiments
were generally those described by Glass e al.! Most of
the targets were prepared by electrodeposition of 0.1
to 2 mg of hydrated uranium oxide over an area of
about 1 cm? on a dish-shaped aluminum disk. The
amount of material deposited, which was of uniform
thickness, was determined by direct alpha counting,
weighing, or both. These targets were then mounted
in a water-cooled microtarget holder® which also served
as a Faraday cup for beam intensity measurements.

Bombardments

Aluminum or platinum foils of measured thickness
were used to degrade the helium-ion beam to the
desired energy.® The irradiations were for a period of
two to three hours for each target, with beam currents
of 5 to 10 microamperes. Because of the fact that only
moderate amounts of activity were produced, the
chemical separations of the various fission and spal-
lation products were generally performed on the whole

5 For further details see: S. E. Ritsema, M.S. thesis, University
of California, 1956 (unpublished); also available as Radiation
Laboratory Report UCRL-3266, January, 1956 (unpublished).

6 The range energy curves of Aron, Hoffman, and Williams were
used. U. S. Atomic Energy Commission Document AECU-6631,
May, 1951 (unpublished). )

target. However, three experiments were performed in
which 1-mil metallic U? foils (~93%, isotopic purity)
were bombarded and one experiment was performed in
which a 1-mil metallic U28 foil (>999,) was bombarded.
This procedure resulted in the production of sufficient
activity to permit aliquots to be taken for the various
fission product elements, making possible a study of a
wider selection of fission-product elements and a more
complete determination of the mass-yield curve. The
principal disadvantage of the use of uranium foils was
that the uranium foil reduced the helium-ion beam
energy by 3 to 5 Meyv, resulting in a range in energy of
the helium ions which caused the reactions.

Chemical Procedures

The usual chemical procedure® involved dissolving
the target, backing plate, and aluminum cover foil in
acidic solution containing known amounts of fission-
product carriers and radioactive tracers (Np®’ and
Pu®) for the spallation products. First the neptunium,
and then the plutonium, was removed from the target
solution by coprecipitation in the IV oxidation state
with zirconium phosphate under the proper oxidizing
or reducing conditions. The neptunium fraction was
further purified by coprecipitation with lanthanum
fluoride and conversion of the fluorides to hydroxides,
followed by dissolution in acid and the extraction into
benzene of a neptunium (IV) thenoyltrifluoroacetone
chelate complex.

The plutonium was purified by similar fluoride and
hydroxide precipitations followed by an ion-exchange
column step, in which the plutonium IV was first
adsorbed on Dowex A-1 anion exchange resin from
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TasLE II. Spallation cross sections (mb) for helium-ion-induced reactions of U

Energy Reaction a,n a,2n a,3n a,4n a,5n a,p a,pn a,p2n a,p3n
(Mev) product Pu26 Pu2ss Pu2s Pus2ss Pus2s? Np6 Np2s Np2s4 Np23
20.3 0.18
23.5 0.42 1.30
26.2 0.59 3.68 0.003 0.20 1.0 0.16
28.9 0.96 6.54 0.083 0.53 —1.8 1.63
29.4 0.64 0.058
30.7 0.63 3.5 5.04
31.8 1.01 3.40 0.91 1.72 0.3 491
324 0.39 0.64 3.52
34.3 1.07 13.5 10.9
35.3 0.49 1.19 0.97 0.58 2.5 5.20 0.21
36.8 1.46 6.5 10.5
36.8 0.67
37.8 0.52 0.94 0.48 0.74 3.5 7.25 0.11
39.0 0.54
40.0 0.44
40.4 0.40 4.6 10.4 1.16
41.0 0.42 1.19 0.33 0.62 149 11.8 0.60
42.7 0.19 0.27 0.002 0.70 2.6 9.4
43.8 2.53 8.8 17.8 141
443 0.73 0.26 0.74 18.7 19.9 1.72
444 0.51 1.03 0.72 15.9 0.64
46.2 0.79 0.45 1.13 0.30 21.3 19.6 1.10
46.2 1.31 0.20 0.33
46.2 0.15 0.34

concentrated hydrochloric acid and then reduced to the
IIT oxidation state and eluted from the resin. The
neptunium and plutonium were either electrodeposited”
or vaporized onto platinum counting plates. The fission
products were purified by techniques adapted from
those described in the compilations by Meinke® and
Lindner.?

Detection of Radiations

The fission products were mounted on previously
weighed aluminum plates for weighing and counting.
The disintegration rates were determined using end-

TaBLE III. Spallation cross sections (mb) for helium-ion-
induced reactions of U%5.

N\ Reaction (a,7) (a,27) (a,32) (0,47) (2,57) (e.p) (a,027)
Energy\ product Pu28 Pu2’ Pu2é Pu5 Pu2¢ Np38 Np26
(Mev)

18.7 0.27

219 036 4.43 0.02

23.6 1.32 133 0.035 0.042
25.2 1.01  0.087
27.3 1.74 158 0.61 0.55 0.52
29.7 1.7 1.86
30.0 8.3 443 143 222
30.6 142 6.84 415 1.57 238
34.1 2.15 8.63 208 4.38
34.7 68 7.23 4.20
37.1 3.67 0.17 192 59
39.5 226 5.65 3.12 135 1.87 8.5
42.8 2.52 48 223 24 0.002 1.94 10.7
454 91 35 186 155 0.034 1.21 105

7 A. Chetham-Strode, Jr., Ph.D. thesis, University of California,
February, 1957 (unpublished); also available as University of
California Radiation Laboratory Report UCRL-3322, June, 1956
(unpublished).

8 W. W. Meinke, University of California Radiation Laboratory
Report, UCRL-432, August, 1949 (unpublished).

9 M. Lindner, University of California Radiation Laboratory
Report, UCRL-4377, August, 1954 (unpublished).

window ‘“‘Amperex” Geiger counter tubes. Appropriate
correction factors!® were applied to obtain disintegration
rates from the measured counting rates. The intensities
and energies of alpha-emitting spallation products were
measured by use of multichannel alpha-pulse analyzers.
The counting rates of spallation products which decay
by negatron emission or electron capture were deter-
mined with a methane-flow windowless proportional
counter. Counting efficiencies for this counter have
been measured or estimated for each particular isotope
involved. Table I lists the nuclides produced by
spallation reactions, together with their nuclear
properties and counting efficiencies used in this work.

