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energy dependence of the two modes can be understood

in a qualitative way if one is willing to assume that the
" saddle point favors equal distribution in mass between
the undivided lobes, as the simple liquid drop model
predicts, while at scission an asymmetric division is
favored as far as phase space is concerned, as Fong
predicts from shell structure considerations. At low
energies, then, statistical equilibrium is expected to
obtain for just the reasons given above. At higher
energies, however, the collective motion may develop
sufficient velocity to produce impulsive tearing soon
after the symmetric saddle point is passed, with the
result that symmetric fission obtains.

A test of this interpretation of symmetric and
asymmetric fission can be sought in the kinetic energies
of the fragments. As stated above, low-energy (asym-
metric) fissions probably possess small kinetic energy
at scission, consistent with equilibrium. If symmetric
fission originates in the nonstatistical tearing process,

LAWRENCE WILETS

the kinetic energy of such fragments should be consider-
ably larger. This could be detected by separate measure-
ment of the kinetic energies of the fragments from each
mode, or by an examination of the mean kinetic energy
when the relative intensities of the two modes are
varying appreciably with excitation. These questions
are currently being investigated by Nicholson and
Halpern.?*
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Cross sections and excitation functions have been determined
for spallation and fission products from bombardments of Th*?
with helium ions (15 to 46 Mev) and U?3 with deuterons (9 to
24 Mev). This work extends a series of investigations of charged
particle (, d, and ) induced reactions in heavy elements (Z >88).
Radiochemical methods were employed to isolate products
corresponding to the following spallation reactions: neutron
emission, (a,4n), (a,5%), (d,n), (d,2n), and (d,3%) ; emission of one
proton and neutrons (a,p), (a,pn), (a,p2n), and (a,p3n); and
emission of two protons and neutrons, (@,2p), (a,2pn), and
(a,0m), and (d,om). In addition, the following fission products were
isolated from one or more bombardments: Zn?, Ge”, As7”,
Bré2ss, Rbs6, Sre99, Y9, Zrd5.97 Nb9, Mo®, Ruy!l03.105.10, P12,
Aglll’ Cd115,115m,117’ 1131,133’ CSHG, BaISQ,MO, La140’ Cel41,143,l44’ Nd147,
Eus?, and Gd'¥. :

The results show that fission is the predominant reaction at all
energies for Th?? and to an even greater extent for U?*. The data
for the surviving spallation products are consistent with several
mechanisms of reaction, including compound-nucleus formation
and evaporation, direct interactions between nucleons of the
incoming helium ion or deuteron and nucleons of the nucleus,
and a combination of these types of processes (direct interaction
followed by evaporation). In general, the results confirm and
extend previously established concepts.

The neutron-emission spallation reactions as well as fission are
best explained as proceeding through compound-nucleus forma-

* 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 Bruce M. Foreman, Jr., University of California, June,
1958, and Walter M. Gibson, University of California, June,
1957. One of us (W. M. G.) wishes to acknowledge the support
of the U. S. Air Force Institute of Technology during this research.

tion. The shapes and magnitudes of (a,4n), (d,2n), and (d,3%)
excitation functions correlate well with a compound-nucleus
treatment modified to include fission competition. According to
this treatment, ratios of neutron to total-reaction level width,
T/ 2: Ty, are 0.49 for U628 [from Th?2(a,4%)], 0.17 for Np235-234
[from U*3(d,2%)], and 0.20 for Np%28 [from U2%(d,3%)]. In
addition the total-reaction excitation functions (consisting mostly
of the fission excitation functions) are consistent with theoretical
cross sections for compound-nucleus formation calculated with
a nuclear radius parameter 7o=1.5X10718 43,

The fission mass-yield curves are similar to those found for
other heavy target isotopes (for elements from thorium to plu-
tonium). The minimum in the curves in the region of mass 120
tends to disappear as helium-ion or deuteron energy is increased.

The (a,pxn), (a,2pan), (e,an), (d,n), and (d,an) products are
attributed to direct interactions, with complex particles emitted in
preference to a series of protons and neutrons. Thus («,d), (a,f),
and (e,tn) mechanisms would account for most of the (a,pn),
(o,p2m), and (a,p3n) products, respectively. In the case of the
(e,t) and (/1) reactions, analysis of the ratio o (a,tz) /o (a,t) leads
one to the conclusion that with 35-Mev helium ions only 9% of
outgoing tritons leave the residual nucleus with sufficient energy
to evaporate a neutron or undergo fission, and with 44-Mev
helium ions only 20%, do so. The (d,%) product probably results
from the stripping reaction.

N’]‘Pi}eselr{lt address: Brookhaven National Laboratory, Upton,

ew York.

NI Present address: Bell Telephone Laboratories, Murray Hill,
ew Jersey.

c §1.§’res.ent address: Stanford Research Institute, Menlo Park,
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I. INTRODUCTION

HIS paper extends a series of radiochemical in-
vestigations of excitation functions for spallation
and fission reactions induced in heavy elements (Z > 88)
by medium-energy charged particles.!=®
A number of studies'35% in the medium-energy
range (5 to 50 Mev) have involved compound systems!!
of high total charge (between Z=94 and Z=100), in
which fission accounts for more than 909, of the total
cross section observed. Other studies>~'® have involved
compound systems of lower total charge (Z<90), in
which the percentage of the reactions proceeding by
fission is small (<109%,). This paper considers compound
systems in an intermediate region, where the contri-
bution from fission and spallation should be more
nearly equal. Some investigations on fission'®2 and
spallation®-26 in this region have previously been
reported.

