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ABSTRACT

Cross sections and excitation functions have been determined for

232 with helium ions

. spallation and fisstorn products from bombardments of Th
(15 to 46 Mev) and U233 with deuterons (9 to 24 Mev). This work extends a
series of investigations of charged particle (a, d, and p) induced reactions
in heavy elements (z > 88). Radiochemical methods were employed to isolate
products corresponding to‘the following spallation reactions: neutron emis-
sion, (a,4n), (a,5n), (d;n), (d,2n), and (d,3n); emission;of one proton and
neutrons (a,p), (&,pn), (a,p2n), and (@,p3n); and emission of two protons
and neutrons, (a,2p), (o,2pn), and (@,0m), and (d,0n). In addition, the

Zn72

following fission‘products were 1solated from one or more bombardments: ,

0T, asTT 502,83 86 89,91 (93 95,97 L 96 | 99 | 103,105,106
Pd109,112, Aglll, Cdll5,115m,ll7, 1_130’131’133, C5136’ Bal39’ll‘°, Lalho’
Celhl,lls,llm’ Ndllw’ Eu157, and Ga~>?.

*This work was performed under the auspices of the U, S. Atomic Energy Com-
mission. It is based in part on the Ph,D, theses of Bruce M, Foreman, dJr.,
University of California, June 1958 and Walter M. Gibson, University of
California, June 1957, One of us (WMG) wishes to acknowledge the support
of the United States Air Force Institute of Technology during this research,

?Present address: Brookhaven National Laboratory, Upton, New York
4:Present address: Bell Telephone Laboratories, Murray Hill, New Jersey

§Present address: Stanford Research Institute, Menlo Park, California
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The results show that fission is the predominant reaction at all
energies for Th232 and to an even greater extent for U233. The data for the
surviving spallation products are consistent with several mechanisms of
reaction, including compound-nucleus formation and evaporation, direct inter-
actlions between nucleons of the incoming helium ion or deuteron and nucleons
of the nucleus, and a combination of these types of processes (direct inter-
action 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-nncleus formation, The shapes
and magnitudes of (a,4n), (d,2n), and (d,3n) excitation functions correlate
well with a compound-nucleus treatﬁent modified to include fission competition,
According to this treatment, ratios of neutron to total-reaction level width,
r /ZiPi, are 0,49 for U236-233 [from Th232 (a,kn)], 0.17 for Np235-234 [from
y23T (a,2n)], and 0.20 for Np23° 233 [from UZ33 (4,3n)]. 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 ro =1.5x lO-J*3 Al/3.

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

The (o,pxn), (o,2pxn), (a,an), (d,n), and (d,om) products are at-
tributed to direct interactions, with complex particles emitted in preference
to a series of protons and neutrons., Thus (@,d), (a,t), and (o,tn) mechanisms
would account for most of the (a,pn), (a,p2n), and (@,p3n) products, respec- -
tively. In the case of the (@,t) and (@,tn) reactions, analysis of the ratio
%%gf%%l 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 L44-Mev helium ions only 20% do so. The

(d,n) product probably results from the stripping reaction,
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SPALLATION-FISSICN COMPETITION

IN HEAVY-EIEMENT REACTIONS: Tho3C + He® AND U°33 4 4

Bruce M. Foreman, Jr., Walter M. Gibson,
Richard A. Glass, and Glenn T, Seaborg

Lawrence Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

Febfuary 1959

Y. INTRODUCTION

This paper extends a series of radiochemical investigations of ex-
citation functions for spallation and fission reactions induced in heavy
elements (Z > 88) by medium-charged particles.l-6

A number of studiesl-3’5_lo in the medium-energy range (5 to 50 Mev)
have involved compound systemsll of high total charge (between Z = 9% and
Z = 100), in which fission accounts for more than 90% of the total cross
section observed., Other stud.:l.eslz-'l5 have involved compound systems of
lower total charge (Z < 90), in which the percentage of the reactions proceed-
ing by fission 1s small ( < 10%). This paper considers compound systems in
an intermediate region, where the contribution from fission and spallation

-23

should be more nearly equal., Some investigations on fission16 and spal-

lation23-26 in this region have previously been reported.