III. RESULTS
Spallation Reactions

The cross sections obtained at each energy for the
spallation reactions of the various uranium isotopes are
shown in Tables II to IV. The spallation cross sections

TasBLE IV. Spallation cross sections (mb) for helium-ion-
induced reactions of U8,

Energy Reaction a,pn a,p2n a,p3n a,an
(Mev) product Np2o Npz® Np?2s8 U237
22.6 0.024 0.22
25.2 1.1 1.06 0.6
27.1 1.2 9.1 1.5
32.5 1.7 9.0 8.2
33.8 3.6 9.3 7.9
37.9 6.0
38.6 6.1 17.5 49.2
38.6 20.5 56.2
40.0 3.8
414 6.3 21.2
439 56.0
454 53 334 8.8 74

0 For further details, see reference 1.
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have been plotted as a function of helium-ion energy
in Figs. 1 to 5. Because of the scatter in the points,
no curve has been given for the reactions U?®?(q,p) Np»®
and U?(a,pn)Np?. In the case of the curve for the
cross sections for the U?®(q,n) reaction, the line drawn
serves only to point out that the cross section for that
reaction is small at all energies and that it does not
drop off at high energies. The product which was
observed is indicated in the tables. In the cases where
Np*® was the product, only the 22-hour isomer was
observed. Similarly, when Np*® was the product only
the yield for the 60-minute isomer was measured. The
deviation due to random errors is believed to be about
4109, for most of the spallation cross sections. Esti-
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Fic. 1. Spallation excitation functions for (a,xn) reactions of
U2, Indicated limits of error on the (a,4u) cross sections are
relative errors only.

mated systematic errors raise the total estimated
deviation to between =159, and +259%,. In the case
of the U™ (a,pn) and (x,4n) reactions, the yields of
the products Np*»5 and Pu®® were difficult to measure,
and the limits of error may be as much as +50%,.

Fission Yields

The measured cross sections for the formation of
various fission-product isotopes are shown in the left-
hand columns of Tables V to VII. Since absolute cross
sections were not measured in the bombardments of
U5 and U8 metallic foils, it was necessary to normalize
these results in some way to the absolute cross sections
obtained from other bombardments. This was done by
taking the average of normalization factors obtained
by interpolation of smooth excitation function curves
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F1c. 2. Spallation excitation functions for («,pan) reactions of U2,

for the absolute fission yields of several isotopes.! The
median energy of the helium ions inducing the fission
in the foil bombardments was also calculated from
these curves.

Gibson, Glass, and Seaborg* have made a preliminary
study of the charge distribution in medium-energy
fission. Their conclusion is that the charge distribution
in fission at these energies is not completely described
either by the equal charge displacement noted at low
energies® or by the constant charge to mass ratio
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Fi1c. 3. Spallation excitation functions for (e,x#) reactions of U5,

1t Points in addition to those reported here have been deter-
mined. See reference 5, and R. Vandenbosch, Ph.D. thesis,
University of California, September, 1957 (unpublished); also
available as University of California Radiation Laboratory Report
UCRL-3858, July, 1957 (unpublished).

12 Glendenin, Coryell, and Edwards, Radiochemical Studies:
The Fission Products (McGraw-Hill Book Company, Inc., New
York, 1951), paper 52. National Nuclear Energy Series, Plu-
tonium Project Record, Vol. 9.

8 A, C. Pappas, Proceedings of the International Conference on
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TaBirE V. Fission cross sections (mb) for helium-ion-induced reactions of U2, The left-hand columns list the observed yield
for each isotope. The right-hand columns list the corrected cross section for the mass chain.

Energy (Mev) 23.5 26.2 27.8 30.7 35.3 40.4 41.0 44.3 46.2
Isotope 4 Goorr 4 Ocorr 4 Teorr 4 Toorr 4 Goorr 4 Foorr - Goorr 4 Toorr o Goorr

Sr#® 16 16 9.9 10 32 33 22 22

Srat 19 21 17 19 52 58 35 40

Zr% 2.4 2.5 12 12 17 17 21 22 39 41 46 48 42 44 55 58 57 61

Zrot 6.5 7.1 15 17 15 17 12 14 38 44 45 55 44 1\ 52 43 53 48 61

Mo 14 1.4 32 33

Rule 4.8 4.8 24 24 28 28

Rus 3.2 3.3 27 28 41 44

Ru!os 27 30 45 51

Agit >0.29 >029 11 11 >44 >45

Cdus 3.3 3.4 99 10 15 16 32 35 41 44 43 47 68 74 74 82

Balssm 042 4.0 4.9 31 4.0 22 8.5 45 4.9 22

Bals® 4.6 6.7 9.2 16 18 37 12 31 22 55 25 83

Balo 3.4 5.9 7.4 17 12 34 8.4 32 14 54 16 83

Cel4t 10 11 26 29 13 15 39 46

Cels 8.4 10 13 17 12 18

Cel#t 2.1 3.1 8.0 14 8.8 18 15 40

Ndw 2.0 2.1 8.0 9.2 15 22 3.0 4.4

Eu1ss 0.68 2.4 0.44 1.6

Eu1s7 0.04 0.07 0.94 1.9 0.48 1.8

Th1et 0.50 0.77 0.71 1.8

Number of 4 5 5 6 6 7 7 7 8

neutrons

Total fission 184 400 1060 1270 1430 1990

cross section

which has been suggested to be occurring in very high
energy fission.* However, the latter postulate appears
to give a better correlation. A few primary yields
measured in this work plus the primary yields measured
by Gibson have been used to construct a charge
distribution curve which is slightly different from that
of Gibson ef al., but like theirs, is based on the postulate
of equal charge to mass ratio.*'® This curve was used
to correct the observed fission-product cross sections
for the loss of yields of members of the same mass
chain with higher atomic number, and the corrected
cross sections are shown in the right-hand columns of
Tables V to VII. The mass number of the apparent
fissioning nucleus used in application of the curve was
estimated from the best values for the center of sym-
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o | . —— -
(o] 1 § 1 1 1 ! 1 Il 1 1 1
20 30 40 20 30 40

HELIUM ION ENERGY (Mev)

Fi16. 4. Spallation excitation functions for (a,px#) reactions of U2,

the Peaceful Uses of Atomic Energy, Geneva, 1955 (United Nations,

New York, 1956), Vol. 7.

( 4 R. H. Goeckermann and I. Perlman, Phys. Rev. 76, 628
1949).

15 W. M. Gibson, Ph.D. thesis, University of California, June,
1957 (unpublished); also available as University of California
Radiation Laboratory Report UCRL-3493, November, 1956
(unpublished).

metry of the fission yield curves. Additional discussion
of the problem of nuclear charge distribution in medium-
energy fission will be given by Gibson, Glass, and
Seaborg,* and the problem will not be discussed further
here.