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

( 2 %I)letham-Strode, Choppin, and Harvey, Phys. Rev. 102, 747
1956).

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

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

5 Vandenbosch, Thomas, Vandenbosch, Glass, and Seaborg,
Phys. Rev. 111, 1358 (1958).

6 Sikkeland, Amiel, and Thompson (to be published).

7 E. Victor Luoma, University of California Radiation Labora-
tory Report UCRL-3495, November, 1956 (unpublished).

8 A. Chetham-Strode, University of California Radiation
Laboratory Report UCRL-3322, June, 1956 (unpublished).

9 Joseph A. Coleman, University of California Radiation
Laboratory Report UCRL-8186, February, 1958 (unpublished).

10 Glen E. Gordon, University of California Radiation Labora-
tory Report UCRL-8215, March, 1958 (unpublished).

1 A compound system is considered to be a combination of an
incident particle and a target nucleus, whether or not a compound
nucleus is formed.

12 Elmer L. Kelly, University of California Radiation Laboratory
Report UCRL-1044, December, 1950 (unpublished) ; E. L. Kelley
and E. Segre, Phys. Rev. 75, 999 (1949).

18 W, John, Jr., Phys. Rev. 103, 704 (1956).

4 A, W. Fairhall, Phys. Rev. 102, 1335 (1956).

15 %{ C. Jensen and A. W. Fairhall, Bull. Am. Phys. Soc. 2, 378
(1957).

16 J, Jungerman and S. C. Wright, Phys. Rev. 74, 150 (1948);
J. Jungerman, Phys. Rev. 79, 632 (1950).

17 A. S. Newton, Phys. Rev. 75, 17 (1949); A. S. Newton, Phys.
Rev. 75, 1209 (1949).

( 18 Jones, Timnick, Paehler, and Handley, Phys. Rev. 99, 184
1955).

¥ H. G. Hicks and R. S. Gilbert, Phys. Rev. 100, 1286 (1955);

%teger)lson, Hicks, Nervik, and Nethaway, Phys. Rev. 111, 886
1958).

2 Sugihara, Drevinsky, Troianello, and Alexander, Phys. Rev.
108, 1264 (1957).

21 J. M. Alexander and C.D. Coryell, Phys. Rev.108,1274 (1957).

2 H. A. Tewes and R. A. James, Phys. Rev. 88, 860 (1952);
H. A. Tewes, Phys. Rev. 98, 25 (1955).

2 Richard M. Lessler, University of California Radiation
Laboratory Report UCRL-8439, October, 1958 (unpublished).

2¢ Batzel, Crane, and Iddings, University of California Radia-
tion Laboratory Report UCRL-1680, February, 1952 (un-
published) ; W. W. T. Crane and G. M. Iddings, University of
California Radiation Laboratory Reports, UCRL-1774, May,
1952, UCRL-1903, August, 1952, UCRL-2043, December, 1952
(unpublished).

25 Louis M. Slater, University of California Radiation Labora-
tory Report UCRL-2441, March, 1954 (unpublished).

26 N)Ieinke, Wick, and Seaborg, J. Inorg. Nuclear Chem. 3, 69
(1956).
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Both Th?? and U?® provide a further opportunity for
studying spallation products that survive the fission
reaction, whether by successful competition in the
compound-nucleus-evaporation chain or by avoiding
the competition in direct interaction.! Thorium-232
presents an ideal case for studying reactions of the
(a,pren) and (a,2pxn) type,? which may contain
contributions from (a,d), (a,?), (a,He®) and other direct
interactions. Uranium-233 presents a convenient case
for the exploration of deuteron-induced reactions in
the heavy-element region, for comparison with the
large amount of data available from helium-ion-
reactions.

It is also of interest to compare the fission mass-
yield distribution in this intermediate region?® with
the results obtained for compound systems of higher
Z'57 and those of lower Z.14:15

II. EXPERIMENTAL PROCEDURES®

Uniform 1-mil thorium metal foils were used for
most of the thorium bombardments. A few of the
thorium targets as well as all the U?® targets (969, U238,
3% U= <19, U?) were thin uniform deposits
(~500 pg/cm?) of the hydrated thorium or uranium
oxide electrodeposited! on aluminum. The amount of
Th?? or U2 was determined by alpha counting of the
resulting thin deposits. For thorium, corrections were
applied to account for the contribution from alpha-
particle-emitting daughters of the Th?®.%

The targets were bombarded in a water-cooled
microtarget holder which also served as a Faraday cup
for beam-intensity measurements.®> The helium-ion
beam (48.04-0.5 Mev) or the deuteron beam (24.0+0.5
Mev) of the Berkeley 60-inch cyclotron was used.
Aluminum or platinum foils were used to degrade the
helium-ion or deuteron beam to the desired energy.®

For the thorium foil bombardments the large amounts
of activity produced allowed separate aliquots of the
dissolved target to be used for the various fractions
analyzed. In the other cases the carriers and tracers
were all present during the dissolution and a sequential
separation was performed. For the thorium bombard-

27 In each case the cross section indicated is the cross section for
formation of a particular product nuclide. Therefore, except for
special cases [such as (e,an), (d,an)] in which the reaction
indicated is the only one energetically possible, the reactions
indicated should be regarded as general and do not imply the order
or arrangement of the emitted particles. For example, the indi-
cated (a,p2n) reaction could contain contributions from the
(e,p2m), (e,dm), and () reactions, since all lead to the same
product.