Both Th232

"lation products that survive the fission reaction, whether by successful

and U233.provi§e a further opportunity for studying spal-

competition in the compound-nucleus—evaporation chain or by avoiding the
competition in direct interaction.l Thorium-232 presents an ideal case for
studying resctions of the (o,pxn) end (o,2pxn) type,z7 which may contain
contributions from (a,d), (a,t), (a,He3) 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 helilum-ion—reactions,

It 1s also of interest to compare the fission mass-yield distribution
- in this intermediaté region28 with the results obtained for compound systems
of higher Zl’s’7 and those of lower Z.lh’15
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II, EXPERIMENTAL PROCEDURES®’
Uniforﬁ 1-mil thorium metal foils were uéed for most of the thorium
bombardments., A few of the thorium targets as well as all the U 233 targets
(96% U233, 3% U238, < 1% U23 ) were thin uniform dep081ts (~500 ug/cm of
the hydrated thorium or uranium oxide electrodep051ted on aluminum. The
232 233 was determined by alpha counting of the resulting

amount of Th or U

thin deposits. For thorium, corrections were applied to account for the
contribution from alpha-particle-emitting daughters of the Th232 31
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 (48.0 £ .5 Mev) for the deuteron beam (24,0 * .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.33
For the thorium foil bombardments the large amounts of activity
produced allowed separate aliquots of the dissolver to be used for the various
fractions analyzed. 1In the other cases the carriers and tracers were all
present.during the dissolution and a sequential separation was performed, For
the thorium bombardments the protactinium fraction was purified by extraction
with diisopropyl ketone (DIPK) and elution on an anion-exchange column.3l
The thorium fraction was extracted into thenoyltrifluoroacetone (TTA) re-
extracted into 3 M HNO3, precipitated as the iodate, and passed through an
anion-exchange column, The uranium fraction was purified by an anion-
exchange-column elution. For the U 233 bombardments the chemical separation
of the neptunium fraction was essentially that described by Vandenbosch
et al.5 The protactinium fraction was separated fromthe neptunium by carry-

ing neptunium(IV) fluoride on LaF The protactinium was purified further

by extraction into DIPK from hydrgbhloric.acid solution.

The fisslon products were purified by techniques adopted from those
described by Meinke3™ and Lindner,3?

The counting rates of alpha-particle-emitting spallation products
were measured by use of a multichannel qlpha-pulse-height analyzer. The
.counting rates of spallation products which decay by orbital electron capture

were determined Witp a methane-flow windowless proportional counter. The
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counting efficiency of this counter for Np23h was measured as 63 * 2% by

milking the daughter U23)+ and determining its alpha-disintegration rate. The

counting efficiencies for Np233 and Np232 were estimated to be 80 % 20%.5’30
The counting rates of the protactinium, thorium, and fission-product samples

were determined by using end-window "amperex" Geiger counter tunes., Appro-

priate correction factor530’3l were applied to obtain disintegration rates

from the measured counting rates.



-7- UCRL-8623

ITI. RESULTS

A. Sgallation

The measured spallation cross sections

reactions in Th232 are listed in Table I. The limits of error are estimated,

af

for helium-ion-induced

The excitation functions constructed from.these data are shown in Figs. 1 and
2.,
' The cross sections for the spallation reactions induced in U233 by
deuterons are listed in Table II. The cross sections for the (d,an) reaction
are based on a value of 8% for the B~ branching of Pa230, 36 and were deter-
mined by observing the growth and decay of U230 in the protactinium fraction.
The gquoted limits of error in the spallation cross sections do not include
uncertainties in the counting efficiencies used. The U233 excitation

functions are shown in Fig. 3.

B. Fission

The measured cross sections for the formation of various nuclides in
helium-ion-induced fission of Th232 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 product37 (because of products of higher atomic number which
do not decay to the observed fissién product), in order to obtain total
fission yields for each mass number (also given in Table III).

The fission mass-yield curves for 232 gre shown in Fig, 4. Com-
plementary 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 formula38

v = 2+E_/8,

where Eex is the excitation energy of the compound nucleus,
The total fission cross sections indicated in Table III were obtained

by summation under the smooth fission mass-yield curves of Fig. L.