Mass-yield curves for representative energies are
shown in Figs. 6 to 8. The limits of error are estimated
to be about 4=15%, for most of the mass chains reported.
However, at higher energies, particularly for U3, the
chain yield corrections become quite sizeable, and the
errors may be somewhat greater.

The number of neutrons emitted as estimated from

238
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F16. 5. Excitation functions for spallation reactions of U8,
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TasBLE VI. Fission cross sections (mb) for helium-ion-induced reactions of U265, Each left-hand column lists the observed yield
for each isotope. Each right-hand column lists the corrected cross section for the mass chain.

Energy (Mev) 18.7 21.9 26.8 30.6 32.8 341 371 42.8 45
Isotope o Ocorr o Goorr L4 Goorr L4 Ocorr L4 O oorr o Ooorr L4 Toorr L4 Ooorr L4 TGoorr
Zn™ 0.48 0.52
Srse 0.098 0.098 10 10 17 17 22 22 23 23 27 27 60 60
Srat 0.095 0.097 11 11 18 18 24 25 26 27 28 29 56 59
Zy%s 4.2 4.2 16 16 29 30 32 32 39 40 47 48 49 51 45 47
Zro7 0.071 0.075 4.3 4.5 17 18 31 33 31 33 42 45 49 53 50 57 56 63
Mo% 19 19 35 35 63 64
Ru10 0.017 0.017 12 12 52 52
Ru10s 12 12 52 53
Ruy!os 11 12 60 64
Pdu2 10 10 30 33 48 54
Agin 11 11 33 33 72 72
Agi2 48 54
Agis 11 11 76 80
Cdus 0.87 087 12 12 18 18 36 37 38 40 48 49 51 53 60 62
Cdn? 090 0.94 15 15 35 38 45 49 57 66
Bal3 0.10 0.11 16 19 20 26 30 42 30 40
Bal40 0.10 0.13 11 15 15 24 23 36 22 41 21 40 29 63
Celtt 2.1 21 14 14 28 28 49 52 38 42
Cel4d 1.5 1.6 12 13 34 39 27 34 31 41
Celtt 098 1.1 7.4 8.9 16 23 15 22 20 34
Ndu? 7.1 7.5 15 16 20 22 16 19
Eu1ss 0.55 0.63 2.1 2.6 36 49 24 3.7
Euts? 0.56 0.73 1.9 2.8 2.7 43 1.8 3.7
Gd1se 0.29 0.35 0.55 0.82 1.3 2.3
Thiel 0.36 0.49 0.67 1.0
Number of
neutrons 3 4 4 5 6 6 7 7
Total fission
cross section 1.8 58 420 780 1290 1490 1760 1840

the center of symmetry of the fission mass-yield curve
is indicated in Figs. 6 to 8 and in the next to last row
of Tables V to VII. In view of the fairly large errors in
these measurements, the values of the number of
neutrons emitted in fission obtained in this manner are
only approximations. It should be emphasized that the
reflection of mass-yield curves does not give any in-
formation as to whether the neutrons are emitted
before or after the fission process takes place, but
includes contributions from both sources. However,
some information on this subject implied by other
types of data will be discussed later.

The total fission cross sections obtained by inte-
gration of the fission mass-yield curves are shown in
the last row of Tables V to VII. The total fission cross
sections are compared with the summed spallation
cross sections in Figs. 9 and 10. No figure is shown for
U8, as it was impossible to measure yields for most of
the (a,xn) reactions because of the long half-lives of
the products. The importance of the fission process is
readily apparent from these figures.

Total Cross Sections

The total reaction cross sections as obtained from
the sum of the experimental fission and spallation cross
sections are shown in Figs. 11 to 13. Theoretical cross
sections for compound-nucleus formation as given by
Blatt and Weisskopf'¢ are shown for two values of the
nuclear radius parameter, 7,=13X10" cm and
70=1.5X107% cm. These experimental results indicate
a value of the nuclear radius parameter slightly greater
than 7o=1.5X10" cm. There is clearly a difference

s J. M. Blatt and V. F. Weisskopf, Tkeoretical Nuclear Physics
(John Wiley and Sons, Inc., New York, 1952).

between the value of 7o=1.5X10 cm determined in
these experiments and that of 1.2)X107% cm determined
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¥16. 6. Fission yield curves for helium-ion-induced fission of
U2, The circles represent experimental points (corrected for the
mass chain yield) and the triangles represent reflected points. The
number of neutrons assumed emitted in reflecting the curves are
indicated for each energy.
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TaBLE VII. Fission cross sections (mb) for helium-ion-induced reactions of U238, Each left-hand column lists the observed yield
for each isotope. Each right-hand column lists the corrected cross section for the mass chain.

Energy (Mev) 22.6 25.2 271 32.5 33.8 38.6 40 43.9 45.4
Isotope L4 Ocorr (4 Toorr [ Torr o Tcorr o Ocorr L4 Ooorr L4 OTeorr L4 Tcorr 4 Teorr

Sra? 24 24 27 27

Srot 27 28 35 36

Zr9s 4.7 47 29 29 21 21 28 28 38 38 35 35 41 41 36 36

Zro7 8.0 8.2 36 37 34 35 41 42 54 56 54 56 53 56 52 54

Mo 59 59

Ru1®s 6.5 6.5 47 47 44 44 51 51 47 47

Ru!10s 70 7.0 36 36 53 53 55 55 48 48

Pquz 54 56

Agi 43 43

Agis 49 49

Cdus 26 26 154 154 48 48 60 60 58 58 49 49

Cdur 19 20 61> 64b

Tel2om 31a  35a

Tels2 39> 74b

Ba1ss 6.5 7.0 36 41 37 45 42 51

Bal0 58 6.7 29 36 35 43 35 43 36 50 36 50

Cel4t 40 40

Ces 11,5 121 23 24 44 48 49 52 30 33

Nd7 15 15.4 27 28 19 20

Eu!sé 1.8 1.9 34 3.7 4.1 45

Euls? 1.5 1.7 25 28 22 25

Gds 0.71 071

Thré 0.29 0.31 046 0.48

Number of

neutrons 4 4 5 5 5 6 6 7 7

Total fission

cross section 129 890 1480 1570 1600 1500

a Cross section is for one isomer only.

b Cross section is approximate owing to complexities in the decay scheme.

by electron scattering experiments.!” The value of
1.5X1078 cm is, however, consistent with values of
the same parameter determined by other experiments
on interactions of helium ions with nuclei and from
study of the alpha decay process.’® The difference is
probably due to the fact that the result of electron
scattering experiments depend on the extent of nuclear
charge, whereas the results of the experiments described
here depend on the extent of nuclear forces.