28 See also the fission-yield curves in references 17 through 20,
22, and 23.

2 For details of the experimental procedures see references 30
and 35.

3 Bruce M. Foreman, Jr., University of California Radiation
Laboratory Report UCRL-8223, April, 1958 (unpublished).

3 For further details see Susanne E. Ritsema, University of
California Radiation Laboratory Report UCRL-3266, January,
1956 (unpublished).

% The range-energy curves of Aron, Hoffman, and Willians

were used: U. S. Atomic Energy Commission Report AECU-6631,
May, 1951 (unpublished).
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TasLE I. Spallation-product cross sections for Th2+4-He! (millibarns).

Reactiona (a,41) (a,571) (a,p) (a,pn) (a,p2n) (a,p3n) (a,2p) (e,2pm) (a,an)
Product U232 U231 Pa23s Pa234 (UZ) b Pa233 Pa?(ﬂ Thﬂ#ﬂ Th2ss Th231
Mode of decay @ «, E.C. ' B~ B~ B~ = I -
Half-life 70 yr 4.3 day 23.7 min 6.7 hr 27.0 day 1.31 day 24.1 day 23.3 min 25.6 hr
Threshold (Mev) 29.5 36.9 11.9 18.1¢ 23.3¢ 29.9¢ 17.5 23.7¢ .5
Eq (Mev)d
15.0-18.0 0.2140.02 0.11 4-0.002 3.6 +1.2
19.9-22.4 0.21+0.03 0.01640.03 0.11 £0.06 0.9340.4
21.6-23.9 <0.07 0.414-0.05 0.020-0.006 <0.14 0.14
21.9-25.5 (1.14£0.2)c  (<0.013)¢
23.6-25.9 0.31 +0.05
26.5 (1.3 £0.4) <2.1
25.7-28.1 1.144-0.4 0.61+0.20 3.3 +04 0.16 =+0.08 0.5440.27 0.844-0.28
25.7-28.9 < 0.008 (6.21+1.3)e
25.5-29.1 (0.944-0.6)¢ (0.31 =£0.2)e
29.4 (5.1 +£2)e (9.0 £2)e 0.1
27.6-29.9 0.64-+0.21 0.41+0.04 2.4 403 0.08 +0.02 3.6 +1.2
29.9-31.8 0.11+0.06 3.4 0.6 5.2 +0.5 8.5 0.9 0.34 0.1 0.055 +0.028 0.6240.31 2.3 +0.8
32.3 30 (8.1 +£4.0)¢ (3.4 £1.2)¢ (7.8 +£2.1)° <3)e 3.5 +1.2
30.6-33.4 1.0 =-0.1 (7.1 F1)e (0.30 +0.15)e <0.01 1.5 +0.6
32.0-33.7 0.1240.01 3.3 £1.2 6.4 +0.6 101 0.25 +0.05 <0.08 29 +1.1
35.9 <0.2 1643
34.8-36.9 179 +1.8 2.9 +0.6 1642 1442 0.93 =40.2 0.36 +0.19 1642
34.9-37.7 15.6 1.6 (1246)e 2044
34.9-37.7 19.0 +1.9 (<17)e 1243
35.8-37.8 17.5 +1.8 5.4 £2.0 2142 17+2 1.8 404 1.9 +1.4 287
38.9 279 +2.8 (10£3)e (8.2 +£2)e 1142
39.3-41.0 54.7 £5.5 3.0 £1.5 2242 142 2.3 +04 2.0 0.7 1545
39.0-41.6 54.5 +5.5 2142 1842 <6 37+19
39.6-42.2 (17 8)° (14 £8)e (<15)e 3146
43.8-45.4 31.6 3.2 <1.7 1944 2445 4 +1.0 4.2 +1.5 3549
43.4-45.9 <100 <0.07
43.4-45.9 34.7 3. (<117)e 42 +8
43.4-45.9 33.4 £33 3.7+1 182 2243 5.2 1 49 414

a See reference 27.
b Only one isomer determined; UX yields not measured.

¢ Thresholds for reactions in which d, ¢, or He? are emitted are lower than those listed by approximately 2.2, 8.7, and 7.7 Mev, respectively.

d All energy values are uncertain by 0.5 Mev. A range of energies indicates a foil target; a single energy, an electroplated target.

e This cross section was measured through the use of a preliminary protactinium chemistry which did not include the anion-exchange column elution.
It is consequently considered unreliable and is therefore not shown in Fig. 1.

ments the protactinium fraction was purified by
extraction with diisopropyl ketone (DIPK) and elution
on an anion-exchange column.® The thorium fraction
was extracted into thenoyltrifluoroacetone (TTA), re-
extracted into 3M HNOj;, precipitated as the iodate,
dissolved and passed through an anion-exchange
column, The uranium fraction was purified by an
anion-exchange-column elution. For the U*? bombard-
ments the chemical separation of the neptunium
fraction was essentially that described by Vandenbosch
el al.’ The protactinium fraction was separated from the
neptunium by carrying neptunium (IV) fluoride on
LaF;. The protactinium was purified further by
extraction into DIPK from hydrochloric acid solution.