Teble I. Spallation-product cross sections for ThZ3Ze® (mwillivarns)
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Reaction® (a,bn) (@,50) (a,p) (a,p2) (@,p2n) (e,p30) {@,2p) (a,2pn)  (o,0m)
Product u?32 B3l pa35 Paf3h(iz)®  pa?33 Pa?32 23k m#33 @23t
Mode of decay & a,EC B 8 B B B~ B B
Half life Ty h3a 23.7m 6.7h 27.0 4 1.314 2h.1 a 23.3m  25.6h
Threshold(Mev) _ 29.5 36.9  11.9 18.1° 23.3° 29.2° 17.5 23.7° 6.5
B, (Mev)d
15.0-18.0 0.21%,02 0.11#,002 3.681.2
19.9-22.4 0.212.03 0.016+,003 0.11+.06 0.93t.h
21.6-23.9 <0.07 0.141%.05 0.020%.006 <0.1% <0.14
21.9-25.5 (1.14.2)°  (@.013)°
23.6-25.9 0.31#.05
26.5 (1.3t.)° <@.1
25.7-28.1 1.1bs. b 0.61%.20 3.3t 0.16£.08 0.54,27 0.84+,.28
25.7-28.9  €0.008" (6.211.3)°
25.5-29.1 (0.94£.6)°  (0.31£.2)°
29.% (5.1%2)¢ (9.0¢2)¢ <0.1
27.6-29.9 0.64t.21 ©  0.h1t,0h4 2,423 0.08:.02 3.641.2
29.9-31.8 0.11%.06 3.440.6 5.2%.5 8.5%.9 0.34.1 0.055%£,028 0.62t.31 2,3%.8
32.3 <30 (8.124.0)°  (3.h41.2)®  (7.822.1)° (<3)® 3.581L.2
30.6-33.14 1.0%.1 (7.141)® (0.30£.15)% <0.0L 1.5¢.6
32.0-33.7 0.12#,0L 3.3%1.2 6.4.6 101 0.25%£.05 <0.08 2.941.1
35.9 <0.2 16%3
34.8-36.9 17.941.8 2.9%.6 1642 1tz 0.93%.2 0.36t.19 1642
34.9-37.7 15.6£1.6 (1226)° 20}
34.9-37.7 19.0%1.9 (an)® 1243
35.8-37.8 17.5¢1.8 5.4%2.0 21t2 1742 1.8.% 1.9¢1.% 2827
38.9 27.942.8 (10£3)° (8.2¢2)° 112
39.3-h41.0 5h4,745.5 3.0£1.5 2212 2142 2.3t.4 2.0%.7 1525
39.0-41.6 54,5%5,5 212 168t2 <6 37419
39.6-b2.2 (L7£8)° (148)° (<as)® 3146
%3.8-45.4 31.643.2 <a.7 19tk 2hts L4.11.0 L,241,5 3539
13.5-15.9 <100 <0.07
43,4459 34, T£3.7 (<an)® 4248
43.4-b5.9 33.83.3  3.7T8L 182 2243 5.241 4921k

a. See Reference 27.
b. Only one isomer determined;

¢. Thresholds for reactions in which 4,t, or He

8.7, and 7.7 Mev, respectively.

d. All energy values are uncertain dy 0.5 Mev.

uxz ylelds not measured.
3 are emitted are lower than those listed by approximately 2.2,

A range of energies indicates a foll target, s single energy

and electroplated target.

This cross section was measured through the use of a preliminary protactinium chemigtry which did not
include the anion-exchange columm elutiom. It 1s consequently considered unreliable and is therefore
not showa in Fig., 1.

MU-16867
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Fig. 1. Spallation excitation functions for the (a,pxn)
232 L

products of Th + He”, All curves shown are empirical,

Only one (a,pn) product iscmer was measured.
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Fig. 2. Spallation excitation functions for the (&,4n) and
232 L

(a,2pxn) products of Th 4+ He . The solid curve is

theoretical; the dashed curves are empirical.
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Table II. Spallation-product cross sections for U233+d (millibarns)

Reaction (d,n) (a,2n) (d,3n) (a,om)
Product np?3t wp?33 wp23e pa?30
Mode of decay E.C. E.C. E.C. 8t 87, 92% E.C.
Half life L.ha 35 min 13 min 17.7 @
Proportional-ccgnter
efficiency used 63 2 80 % 20 80 + 20
Threshold (Mev) -1.9 4.1 11.7 -7.2
Deuteron energy (Mev)b
9.0 <.2 0.42 + .06
1z.1 . 10.5 £ 1.6 9.4 1.9
140 10.7 + 1.6 10.1 % i.a 0,08 % ,03
15.% 13.2 & 2.0 8.7 + 1.2 <2.3 0.10 % .0k
19.6 11.0 & 1.7 3.7 £ 1.3 9.7 £ 2.0 0.91 £ .36
2L.5 13.8 + 2.1 4.36 £ .59 10.9 + 2.2
23.4 12.6 + 1.9 5.75 ¢ .78 8.2 = 1.7 1.86 ¢ .7k

a. Value for Np23h

measured; others were estimated.

b. All energy values are uncertain by 0.5 Mev.