IV. DISCUSSION

The general features of the excitation functions for
spallation reactions in the uranium isotopes are in
many ways quite similar to those that have been
determined for other very heavy elements.!? The cross
sections for the (a,%z) and (a,p) reactions do not vary
much with energy and are seldom more than a few
millibarns in magnitude. The excitation functions for
the (a,»n) reactions (for x greater than 1) have peaks
which decrease in magnitude as x increases. The cross
sections for the (,2%), (o,3%), and (a,4n) reactions of
U2 are considerably smaller than those for U%5 A
similar mass effect occurs in the plutonium isotopes.
The cross sections for reactions in which charged
particles are emitted are quite large compared to the
(er,xm) reaction cross sections.

In order to explain the relatively low cross sections
for the spallation reactions of the plutonium isotopes,
Glass and co-workers have proposed that both fission
and the major part of the (a,w#) reactions involve
compound-nucleus formation and that in the break-up

17 R. Hofstadter, Revs. Modern Phys. 28, 214 (1956).
18 J. O. Rasmussen, Revs. Modern Phys. 30, 424 (1958).

of the compound nucleus fission competes more suc-
.cessfully than does spallation to claim the larger share
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number of neutrons assumed emitted in reflecting the curves are
indicated for each energy.



He ION-INDUCED REACTIONS IN URANIUM ISOTOPES

of the total cross section.! The decrease in the peak
heights for the successive (a,xn) reactions has been
interpreted to mean that fission is competing success-
fully at each stage of the evaporation chain in a com-
pound-nucleus reaction. Thus the peak cross section
of the (a,3n) reaction is lower than the peak cross
section of the (a,2%) reaction because in the former case
fission has had three chances to compete with neutron
emission compared with two chances in the latter case.
The long “tail” on the (a,xn) excitation functions and
the relatively high cross sections for the reactions
involving the emission of charged particles suggest
direct interactions of the projectile with a few nucleons
on the nuclear surface. When a direct interaction occurs,
the highly excited compound nucleus is by-passed, with
the result that fission has fewer chances to compete with
particle emission than when the highly excited com-
pound nucleus is formed. Thus the products of the
direct-interaction-type reactions often survive fission,
whereas the products which are formed by evaporation
of neutrons from a compound nucleus tend to be
eliminated by fission. This means that excitation
functions for reactions in the very heavy elements often
strikingly demonstrate the importance of direct-inter-
action mechanisms even at relatively low bombarding
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F16. 8. Fission yield curves for helium-ion-induced fission of
U=8, The circles represent experimental points (corrected for mass
chain yield) and the triangles represent reflected points. The
number of neutrons assumed emitted in reflecting the curves are
indicated for each energy.
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energies. Most of the results reported here can be
explained in the framework of the ideas mentioned
above.

Compound-Nucleus Spallation Reactions

The cross sections reported for the (o,xn) reactions
indicate that fission is competing more effectively in
the bombardments of U?? than in those of Pu?. Two
factors affect the competition: the relative fissionability
of corresponding compound nuclei and the ease with
which neutrons are evaporated from corresponding
compound nuclei. Fissionability increases as Z2/4
increases; the curium isotopes produced by the bom-
bardment of Pu®? have higher values of Z2/4 than do
the corresponding plutonium isotopes produced by the
bombardment of U?2. The ease of neutron evaporation
increases with decreasing neutron binding energy; the
neutron binding energies of the curium isotopes pro-
duced by bombardment of Pu?® are lower than the
neutron binding energies of the corresponding plu-
tonium isotopes produced by bombardment of U231
Hence, the higher fissionability of the curium isotopes
is apparently more than offset by the greater ease of
neutron evaporation from these isotopes.

The strong effect of the mass number on the relative
probability of neutron emission and fission observed
in the reactions of both the uranium isotopes and the

B E., K. Hyde and G. T. Seaborg, Handbuch der Physik
(Springer-Verlag, Berlin, 1957), Vol. 42.
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plutonium isotopes can be explained along similar lines.
Since Z%/A decreases as 4 increases, the ease of neutron
evaporation increases. Furthermore, fission thresholds
are lower than neutron binding energies in the nuclides
considered, with the result that a nucleus that has
survived fission long enough to evaporate all of the
neutrons that the original excitation energy would
allow may still have sufficient residual excitation to
undergo fission. Thus fission has an additional chance
to occur when neutron emission can no longer compete.
The higher the neutron binding energy and the lower
the fission threshold, the larger will be the excitation
energy range in which such fission can occur. Since
neutron binding energies decrease and fission thresholds
increase as A increases, such fission will compete less
effectively as A increases. Thus, the three factors
mentioned all contribute to decreasing competition
from fission as A4 increases.

Jackson? has devised a schematic model for (p,x%)
reactions in heavy elements. In his treatment he
combines the results of Monte Carlo calculations for
the probability of the various prompt processes with
the results of a simplified evaporation model.§ His
calculated cross sections show reasonable agreement
with the experimental results of Bell and Skarsgard*

20 T, D. Jackson, Can. J. Phys. 34, 767 (1956).

§ Note added in proof.—If one makes the assumption of constant
nuclear temperature during the evaporation process, the model
used by Meinke, Wick, and Seaborg [J. Inorg. and Nuclear Chem.
3, 69 (1956)] is substantially the same as the evaporation model

described by Jackson.
2 R, E. Belland H. M. Skarsgard, Can. J. Phys. 34, 745 (1956).
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and Kelly? for (p,xn) reactions of lead and bismuth in
the energy range up to 100 Mev.

The evaporation model devised by Jackson has
incorporated into it the following assumptions: (1) the
neutron energy spectrum is given by eexp(—e¢/T)
where e is the kinetic energy of the neutron and 7' is
the nuclear temperature, (2) neutron emission occurs
whenever it is energetically possible, (3) proton
evaporation is neglected, and (4) the nuclear tem-
perature 7" is independent of excitation energy. This
last assumption is contrary to what one would predict
from most nuclear models. However, it is doubtful that
any large errors are introduced by this approximation.?
According to Jackson, the probability that a nucleus
with initial excitation energy E will evaporate exactly
x neutrons is then given by

P(Ex)=I(As 25—3)—I(Agpy, 22—1), (1)

where I(z,n) is Pearson’s incomplete gamma function,
I(zm)=(1/nY) Jo>yevdy and A,=(E—Y_+#B;)/T. B;
is the binding energy for the ith neutron and 7 is the
nuclear temperature.