The fission products were purified by techniques

TasLE II. Spallation-product cross sections
for U28+4d (millibarns).

Reaction (d,n) (d,2n) (d,3n) (d,an)
Product Np24 Np238 Np22 Pa20
Mode of decay E.C. E.C. E.C. 8% B,
929, E.C.
Half-life 4.4 day 35 min 13 min 17.7 day
Proportional-counter 63 -2 8020 8020
efficiency useds
Threshold (Mev) —1.9 4.1 11.7 —7.2
Deuteron energy
(Mev)b
9.0 <1.2 0.42+0.06
12.1 10.5+1.6 9.4 +19
14.0 10.7+1.6 10.1 1.3 0.08 +0.03
15.4 13.242.0 8.7 £1.2 <2.3 0.10-+0.04
19.6 11.0+£1.7 3.7 +1.3 9.74+2.0 0.91+0.36
21.5 13.8+2.1 4.364-0.59 10.9+2.2
23.4 12.6+1.9 5.75+0.78 8.24+1.7 1.86+0.74

a Value for Np2¢ measured; others were estimated.
b All energy values are uncertain by 0.5 Mev.

adopted from those described by Meinke®® and
Lindner.3

The counting rates of alpha-particle-emitting spalla-
tion products were measured by use of a multichannel
alpha-pulse-height analyzer. The counting rates of
spallation products which decay by orbital electron
capture were determined with a methane-flow window-
less proportional counter. The counting efficiency of
this counter for Np?* was measured as 63429, by
milking the daughter U and determining its alpha-
disintegration rate. The counting efficiencies for Np?®
and Np®? were estimated to be 804209,.5% The
counting rates of the protactinium, thorium, and
fission-product samples were determined by using
end-window “Amperex” Geiger counter tubes. Ap-
propriate correction factors®:3 were applied to obtain
disintegration rates from the measured counting rates.

III. RESULTS
A. Spallation

The measured spallation cross sections?” for helium-
ion-induced reactions in Th?®2 are listed in Table I.
The limits of error are estimated. The excitation
functions constructed from these data are shown in
Figs. 1 and 2.

3W. Wayne Meinke, University of California Radiation
Laboratory Report UCRL-432, August, 1949 (unpublished).

3 Manfred Lindner, University of California Radiation Labora-
tory Report UCRL-4377, August, 1954 (unpublished).

35 Walter M. Gibson, University of California Radiation Labora-
tory Report UCRL-3493, November, 1956 (unpublished).
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The cross sections for the spallation reactions induced
in U%8 by deuterons are listed in Table II. The cross
sections for the (d,an) reaction are based on a value of
89, for the 8~ branching of Pa?®36 and were determined
by observing the growth and decay of U?? in the
protactinium fraction. The quoted limits of error in
the spallation cross sections do not include uncertainties
in the counting efficiencies used. The U?# excitation
functions are shown in Fig. 3.

Helium-ion energy (Mev)

B. Fission

The measured cross sections for the formation of
various nuclides in helium-ion-induced fission of Th?3?
are listed in Table III. Once again the limits of error
are estimated. These cross sections were increased by a
small amount to account for the mass-chain yields not
represented by the measured fission product?” (because
of products of higher atomic number which do not
decay to the observed fission product), in order to

70 T T T T T T T T T 7 T T T T
Th?% (a,4n) (a,an) (a,2pn)
60 ’ 11 ’ ek ep 4
2 4
£ sop \ 4F st .
_5 40| i& 1t at 4
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o 30/ ! 4F _+_ 34 {
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0 =i | L —..ﬁ.__;_._w | \ n [0} ¥ Suiril ) j— ; L
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Helium-ion energy (Mev)

Fi16. 2. Spallation excitation functions for the (e,4%), (a,0m) and (@,2pn) products of Th*2-4-Het. The solid
curve is theoretical; the dashed curves are empirical.

36 Peter R. Gray, University of California Radiation Laboratory Report UCRL-3104, August, 1955 (unpublished).

3 To establish a basis for this correction, Gibson® analyzed available primary-yield information to obtain an empirical curve
showing percent of mass yield vs charge displacement of (Z) from the most probable charge (Z,) for the mass number. Both
equal-charge-displacement and constant-charge-to-mass-number-ratio concepts were used to determine Z,, with a slightly better

fit resulting from the latter assumption.
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Fic. 3. Spallation excitation functions for U?3--d. The solid
curves are theoretical; the dashed curves are empirical.

obtain total fission yields for each mass number (also
given in Table III).

The fission mass-yield curves for Th?*? are shown in
Fig. 4. Complementary fission-product cross sections
were obtained by assuming that the average number
of neutrons, v, emitted per fission is an integral number
near the value given by the empirical formula3®

7=2+FEe/8,

where E. is the excitation energy of the compound
nucleus.

The total fission cross sections indicated in Table ITI
were obtained by summation under the smooth fission
mass-yield curves of Fig. 4.

The measured and corrected fission-product cross
sections for U?®# are listed in Table IV and shown in
Fig. 5. Very fast chemical procedures were required to
separate and characterize the short-lived ‘neptunium
isotopes produced in the bombardments, particularly
at the highest energies. Consequently, some of the
fission-product decay chains were broken before
sufficient time had elapsed for all the short-lived
predecessors of some of the fission products to decay.
Corrections for this effect were applied where possible.
The limits of error are estimated to be about 20 to 309.