MU -16866

UCRL-8623
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The solid curves are theoretical; the dashed

empirical.
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Fig. 3. Spallation-product excitation functions for U233 + d.

curves are



Table III. Fission

cross sections for Th>3%a (millibarms)

UCRL-8623

Energy (Mev)

__15.6 - 19.6 19.8 25.7 - 28.9 34.9 - 3.7 396 - b2.2 43.h - b5.9
Huclide:. o meas, o mmes g meas, g mass ¢ meas, U mABS 0 _meas, g mass g meas, Q mASS g meas, 0 _mass
=1 0.0362.009 0.038£.000 0.152.03  0.15£.04 0.3k2.07  0.37:.09
AU 9,0832,03 0.040t .02 0.584.14 <>.5tho.1hh
Nus 0.12¢.05 0.37t.11 o
Totay mass 77 0.20£.10  0.206.10  0.h1£.13  0.kl+.13 ©.582.14
Be%2 0.034.,0L 0.30%,006
252 1025 1085
86 1.28,5 0,034,009 0.099%.025
8% 0.051#.010 0.051£.010 0.8%.2  0.8k.2 38419 38029 30610 jot10 276 2746
st 0.0ug2.0L  0.0h9:.01  0.968.32  0.9T:.32 66133 b 37 35¢8 3048 028
173 . TH3T TR3T
295 0.11£,04  0,11%,08  1.14.2 itz 73T b ¢ 6513 b 8.381.7 8.421.7 91418 o1418°
=7 0.0581.02  0.05¢t.02  1.l4.2 itz ozsts 2545 k218 1559 T.7L9  B.2:2) T8 T6e20
" 0.35¢.15
W 2826 2826 Lot8 149 56411 S6t11
R0 1142 1z 1524 1544 2he5 2hts
O3 2348 2148
Rul06” 8.681.7 1623 174% 3146 3286
pel% 8.z¢2.1 173 173 3848 38:8
patt2 8.6e2.1 20th 2224 337 3647
gt nzz 2745 2745 63113 63113
cad 9.00872.003 0.30¢.2 1eeh 205 skaz7
cellsn 0.79t.2 L.42.3 T.83.9
cauz (toter)  0.0052¢,005% 0.0052¢,00 0.32.31% 0.320.31 13¢h 1384 2585 2585 g2t 2133
b
o 1684 75 2226 2616
3 2687 3289 3814 szses
s36° 2.84.6 T8k 1788
P 0.77£.3  0.85%.3 ketlz 5086
ui:‘:. 0.037£.019  0.0L2£,021  0.82:.2 0.96t,2 256 3026 b28 377 52411 308
Le 1785 M
Total mass 140 2747 287 339 38210
celt 55411 58413
el 5744 s14°
et 275 3528
T pEry 1285
Total fission 0.93¢.24 m> 5904150 mb 930£240 nb 1660410 b

crose section

a. Shielded nuclide {ome whose precursor in the B~ decay chein is either atable or lomg-lived),
b. In these ceses the cross section for formation of the daughter vas measured and found neg igible,

c. Not shown in Pig. b because of isotopic-exchange difficulties which make ruthenium cross sections unrelisble.

4. Contribution from Ca™5® entimted.

MU —16868



Cross section {mb)

-1k~ UCRL-8623
IOE LI 17T 1T 17T 1T 11 E ]005 T T 1T T T T T 3
FThe® 1t h 3
i 10 A z /{ﬂ i
= 3 i ﬁﬂﬁ 1 =
E 15.6-19.6 Mev E E ;
U } i 4 F E
= A '}" 1 £ :
oo \ / [y /i I\ -
E b3 F ] 257-289 Mev 3
F 10 8
L vk i
0.001L_t J: TN N kel SN E 00l / I Y N Y S 1\
g TT T T T T T 71 I e VR (T 2
FWE L
BYARAALTE ﬂ
10 9F 3
13 =l E
i IE B 3
N ﬁ i\ 1E t -
°":—§ JE E
- | 349-37.7 Mev JE|  434-459 Mev :
{44 | VO TN T [N IONOOY SN SN | N U U NN [ N N N |

60 8 10 120 40 160 60 8 100 120 140 160

Mass number My - 16861

. . 232 4

Fig. 4. Fission mass-yield curves for Th + He .