If we wish to extend the model given by Jackson to
helium-ion-induced reactions of fissionable elements,
two difficulties arise. The first is that no Monte Carlo
calculations have been made for the case where the
projectile is a helium ion. Thus the contribution of
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Fic. 11. Total fission yields plus the observed spallation yields
for helium-ion bombardments of U2, The circles represent experi-
mental data. The dashed lines represent theoretical compound
nucleus formation cross sections and were taken from reference 16.

2 E, L. Kelly, Ph.D. thesis, University of California, 1950; also
available as University of California Radiation Laboratory Report
UCRL-1044, 1950 (unpublished).
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direct interactions or similar prompt processes will for
the present have to be ignored in the calculation. On
the other hand, comparison of the calculated probabili-
ties for evaporation with the experimental results can
be used to estimate the contribution of direct inter-
actions. Secondly, we must make a modification to
include the effect of fission competition.

The fission competition will be considered in the
framework of compound-nucleus formation followed by
competition between neutron emission and fission at
each stage of the evaporation chain. There are two
effects to consider: first, fission occurs while neutron
emission is energetically possible, thus destroying nuclei
during the early stages of the evaporation chain, and,
second, some fission occurs after all of the possible
neutrons have been evaporated, thus destroying nuclei
whose excitation energy is less than the binding energy
of the last neutron, but greater than the activation
energy for fission, and which would otherwise have
de-excited by gamma emission.

The probability that an excited nucleus will emit a
neutron is given by its branching ratio® (level width
ratio) for neutron emission T',/> ;T; (henceforth
designated as G,). Similarly the branching ratio for
fission is given by T'y/>.; T, or Gy, and the branching
ratio for gamma ray de-excitation by T',/>;T; or G,.
The denominator,” }.;T';, contains terms for all the
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F1c. 12. Total fission yields plus the observed spallation yields
for helium-ion bombardments of U%5. The circles represent experi-
mental data. The dashed lines represent theoretical compound-
nucleus formation cross sections and were taken from reference 16.

28 This treatment of branching ratios is similar to that described
in Appendix II of reference 1.
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possible modes of decay of the compound nucleus.
However, the assumptions will be made that the widths
for proton evaporation and for gamma-ray de-excitation
are negligible wherever neutron emission or fission is
energetically possible. However, the gamma-ray
branching ratio is taken as unity wherever neither
fission nor neutron evaporation is energetically possible.
When the excitation energy is greater than the acti-
vation energy for fission and less than the binding
energy of the last neutron, Gy is taken to be unity.
Hence to take into account the fission competition
along the evaporation chain, we multiply the proba-
bility, P(E,x), defined above, by terms, G, to give a
new probability that the original compound nucleus
will not only evaporate x neutrons but will also survive
fission during the evaporation process.

After all of the neutrons have been evaporated, the
residual nucleus may either undergo fission or may
de-excite by gamma emission. We make the somewhat
arbitrary assumption that if the residual nucleus has
an excitation energy greater than the activation energy
for fission it will undergo fission, and that if the nucleus
has an excitation energy less than the activation energy
for fission it will de-excite by gamma emission. In
Jackson’s model, the first incomplete gamma function
gives the probability that the original compound
nucleus will emit at least x neutrons; the second the
probability that the residual nucleus will have an
excitation greater than the binding energy of the last
neutron. Therefore, to account for fission competition
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at the final stage, we replace the last incomplete gamma
function of Jackson by one giving the probability that
the residual nucleus will have an excitation greater
than the activation energy for fission. The result is a
narrowing of the peak of the theoretical excitation
functions, in better agreement with experiment.

Using these considerations, one can express the cross
section for a reaction following compound-nucleus
formation as ’

o(oz,am) =0¢.GniGna+ + 'an[I(Ax, 236—3)
—I(a7, 2¢=1)], (2)

A= (E—Z Bi—Eth)/T.

Ey, is the activation energy for fission for the residual
nucleus. The subscripts 1, 2- - -x on the G, factor refer
to the branching ratio for emission of the 1st, 2nd, -- -,
xth neutron from the compound nucleus. o, is the cross
section for the formation of the compound nucleus at
the particular energy considered. The neutron binding
energies were taken from Hyde and Seaborg,”® and the
fission activation energies were calculated from a semi-
empirical equation relating fission thresholds to spon-
taneous fission rates?* (A more detailed discussion of
the derivation of Jackson’s model and of the modifi-
cations proposed here is presented in the appendix.)

It is necessary to evaluate the G, quantities and to
choose a value of the nuclear temperature. Not a great
deal is known about the variation of T',/T'; with
excitation energy and nuclear type (Z, 4, even-odd
character, etc.). The following assumptions about
I',/T'; will be made:

where

(1) T',/T; is independent of excitation energy for
excitation energies well above the neutron emission
threshold.

(2) T',/Ty for even-even nuclei is twice as great as
T',/T; for even-odd nuclei. (It will not be necessary to
consider odd-odd products in the present calculations.)

(3) Aside from even-even and even-odd effects, there
is a general trend for I',/T's to increase with increasing
mass number for a given Z.

The first assumption as a first approximation obtains
support from the shape of excitation functions for fast-
neutron-induced fission and also from an analysis by
Batzel? of high-energy spallation excitation functions.
The same conclusion was reached by Glass and co-
workers from analysis of spallation excitation functions.!
There is, however, some evidence that I',/T'; increases
with increasing excitation.?® The second assumption

( 2 R, Vandenbosch and G. T. Seaborg, Phys. Rev. 110, 507
1958).

25 R, F. Batzel, University of California Radiation Laboratory
Report UCRL-4303, February, 1954 (unpublished).

26 C. T. Coffin and I. Halpern, University of Washington
Cyclotron Research Report, 1957 (unpublished).
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arises from the expectation that the even-odd product
of the evaporation of a neutron from an even-even
nucleus has a higher level density than the even-even
product from an even-odd nucleus; the factor of two
used was taken from an estimate by Weisskopf.?”

Using the foregoing assumptions together with
information given by Vandenbosch and Seaborg® on
the variations of I',/T'y with mass number, we can
derive a formula for the value of T',,/T'; for a particular
plutonium isotope:

T, 1.93¢ G,
r;/. (1.3)*1-G,

where ¢=V2 for even-even nuclides and ¢=1/v2 for
even-odd nuclides. The subscript # has the same sig-
nificance as in Eq. (2). @, is a mean value of I',/T'; and
is defined as

én'—‘ (Gn]_GnQGnanq,) }. (4)

This quantity can be evaluated from Eq. (2) if a value
of the cross section for the (e,4%) cross section near its
peak is known. A similar set of formulas may be
derived in which @, is based on the cross section for
the (@,2n) reaction. Because of the poorly defined
excitation function for the reaction U23(q,4n)Pu®, it
was necessary to base the value of G, for the reactions

~ of U on the excitation function for the U3(q,2s)Pu2s

reaction.