IV. DISCUSSION

Previous studies'® of spallation-fission competition
in the heaviest elements have indicated that the (e,2n),
(e,3m), and (a,4n) reaction products arise principally
from de-excitation of the compound nucleus and are
drastically reduced by the competition of the fission
reaction, while certain other reactions such as the
(e,p2n) appear to be due to non-compound-nucleus
processes and are relatively unaffected by fission
competition. The results of this study are discussed
in terms of the same general concepts.

38T, Darrah Thomas, University of California Radiation
Laboratory Report UCRL-3791, July, 1957 (unpublished).
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A. Compound-Nucleus Spallation Reactions

The general features of the excitation functions for
the reactions involving only neutron emission
are similar to those noted for other heavy ele-
ments‘l*3,5~‘10,22-—26

Let us first consider the shape of the excitation
functions for reactions involving only neutron emission.
The theoretical curves (solid lines), on the graphs of
the excitation functions for the (a,4%) reaction on
Th?®2 in Fig. 2 and the (dn), (d,2rn), and (d,3n) re-
actions on U?® in Fig. 3 were calculated according to
the modified Jackson compound-nucleus model de-
scribed by Vandenbosch ef al.® using a nuclear tempera-
ture of 1.35 Mev (in agreement with previous studies).?
The good fit of the shape (the normalization is discussed
below) of the theoretical curves to the experimentally
determined excitation functions for the (a,4n) and the
(d,3n) reactions indicates that these reactions proceed
by a compound-nucleus mechanism. The excitation
function for the (d,2#) reaction indicates that in the
region of maximum cross section the reaction proceeds
predominantly by a compound-nucleus mechanism. At
higher energies an increasing direct-interaction contri-

Th

T

R
T

TS
{
.
=
‘
R

==
——
A

T
!
L

=)

T T
Loy

e
=
I

T

\

/ 257-289 Mev

il

P I N PP |

T SRR (I N'Y VA

§;%Mﬁ“§%ﬁy
10}— - =
i
y L 4]
Ho
i/ 34.9-37.7 Mev F| 43.4-459 Mev ;
nmﬁJs L 11 e

L P -
140 160 80 100 120 140 160
Mass number

6 80 00 120

F16. 4. Fission mass-yield curves for Th»24{He! Points: O,
corrected cross sections; @, cross sections for complementary
(reflected) fission products obtained with the assumption of 3 to
7 neutrons emitted [15.6-19.6 Mev (3), 25.7-28.9 Mev (4),
34.9-37.7 Mev (6), 43.4-45.9 Mev (7)].



388

FOREMAN, GIBSON, GLASS,

AND SEABORG

TasLE IV. Fission cross sections for U»3-4-d (millibarns).»

Deuteron energy (Mev)b

9.0 12.1 14.0 15.4 19.6 21.5 23.4

Isotope o meas. o mass o meas. ¢ mass o meas. o mMass o meas. o mMass o meas. ¢ Mass ¢ meas. ¢ mass o meas. o¢ mass
Sr# 4.59 4.64 14.4 14.6 18.9 19.1 26.4 26.7 46.5 48.2 346 35.1 42.7 43.3
Sr%t 390 4.01 231 23.8 18.7 19.2 310 32.0 36.9 38.0 525 546 443 46.2
Zr% 645 6.55 44.8 45.6 58.5 59.7 61.6 630 542 55.5
Zx? 459 4.80 25.6 26.8 39.3 41.1 49.8 52.4 61.8 66.0 53.5 57.2
Ru10s 5.03 5.11
Pque 46.7 471.5
Pduz 52.9 56.9
Cdus 122 1.24 8.43 8.57 147 15.0 229 23.4 44.0 45.0 47.3 486 63.9 65.7
Cdusme 1.55 1.58 1.97 2.0 3.92 4.00 5.58 5.70 8.5 8.7 4.8 4.9
Cdus4-Cdrism 1.34 1.36 . 9.98 10.2 16.1 17.0 26.8 274 49.6 50.7 55.8 57.3 68.7 70.6
Cdu? 1.70 178 121 12.5 19.5 204 219 23.2 41.8 44.2 50.0 538 59.0 63.5
Bal#® 426 4.82 20.4 23.1 39.3 46.2 49.2 57.9 46.5 58.1 34.0 45.3
Bal® 350 427 171 20.9 21.8 26.6 29.2 41.7 37.5 53.6 35.5 530 315 47.0
Nd“? 12.2 13.3
Euts? 0.76 1.03
Gd» 0.54 0.70
Total fission 125434 6054163 8574231 10934295 15024406 16874456 18614503

cross section
a 420 to 30%. b 4+0.5 Mev. ¢ Upper limit.

bution is suggested by the fact that the observed cross
sections are higher than calculated.