7, corrected cross sections; % , cross

- Points:
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 (&), 34.9 - 37.7 Mev (6), 43.4 - 45.9 Mev (7)].
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The measured and corrected fission-product cross sections for U233
are listed in Teble IV and shown in Fig. 5. Very fast chemical procedures
were required to separate and characterize the short—livéd neptunium isotopes
produced in the bombardments, particulsrly at the highest energles, Conse -
quently, some of the fission-product decay chains were broken Pefore suffi-
cient time had elapsed for all the short-lived predecessors of some of the
fission products tb decay. Corrections for this effect were applied where
possible, The limits of error are estimated to be about 20 to 30%.
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Table IV, Fission cross settions for l.r'331»d (millivarns)®

Deuteron energy (ev)”

9.0 12.1 140 . 15,4 19.6 21.5 23.4

ISOtOPe g meas. g mass O meas. g ImAss g meas. U mass g meas. g _mass o meas. O mAss g meas. 0 mass g meas. o mass
Sr89 %.95 4,6k 1h.h 1%.6 18.9 19.1 26.{; 26.7 46.5 18.2 346 35.1 y2.7 43.3
st 3.90 4,01 3h.1 34.8 18.7 19.2 31.0 32.0 36.9 38.0 52.5 5h.6 hL,3 6.2
29 6.5 6.55 1.8 15.6 58.5 59.7  6L.6 63.0  5h.2 55.5
7T L.59 180  25.6 26.8  39.3 1.1 19.8 s2.4 618 66.0  53.5 57.2
R*% 5.03 5.11

pal® T V7.5
_pat? 52.9 56.9

call? 1.22 L2 8.3 8.57 1h7 15.0  22.9 234 4.0 3.0 7.3 18.6  63.9 65.7

c

cattsm 1.55 1.5 1.97 2.0 3.92 100 5.58 5.0 8.5 8.7 5.8 .9
callscalt®  13h 1.36  9.98  10.z  16.1 17.0  26.8 27k 49.6 50.7  55.8 573 68.7 70.6
cat? 1.70 1.78 12.1 12.5 19.5 20.4 21.9 23.2 1.8 .2 50.0 53.8 59.0 63.5
Bat3? k.26 182 204 23.1 9.3 ¥6.2 49.2 57.9 46.5 58.1 34.0 5.3
a0 3.50 L2 174 20.9 21.8 26.6 29.2 .7 37.5 53.6 35.5 53.0 31.5 7.0
el 12.2 13.3
e 0.76 1.03
[ ’ 0.5% 0.70
Total fission 125 + 34 605 £ 163 857 + 231 1093 £ 295 1502 £ %06 1687 * 156 1861 + 503

cross section

a, % 20 to 30%.
b. & 0.5 Mev,
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IV. DISCUSSICON

Previous studiesl-5 of spallation-fission competition in the heaviest
elements have indicated that the (a,2n), (a,3n), 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 (a,p2n) appear to be due to non-compound-nucleus processes and are
relatively unaffected by fission compétition. The results of this study are

discussed in terms of the same general concepts.

A, Compound-Nucleus Spallation Reactions

The general features of the excitation functions for the reactions

involving only neutron emisslon are similar to those noted for other heavy
elements.l_3’5-lo’22-26 v

Let us first consider the shape of the excitation functions for re-
actions involving only neutron emission. The solid curves on the graphs of
‘the excitation functions for the (a,4n) reaction on Th?3% in Fig. 2 and the
(d,n), (4,2n), and (d,3n) reactions on u233 in Fig. 3 were. calculated accord-
ing to the modified Jackson compound-nucleus model described by Vandenbosch
et.al.5 ;.0 using a nuclear temperature of 1.35 Mev (in agreement with
previous studies).5 The fit of the shape (the normalization is discussed
below) of the theoretical curves to the experimentally determined excitation
functions for the (o,4n) and the (d,3n) reactions indicates that these re-
actions do indeed proceed by a compound-nucleus mechanism. The excitation
function for the (d,2n) reaction indicates that in the region of maximum cross
section the reaction proceeds predominantly by a compound-nucleus mechanism,
At higher energles an increasing direct-interaction contribution is suggested
by the fact that the observed cross secﬂions are higher than calculated.