Using the above considerations, one needs to choose
only two parameters to calculate excitation functions
for all of the possible (%) reactions. These parameters
are a value of G, and a nuclear temperature 7. Ex-
citation functions have been calculated for the (o,x7)
reaction cross sections of U%® and U%®, Values of G,
were determined in the manner described above to be
0.11 for U% and 0.21 for U%5. Nuclear temperatures
were chosen so that the position of the maximum of the
curve calculated for the (@,27) reaction for U8 co-
incided with the position of the maximum of the
experimental curve, and so that the position of the
maximum of the curve calculated for the (a,4%)
reaction for U®® coincided with the position of the
maximum of the experimental curve. The values
chosen were 1.41 Mev for U? and 1.35 Mev for U%5.

TasLE VIII. Neutron branching ratios used in calculating U238
and U2 (q,xn) cross sections. The numerical subscripts refer to

the emission of the 1st, 2nd, - - - sth neutron.
Ratio Uzss Uss
(Ta/Te)x 0.12 0.23
(T'a/T'1)s 0.17 0.32
(T'n/T)s 0.07 0.15
T'/Ty)a 0.10 0.21
T./Ty)s 0.04 0.09

27V. F. Weisskopf, Lecture Series in Nuclear Physics, MDDC-
1175 (g. S. Government Printing Office, Washington, D. C., 1947),
p. 106ff.
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The neutron branching ratios derived from the mean
values of T',/T'; are given in Table VIII. In Figs. 14
and 15 the calculated curves are compared with the
experimental points. Considering the simplicity of the
model, the agreement with those features of the
excitation functions believed to result from compound-
nucleus formation is good. The agreement with the
peak cross-section values for the (@,2#), (@,3%), and
(e,/dn) reactions supports the assumed variation of
T',/T'; with mass number and nuclear type.?

In view of the success in reproducing certain features
of the spallation excitation functions using the
branching ratios shown in Table VIII, it seems justi-
fiable to use these branching ratios to calculate the
fraction of the fission that occurs before the emission
of various numbers of neutrons. Given an initial
excitation energy of the compound nucleus, we can also
calculate the average excitation energy at which fission
occurs. It is assumed that the average excitation energy
of the residual nucleus after the emission of a neutron
is given by the initial excitation energy minus the
binding energy of the neutron and minus 27, where
the nuclear temperature 7" has been taken as 1.41 Mev
for the spallation products of U?? and 1.35 Mev for the
spallation products of U%®.

In Table IX the percentage of total fissions occurring
after the evaporation of various numbers of neutrons
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Fic. 14. Comparison of calculated and experimental excitation
functions for (e,x#) reactions of U28, The smooth curve represents
the calculated cross sections and the actual experimental points
are shown as circles.

28 A similar analysis of reactions induced in Cf252 with helium
ions has been made by Sikkeland, Amiel, and Thompson (to be
published).
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are listed for three helium-ion bombardment energies.
The second row gives the initial excitation energy
corresponding to the helium-ion energy. The last row
gives the average excitation energy at which fission is
occurring for each of the three initial excitation energies
in the case of each isotope. Calculations by Coffin and
Halpern give results which are in substantial agreement
with those reported here.28

It can be seen from Table IX that most of the fission
precedes neutron evaporation for helium-ion-induced
fission of U3 and U%5. This conclusion is in apparent
disagreement with the observations of Harding and
Farley,® who measured the angular distribution of
neutrons from the bombardment of natural uranium

TaBLE IX. The percentage of total fissions occurring after the
evaporation of various numbers of neutrons in the helium-ion-
induced fission of U8 and U5, Calculations for three different
initial excitation energies are listed in each case.

Uss Uss
Helium-ion energy (Mev) 46 36 29 42 32 23
Excitation energy (Mev) 40 30 23 37 27 18
Neutrons emitted
before fission
0 889, 88% 90% 77% 18% 83%
1 069 109, 10% 169, 16% 11%
2 1.8% 2% 6% 6%
3 0.1% 1%
Average excitation
energy of fission (Mev) 38.3 284 222 342 246 166

2 G. N. Harding and F. J. M. Farley, Proc. Phys. Soc. (London)
A69, 853 (1956).
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with 147-Mev protons. They concluded that the greater
part of the neutron emission occurs before fission, with
only 2.54-1 neutrons being emitted from the moving
fragments. However Marquez has pointed out that had
Harding and Farley assumed what appears to be a more
reasonable value for the average energy of the emitted
neutrons, they would have found their results consistent
with the neutrons’ being emitted after fission.3

The results reported here, and by Glass and co-
workers,! indicate that increasing the excitation energy
of a compound nucleus increases the probability of the
destruction of that nucleus by fission (either before
or after neutron emission). If we accept the assumption
that I',/T'; does not vary rapidly with energy, then the
increased probability is due not so much to an increasing
relative probability of fission with increasing excitation
energy, but rather to the increased number of chances
for fission to occur as the length of the evaporation
chain increases with increasing excitation energy.

Direct Interactions

Examination of Figs. 14 and 15 shows that almost
all of the (a,n) excitation functions and the high-energy
part of the (@,2%) excitation function cannot be ac-
counted for by a compound-nucleus model. It has been
mentioned earlier that direct-interaction mechanisms
must be important in these reactions. In general,
however, it has been expected that the effect of direct
interaction would be seen only at projectile energies
above 50 Mev. In the reactions of nonfissionable nuclei,
the prominent compound-nucleus-spallation reactions
usually mask out any small effects due to direct inter-
action. The region of fissionable nuclides is, therefore,
a particularly good place to study the direct-interaction-
spallation reactions with fairly low-energy particles
because the reactions which involve compound-nucleus
formation are largely eliminated by fission competition.

Glass and co-workers! concluded that products of
the direct interactions survive because these reactions
do not involve a highly excited intermediate nucleus.
We must extend this conclusion to say that the products
of the direct interactions survive because fission has a
chance to compete only after a high-energy particle
(nucleon or complex particle) has carried off most of
the energy of the incident particle. The residual nucleus
is often left with too little energy to undergo fission or
to evaporate another neutron. In those cases where
subsequent neutron emission is possible, fission com-
petes, in general, only once, rather than several times
as in the case where a highly excited compound nucleus
is formed.

One reasonable mechanism for the (a,7) and (a,p)
reactions is a “knock-on” reaction in which the helium
ion strikes a nucleon, which is then emitted. The
product of the (e,2#) reaction can be formed in the
following three ways: (1) by evaporation of two

% L. Marquez, Proc. Phys. Soc. (London) A70, 546 (1957).