The very large reduction in the magnitude of the cross
sections for the (a,4n), (d,2n), and (d,3n) reactions
observed in this study, as compared with the cross
sections for heavy nuclei that are nonfissionable,!?:?
shows the effect of fission competition and also suggests
that these reactions proceed primarily by compound-
nucleus de-excitation. The magnitude of the maximum
cross section for (a,4n) reactions on various nuclides
has been used as a sensitive measure of the fissionability
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F16. 5. Fission mass-yield curves for U?%¥-4-d. Points: O,
corrected cross sections; @, cross sections for complementary
fission products obtained with the assumption of 3 to 5 neutrons
emitted [9.0 Mev (3), 12.1 Mev (3), 14.0 Mev (3), 15.4 Mev (4),
19.6 Mev (4), 21.5 Mev (5), 23.4 Mev (5)].

of those nuclides.® In order to determine quantitatively
the degree of fission competition we define (following
Vandenbosch et al.%) the neutron branching ratio G, as

Gn:rﬂ/Zz r‘i)

where T', is the probability (level width) for neutron
emission and ) ;T'; contains terms for all possible
modes of decay for the compound nucleus. In practice
> :T';is assumed to contain only I',, and I'; terms, where
TI'; is the level width for fission. A geometric mean value
@, is obtained from the normalization factor necessary
to fit the magnitude of the theoretical curves based on
the modified Jackson model® to the experimental cross
sections. The values of (f, used to normalize the
(a,4n), (d,2n), and (d,3n) curves are 0.49, 0.17, and
0.20, respectively.® Within the limits of experimental
error, the average neutron-branching ratios of the
neptunium and uranium isotopes produced as inter-
mediates in this study are consistent with the considera-
tions of Vandenbosch and Seaborg.®

B. Fission

Figures 6 and 7 show the total fission yields from
helium-ion reactions on Th?? and deuteron reactions
on U%®, These were determined by summing under the
curves of Figs. 4 and 5. The dashed lines above the
points represent the total cross sections and include
the measured and estimated* spallation cross sections
in addition to the measured fission cross sections.

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

“ For the (d,2n) and (d,3n) reactions this normalization is
based on an assumed counting efficiency which may be in error
by 20 to 30%. For this reason care should be exercised in inter-
preting the neutron branching ratios obtained for these two
cases.

4 For Th?? the cross sections for the («,2n), (¢,3#), and («,5%)
reactions were estimated from the modified Jackson compound-
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The solid curves in Figs. 6 and 7 show the theoretical
compound-nucleus-formation cross sections of Blatt
and Weisskopf*? (in Fig. 6) and Shapiro® (in Fig. 7)
for nuclear radius parameters 7o=1.3X10"% cm and
7o=1.5X1071 cm, where the nuclear radius is given
by R=roA% It can be seen that the best fit to the
experimental data is given in both cases by 7o~1.5
X107 c¢m. This is in agreement with the results of
studies on heavier nuclides.!®35 For deuterons on U?¥
the experimental points at the lower energies fall above
the theoretical curves. This is well outside the experi-
mental error, and is not noted in cases in which helium
nuclei are the incident particles. This deviation is
probably due to the contribution from (d,p) strip-
ping?®:2.:25 followed by fission at the lower energies.

Although the compound systems studied here are
intermediate between the very heavy region, where
fission is predominent, and the lighter region, where
fission is a minor contributor, it is apparent from Figs.
6 and 7 that fission still accounts for most of the
geometric cross section. In fact, for deuterons on U?#
the fission branching ratio (I'y/T'/=1—G,) is even
higher than for some heavier nuclides.®® In thorium

nucleus model (see reference 5), using G, values estimated from
reference 39 along with the G, value obtained from the measured
excitation function for the (a,4n) reaction.

2 1. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics
(John Wiley & Sons, Inc., New York, 1952), p. 352.

4 M. M. Shapiro, Phys. Rev. 90, 171 (1953).
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the average fission branching ratio is lower than
observed for most heavier nuclides by about 0.2.
Even here, however, fission accounts for most of the
total cross section.

The fission mass-yield curves from this study show
the same general trends as were observed in helium-ion
bombardments on uranium® and plutonium isotopes.!
Predominantly asymmetric fission occurs at the lowest
energies and the degree of asymmetry decreases rapidly
as the energy of the incident particle is increased. The
asymmetry characteristics of U3 fission are similar to
those of many of the heavier nuclides.!:%:35 It is perhaps
significant that Th?2, on the other hand—a less fission-
able nuclide—appears to undergo more asymmetric
fission for a given excitation energy. The fission-yield
curves in Fig. 4 are similar in shape to those found by
Newton!” for 38.5-Mev helium-ion bombardment of
Th?®?) but the cross sections are higher (for comparable
energies) by a factor of about two. However, Newton’s
measurement of the cyclotron current was probably
uncertain by a factor of at least two.* No indication
of the usual characteristics noted for the fission mass-
yield curves of Ra??6 ® and Bi*® 1 was apparent in these
studies, but it should be noted that the sensitivity of
the measurements is not high, since the determination
of detailed fission yields was not a primary aim of these
experiments.

4 A. S. Newton, Lawrence Radiation Laboratory (private
communication, 1958).
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C. Direct Interactions

High-energy nuclear reactions are generally inter-
preted in terms of a two-stage process in which the
first stage is a “‘cascade” involving direct interactions
between the incoming particle and individual particles
in the nucleus. The second stage consists of evaporation
of nucleons from the residual nucleus in a manner similar
to that of a compound-nucleus reaction. It is of interest
to examine the question whether a two-step process of
this sort can occur in the energy region considered here.
Previous papers in the present series have already
given considerable evidence that both direct-interaction
and evaporation processes do indeed take place.