VANDENBOSCH, GLASS,

AND SEABORG

neutrons from the compound nucleus and (2) by
ejection of the first neutron by a direct-interaction
mechanism followed by evaporation of the second
neutron, and (3) by ejection of both neutrons by a
direct-interaction mechanism. The ‘“tail” of the ex-
citation function for the (a,27) reaction is very likely
due to an initial knock-on followed by the evaporation
of the second neutron. Many of the direct interactions
in which one neutron is knocked out will leave the
nucleus with enough energy to evaporate a second
neutron. Fission tends to cut down the products, but
not so severely as it cuts down the products from the
reaction involving the evaporation of two neutrons,
since in the latter case fission has two chances to com-
pete with neutron emission whereas in the former it
has only one. The fact that the “tail” on the (e,2#)
excitation function for U?® is lower than those for U5
and Pu® is consistent with increased fission competition
at the evaporation stages of the reactions of U*3, A
comparison of the (a,2n) excitation functions of U
U5, and Pu® with those of lead shows that the peaks
have been cut down by fission more than have the
“tails,” an observation that lends further support to
the idea that the peaks, being due to initial compound-
nucleus formation, suffer from fission competition
twice, whereas the tails, being due partly to direct
interaction, suffer from fission competition at most
only once. The contribution of direct interactions to
the excitation functions for the (e,3%) reaction appears
to be fairly small. Reactions proceeding by direct-
interaction mechanisms probably contribute to the
peak in the curve representing the (@,2%) cross sections
and possibly to that in the curve representing the (a,37)
cross sections. It is likely, however, that the observed
products of the (a,47) reaction are due almost entirely
to reactions going by a compound-nucleus mechanism.

There is little doubt that the products of the (a,p2%)
reaction of the heavy elements are produced almost
entirely by the direct emission of high-energy tritons,
without the formation of a compound nucleus.? The
yield of tritium from helium-ion bombardment of U238
has been measured® and found to be slightly larger than
the amount that would be expected if the entire cross
section for the (a,p21) reaction—as measured radio-
chemically through the yield of the product nuclide in
this work—was due to the (o,f) reaction. The cross
section for the production of the nuclide corresponding
to the “(a,p3n) reaction” is probably due to the re-
action (a,#z). Thus the yield of tritium would be
expected to be higher than the radiochemical yield of
the product due to the (a,f) reaction because of the
contribution of (a,in) and (a,¢ fission) reactions. The
observation that the yield for the product of the
U (@, p3n) reaction [which includes the contribution
of the U?¥(q,4%) reaction | is much less than the yield
for the product of the U¥3(a,p3n) reaction indicates
the increased fission competition in the neutron-
deficient isotopes.
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Very little can be said about the mechanism of the
(at,pn) reaction. On the basis of the data for the reaction
U3 (a,pn)Np»?® we can conclude only that the reaction
occurs to an appreciable extent. In the U8 case, only
one isomer of Np?* was observed ; hence, we have only
a lower limit for the cross section for this reaction. (An
excitation function for the reaction Pu?3(a,pn)Cm?4
was reported by Glass ef al.l) It is tempting to suggest
[by analogy to the (a,t) reaction] that this reaction
occurs by the emission of a deuteron by a direct
interaction; there is, however, at present no direct
evidence that such is the case.

The (a,an) reaction was the most prominent spal-
lation reaction observed in the bombardment of U238
with helium ions. It is doubtful that compound-nucleus
formation accounts for much of this cross section since
the Coulomb barrier would make it very difficult to
evaporate an alpha particle. This view is supported by
the low yields of (d,an) reactions observed in the
bombardment of U?* and Pu?®15 There are several
possible alternate mechanisms. One mechanism for this
reaction is a direct interaction of the bombarding
particle with a neutron in the diffuse rim of the nucleus,
resulting in the neutrons being knocked out without
the capture of the bombarding projectile. With this
type of mechanism the cross section for the (a,ap)
reaction should also be fairly prominent. Another
possibility is inelastic scattering of the incident alpha
particle, with the excited target nucleus evaporating a
neutron. With this type of mechanism, the cross section
for the (a,ap) reaction should be much less than that
for the (a,om) reaction because of Coulomb barrier
discrimination against charged particle evaporation.
Unfortunately, no cross sections for (e,ap) reactions
have been studied in the heavy elements so that it is
not possible to choose between the two mechanisms on
this basis. Still a third possibility is a Coulomb ex-
citation process, but the probability for this does not
seem to be large enough to account for the observed
cross section.

One interesting consequence of the large contribution
of a direct-interaction mechanism in spallation reactions
for highly fissionable nuclei is illustrated in Figs. 9 and
10. The curves showing the percent of total-reaction
cross section due to spallation reactions are seen to
decrease with increasing energy for U?% and Pu®?,
while for U?? the curve rises at the highest energies.
This is attributed to the prominence of compound-
nucleus-type spallation reactions at the lower ener-
gies with increased chances for fission competition
at the higher energies in the U5 and Pu® reac-
tions. However, the major part of the spallation
reactions in U®® proceed through direct-interaction
mechanisms and these become more probable at higher
energies. This does not imply that there is a larger
amount of direct interaction taking place for U%? than
for U%5 and Pu®, but that the fraction of the spallation
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reactions that go by direct interaction is larger for U2

than for Pu?? and U25,
Fission

The mass-yield distributions of the fission products
are shown for different helium-ion energies in Figs. 6
to 8. It is seen that fission is predominantly asymmetric
at low energies and appears to become more symmetric
as the excitation energy is increased, in agreement with
previous work.!#5. However, it should be noted that
the increased symmetry is not due to the asymmetric
peaks moving together, but rather to an apparent
increase in a symmetric mode causing the valley to rise
up faster than the wings. Comparison of the fission
yield curves, and particularly the valley to peak ratios
(ratio of the cross section at the minimum in the yield
distribution to the cross section at the asymmetric
maxima) indicates that there is no significant difference
in the fission asymmetry in the three uranium isotopes
studied.

As seen in Figs. 9, 10, and 13, the total fission cross
sections for the three isotopes are all approximately the
same and account for most of the total cross section.
Comparison of the fission cross sections determined in
this work for helium-ion-induced fission of U%5 and
U8 with the results determined by Jungerman® using
an lonization chamber show good agreement between
the two methods.
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APPENDIX

It will perhaps be informative to present a justifi-
cation for and to outline the derivation of the model
proposed by Jackson and the modification suggested
here.

Jackson’s Model

The assumptions of Jackson’s model are: (1) that,
if it is energetically possible for a neutron to be evapo-
rated, a neutron will be evaporated; (2) that com-

3 H. A. Tewes and R. A. James, Phys. Rev. 88, 860 (1952);
H. A. Tewes, Phys. Rev. 98, 25 (1955).
2 J. Jungerman, Phys. Rev. 79, 632 (1950).
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petition from other modes of de-excitation can be
neglected; (3) that the neutron energy spectrum is
given by Ceexp(—e/T), where C is a normalization
constant, e the kinetic energy of the neutron, and 7'
the nuclear temperature; and (4) that the nuclear
temperature is independent of the excitation energy.
From the first three assumptions we conclude that

€max €
Ce exp(———)de= 1,
0 T
C €max € d
o/ [ o5
0 T

where emax is the maximum possible kinetic energy of
the neutron. For emax>> T, we have

C=1/T?

or

and the kinetic-energy spectrum of neutrons is given by

€ €
dR=—exp(-———)de.
72 T

Let us consider the probability for a nucleus with an
initial excitation energy E to evaporate three neutrons.
The probability that the first two neutrons will have
kinetic energies ¢; and e, is given by the expression

dR——— exp( )— exp(——)dezdel

If the excitation energy after the evaporation of two
neutrons is greater than the neutron binding energy,
a third neutron will be emitted. Hence, the probability
that at least three neutrons will be evaporated is

E—B1—By—Bs ~H—B1—By—Bs—el ¢ €
e[ Re(9)
0 0 1* T
€2 €2
X— exp( ———)degdel,
T T

where Bj, B,, and B; are the binding energies of the
first, second, and third neutrons, respectively. The
integration is made over all possible kinetic energies
such that the excitation energy remaining after the
evaporation of two neutrons is greater than the neutron
binding energy.

Making the substitutions

51= EI/T,
52= eg/T,

A3= (E_"Bl— _B3)/T7
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we find

Ra'——-f
0

Performing the integration, we get

Az

Az—d1
f 81 exp(—081)0 exp(—8,)d5.dd;.
0

8 (Ag)"
Ry=1— _A32
n=0 gl
=I(A3x3):

where 7 is the incomplete gamma function defined in
the body of the paper.

Similarly, it is possible to show that the probability,
Ry, of evaporating at least four neutrons is given by

R : —_ “A‘li (A4)
=0 0!

=I(A4,5)

The probability for evaporating exactly three
neutrons is the difference between the probability for
evaporating at least three and the probability for
evaporating at least four. Hence,

P(E,3)=R;—R;
=1(A3,3)—1(As,5).

The above is, of course, only a demonstration for a
particular case. H. McManus® has shown us a rigorous
proof of the last equation for the general case of
evaporation of x neutrons.

Fission Model

To modify Jackson’s model for the case where fission
is possible, we make two additional assumptions:
(1) that I',/T is independent of energy and (2) that a
nucleus ywith an excitation energy greater than the
fission activation energy but less than the neutron
binding energy always undergoes fission.

The probability that a nucleus evaporates three
neutrons and survives fission at each of the evaporation
stages is given by

Az Ag—d1
R;;"—'-‘f f Gn151 exp(—&l)Gngzsg
0 0

X €xp ( - 52)Gn3d62d51,

where Gni=T,/(T.+Ty) for the compound nucleus
existing before the evaporation of the 4th neutron.
However, since G, is independent of energy,

Az
R3=Gann2Gn3 f f
0 0

= Gannangl(As,s).

3 H. McManus (private communication, 1957).

Ag—d1

51 €Xp ( —51)52
X €Xp ( -_ 52)d52d51
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In the original model, R, is the probability that the
nucleus evaporates three neutrons but still has an
excitation energy greater than the neutron binding
energy. To take fission into account, we must use the
probability that the nucleus evaporates three neutrons
but still has an excitation energy greater than the
fission activation energy. Hence,

R4 = GannQGnal(A3f,5),
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where
Ay/=(E—By—B;— B3—Ew)/T,

and Ey is the activation energy for fission.?* The
probability for evaporation of exactly three neutrons is
P(E,3) =R3—'R-4
= Gannzcns[I(Az,s) —'I(Aaj,S)]
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The angular distribution for the production of pairs of pions by photons or pions incident on nucleons is
analyzed in terms of the various angular momentum states involved. A general expression is derived and
then the effect of various assumptions about which states should be important is examined. It is found that
an examination of the relative azimuth of the pions should give information about the nature of the process,
and in particular about the existence of a resonant state of the nucleon, and its angular momentum,

I. INTRODUCTION

RECENTLY there have been a number of experi-
mental investigations of the multiple production
of pions from nucleons, both by pions' and also by
photons? Apart from any purely experimental diffi-
culties, the examination of a process involving a three-
body final state has the difficulty that the number of
different parameters which can be examined is very
large. There have been some attempts to calculate the
expected cross section for such processes®® but it is
not all clear just which of the features of these predic-
tions are sensitive to the assumptions made or the
model used, and therefore it is hard to tell how to com-
pare the experimental results with the theories.

Before very much was known about the single meson-
nucleon interaction, it was found that many of the
striking features of the experiments could be explained
on quite general phenomenological grounds,” without
assuming any detailed model. One might therefore
hope that a similar analysis of the double production

* Work supported in part by the joint program of the Office of
Naval Research and the U. S. Atomic Energy Commission.
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process, making use of the known single-meson informa-
tion wherever possible, might give a qualitative insight
into the nature of the process, and should at least
enable one to pick out those aspects of the theoretical
predictions which are sensitive to the model used.

In the present paper an analysis of this sort is
attempted. Most of the formulas apply equally well for
production by pions and by photons; the differences
coming in the number and values of the various arbi-
trary constants which are produced. The main object is
to make use of the known properties of angular mo-
mentum to investigate the angular distributions to be
expected. We shall not say very much about the energy
dependence of the cross section, nor about the isotopic
spin, but restrict ourselves to trying to interpret the
angular distributions.

II. GENERAL EXPRESSION FOR THE
CROSS SECTION

In order to discuss the angular distribution we pro-
ceed to define the S matrix for the process in question.®
We assume that when the particles concerned are
sufficiently far apart they behave like free particles,
and their wave functions may then be described by
suitably normalized ingoing or outgoing spherical
waves. The production process may be considered as
the transition from one set of ingoing waves to another
set of outgoing ones. The various possible states of the
separated particles may be divided into a series of

8 See, for example, J. M. Blatt and L. C. Biedenharn, Revs.
Modern Phys. 24, 258 (1952). The discussion of this section is

just an extension of the first part of their paper to cover three-
body final states.