The fact that cross sections for the (x,2p) reaction
on Th?® are extremely small below 50 Mev leads one to
hypothesize that direct interactions in which two
particles of any type are emitted do not occur with
appreciable probability. This is consistent with Monte
Carlo calculations, which indicate that below about
100-Mev absolute values of the cross sections for
multiple-particle cascades are small,®® while direct
interactions in which only one particle is ejected have
appreciable probability. These Monte Carlo calcu-
lations were done on the basis of protons impinging
on U2 but the systems studied in the work reported
herein should behave similarly so far as general trends
are concerned.

The mechanism for emission of charged particles is
probably a cascade or direct ejection and not evapora-
tion of protons (or other charged particles). This is
suggested by comparing the cross sections for reactions
involving charged-particle emission with the cross
sections for reactions involving only neutron emission.
In particular the excitation function for the (a,p)
reaction (in Fig. 1) is comparable to that calculated for
the (a,n) reaction (on the basis of the modified Jackson
model mentioned above®) below 25 Mev, and much
greater above 25 Mev. If the proton were evaporated

o*(a,p) for EatQ(a,p) <Ed,
U(“)P) =

EotQ(a,p)
U(a,?ﬂ) =g* (O‘)P)Gnlf N(EP)P(Eexlyl)dEexl+

Bal!

EotQ(a,p)

o(a,p2n)=c* (a,p)Gannzf

Banl!

FOREMAN, GIBSON, GLASS,

N(Ep)P(Eex!,2)dE!+0*(e,d)Ga? f

AND SEABORG

from a compound nucleus the cross section for the
(e,p) reaction would be affected by the Coulomb
barrier and would be much smaller than the cross
section for the (a,7) reaction over the entire energy
range. We may therefore reasonably assume that the
(a,pxm) reactions observed in this work proceed by
single-particle ejections followed (in some cases) by
evaporation of neutrons.

The observed yield of the (e,p21#) product can be
explained by the ejection of tritons.* However, as will
be shown later, a small contribution from (a,dn)
reactions at the highest energies is probable.

Most of the (a,pn) reaction probably proceeds by
deuteron ejection, which leaves the nucleus with
insufficient energy either to emit a neutron or to
undergo fission. This conclusion is based on the fact
that yields for the (a,pn) reaction change gradually
from one element to another*® without any discontinuity
between the heavy-element region in which fission is
the predominant reaction and the slightly lower region
where fission is not important. If the mechanism were
largely proton emission followed by neutron evapora-
tion, the cross sections for the (a,pn) reaction would
decrease suddenly where fission begins to compete
favorably with evaporation. The decrease in the
excitation function for formation of the (a,pn) product
at the highest energies indicates that some of the
residual nuclei from deuteron emission are highly
enough excited to be removed by fission or by evapora-
tion of a neutron. With neutron evaporation this
process would make some small contribution to the
observed cross section for formation of the (a,p2#n)
reaction product.

If the (a,pan) products result from mechanisms in
which a proton, deuteron, or triton is ejected followed
by neutron evaporation, the following general expres-
sions for the cross sections hold (in which the super-
scripts 1, 2, and 3 designate the nuclides Pa?%, Pa?,
and Pa?3, respectively, for the Th*?+-q reactions) :

Eal
o*(a,p) f N(E)dEsl for EutQlap)>Ed;
0

(1)
o*(a,d) for FetQlad)<B.,
B2 (2)
*(a,d) f N(E)dEs? for EatQlad)>B2;
0 .
EoqtQ (e, d)
N(Eg)P(Ee21)dEe?
Bp?
o*(af) for E,+Q(af)<EZ,
Eq3 3)

+
O’* (a)t) N(Et)dEex3

0

for E.+Q(a,)>EZ2;

45 Metropolis, Bivins, Storm, Turkevitch, Miller, and Friedlander, Phys. Rev. 110, 185 (1958).

46 Silva, Harvey, and Wade, Bull. Am. Phys. Soc. 2, 385 (1957).
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EutQ(a,p)

o (a,p3n) =0*(a,p) GG A2 nsf

B3al!

where o*(a,p), 6*(a,d), and o*(a,?) are the cross sections
for the primary ejection of protons, deuterons, and
tritons, respectively, and where Ee® is the excitation
energy of the residual nucleus Pa®%¢ after the cascade,
E,* is the activation energy for fission® of Pa¥6—i
N(E,), N(E;), and N(E;) are the probabilities that
the protons, deuterons, and tritons, respectively, will be
emitted with energy E (normalized so that foZ«t9NdE
=1), Ep=E.+Q(a,p)—Ee!, Ea=E.+Q(a,d)—Ee’,
Ei=E.+Q(a,t)— Ed, Bj,'is the binding energy of the
last j neutrons in Pa®¢¢ G,? is the ratio I',/T'; for
Pa®%~¢ (assumed independent of excitation energy),
P(E.‘j) is the probability of evaporating exactly j
neutrons from a Pa®%-¢ nucleus with initial excitation
energy Eex' [ P(Eetj) can be calculated by the modified
Jackson method?], Q(a,p)=—11.7 Mev,® Q(a,d)
=—15.5 Mev,®® Q(a,f)=—14.4 Mev,*® and E, is the
energy of the incident helium ion in the center-of-mass
system.

In order to compare these expressions rigorously
with experimental data, we need, but do not have,
information on the cross sections for the primary
ejection processes and the spectra of outgoing particles.
However, some information on the energy spectra of
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47 J, D. Jackson, Can. J. Phys. 34, 767 (1956).
48 B. M. Foreman and G. T. Seaborg, J. Inorg. Nuclear Chem.
7, 305 (1958).

N(E,)P(Eed,3)dEci+0* (0, d)Go2G P f

391

HoctQ (e, d)
N(Eg)P(Eex?,2)dEex?

Ba2n?

EatQ(a,t)

+0* (e, 1) G P f N(E)P(Ead1)dEo3, (4)

Bn?

ejected tritons can be obtained by the use of Egs. (3)
and (4) with the following approximations:

(a) Contributions to the observed cross section for
the (a,p2n) product from sources other than direct
triton ejection can be neglected. The results of Wade
et al.* support this assumption.

(b) The observed yield for the (a,p3n) product is
due almost entirely to triton ejection followed by
neutron evaporation. This is consistent with assumption
(a). Furthermore, the only other process that could
contribute appreciably to the observed yield for this
reaction is the (@,d2#) reaction, whose yield is even
more drastically reduced by fission competition than
is that of the (a,in) process.

(c) The function P(E«31) can be approximated by
a constant value, independent of energy, over a fixed
range of excitation energy. That this is a reasonably
good approximation can be seen from Jackson’s graph
of a similar function.*”

With the above approximations, in the region where
the (ao,in) reaction is energetically permitted, we may
write Eqs. (3) and (4) as follows:

Eqd
a(a,f)=0%(a,t) N(E)dE®, 3)
0
EatQ(a,t)
o (e,tn) =a*(a,t)F N(E)dEe®, 4)
Bn?

where F is a combination of G.® and the constant
P(Ee3,1) assumed above. Its numerical value (based
on the branching-ratio systematics of Lessler®), is
0.65. Combining Egs. (3") and (4") we obtain®®

o (a,in) BatQ ()

o (a,t)

=0.65
Bn?

N(E)dES / f N EYiES.
° (5)

The N (E;) function in Eq. (5) represents the emitted
triton spectrum and together the integrals include
nearly all tritons emitted. The integral in the numerator
corresponds to all reactions in which lower energy
tritons are emitted (allowing emission of a neutron)
while the integral in the denominator corresponds to
reactions in which higher energy tritons are emitted
(preventing both fission and neutron emission).®
Measurement of the o (a,in)/o (a,t) ratio therefore allows
one to calculate the fraction of the emitted tritons

49 Those tritons emitted with energy such that the residual

nucleus is left with E3<Ee3<B.3, i.e., 5.7<Eex*<6.5, are not
included by the integrals.
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which are of low enough energy that the residual
nucleus is left with sufficient excitation energy to
evaporate a neutron. The experimental values of
o(a,tn)/o(e,t) taken from the smooth curves of Fig. 1
are shown in Fig. 8. From Fig. 8 and Eq. (5) we calcu-
late that at 35 Mev about 99, of the outgoing tritons
are of sufficiently low energy that the residual nucleus
is left with more than 6.5 Mev of excitation energy
(i.e., triton energy <13.9 Mev), while at 44 Mev about
209%, of the emerging tritons leave the nucleus with
more than 6.5 Mev of excitation energy (triton energy
<22 Mev).

Since the cross sections for the (@,2p) reaction are
very small below 46 Mev, the cross section for the
emission of two protons and a neutron is probably also
very small. Thus the only plausible mechanism for the
formation of the observed (@,2pn) product is direct
emission of a He? nucleus. Possibly the mechanism for
this reaction, as well as the (a,f) reaction, is one in which
a single nucleon is stripped from the incident helium
nucleus.

The (a,an) reaction®™ can be described by a mecha-
nism involving inelastic scattering of the incident
helium ion followed by neutron evaporation. It can also
be described as a collision between the incident helium
ion and a neutron, after which both escape from the
nucleus. The latter process would be unique in this
energy range (<50 Mev), since it involves direct
emission of more than one particle. A determination of
the excitation function for the (a,ap) reaction would
help to differentiate between the two possible mecha-
nisms noted above. The cross sections for the (d,x)
product (Fig. 3) are higher than those for the (d,2%)
product over the entire energy range studied. This is the

% In this case we can be somewhat more exact about the
reaction involved since the (e,2p3#n) reaction is not energetically
possible.
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first time that this has been observed and illustrates
in a striking manner both the fissionability of the
Np#¥* compound system and the fact that the (d,n)
reaction has little contribution from compound-nucleus
processes. The magnitude of the compound-nucleus
contribution is indicated by the theoretical curve of
Fig. 3. The observed cross section is probably due
almost entirely to a stripping mechanism which leaves
the nucleus with insufficient energy to emit a neutron
or to undergo fission. The shape and magnitude of the
excitation function for this reaction are similar to those
observed for the heaviest nonfissionable nuclides and
to those predicted by Peaslee for a stripping reaction.?
The high cross sections for the (d,2#) reaction at the
highest energies studied (Fig. 3) are probably due to
(d,n) stripping followed by evaporation of one neutron.

The mechanism for the (d,an) reaction on U?3 is not
clear. The most plausible mechanism is an ejection of
an alpha particle followed by evaporation of a neutron.
The ejection may take place either through pickup of a
neutron and a proton by the incident deuteron or by
“knock-on” of an alpha particle with capture of the
incident deuteron by the residual nucleus. Some
support for the proposed double pickup process comes
from the measurement of sizable cross sections for the
(p,t) reaction or heavy nuclides by Wade et al.*
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