The very large reduction in the magnitude of the cross sections for
the (o,4n), (4,2n), and (d,3n) reactions observed in this study, as compared

12,13 shows

with the cross sections for heaVy nuclei that are nonfissionable,
the effect of fission competition and also suggests that these reactions

proceed primarily by compound-nucleus de-excitation. The magnitude of the
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maximum cross section for (,4n) reactions on various nuclides has been used

39

as & sensitive measure of the fissionability of those nuclides, In order to

determine quantitatively the degree of fission competition we define (following

Vandenbosch et al.s) the neutron branching ratio Gn as

where Fn is the probability (level width) for neutron emission and Ziri contains
terms for all possible modes of decay for the compound nucleus. In practice

Zi Fi is assumed to contain only Fn and Ff terms, where Ff is the level width
for fission. A geometric mean value Gn is obtained from the normalization
factor necessary to fit the magnitude of the theoretical curves based on the
midified Jackson model5 to the experimental cross sections. The values of

Eﬁ used to normalize the (o,4n), (d4,2n), 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
intermediates in this study are consistent with the considerations of

39

Vandenbosch and Seaborg.

B. TFission

Figures 6 and 7 show the total fission yields from helium-ion re-
actions on Thz32 and deuteron reactions on U233. 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 estimatedhl
spallation cross sections in addition to the measured fission cross sections.

The solid curves in Figs. 6 and 7 show the theoretical compound-
nucleus-formation cross sections of Blatt and Weisskopf)+2 (in Fig. 6) and
Shapiroh3 (in Fig. 7) for nuclear radius parameters r = 1,3 x lO-l3 cm, and
r, = 1.5 x 10~ 13 cm, where the nuclear radius is glven by R = r, Al/3. it
can be seen that the best fit to the experimental data is given in both cases
by r ~1.5 x 10 -13 cm, This is in agreement with the results of studies on

1,5,30 For deuterons on U233 the experimental points at the

heav1er nuclides.
lower energies fall above the theoretical curves, This is well outside the

experimental error, and is not noted in cases in which helium nuclei are the
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incident particles. This deviation is probably due to the contribution from
(d,p) strippingzo’zj"25 followed by fissicn at the lower energies.

Although the compound systems studied here aré 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 stdll accounts for most of the geometric cross section. In fact, for
deuterons on U233 the fission branching ratio (I"f/l"t > 1 - Gn) is even higher
than for some heavier nuclides,s’39 In thorium the average fission branching
ratio is lower than observed for most heavier nuclides by gbout 0.2, Even
here, however, fission accounts for most of the total cross section.

The flssion mass-yield curves from this study show the éame general

>

trends as were cbserved in helium-ion bombardments on uranium” and plutonium

isot0pes.l Predominantly asymmetric fission occurs at the lowest energies
and the degree of asymmetry decreases rapidly as the energy of the incident

particle 1s increased. The asymmetry characteristics of U233 fission are

similar to those of many of the heavier nuclides.l’S’30 It is perhaps signif-

icant that Th232, on the other hand -- a less fissionable 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 by Newtonl7 for 38.5-Mev

232

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.uu

No indication of the unusual characteristics noted for the fission,mass-yield

226 15 ,209

and Bi was apparent in these studies, but it should

curves of Ra
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 ex-

periments.

C. Direct Interactions

High-energy nuclear reactions are generally interpreted 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
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interest to examine the question whether a two-step process of this sort can
occur in the energy region considered here, Previous papers 1n 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 (@,2p) reaction on m?32 4

re
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 1s consistent with Monte Carlo calcﬁlations, which indicate
that below about 100 Mev absolute values of the cross sections for multiple-

45

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 U238, but the systems
studied in the work reported herein should behavevsimilarly so far as general
trends are concerned. |

The mechanism for emission of charged particles is probably a cascade
or direct ejection and not evaporation of protons (or other charged particles).
This is suggested by comparing the cross sections for reactions invdlving
charged-particle emission with the cross sections for reactions involving only
neutron emission. In particular the excitation function for the (a,ﬁ) reaction
(in Fig. 1) is comparable to that calculated for the (o,n) reaction (on the
basis of the modified Jackson model mentioned above5) below 25 Mev, and much
greater asbove 25 Mev. If the proton were evaporated from a compound nucleus
the cross section for the (Q,p) reaction would be affected by the Coulomb
barrier and would be much smaller than the cross section for the (o,n) reaction
over the entire energy range. We may therefore reasonably assume that the
(a,pxn) reactions observed in this work proceed by single-particle ejections
followed (in some cases) by evaporation of neutrons.

The observed yield of the (o,p2n) product can be explained by the
ejection of tritons. However, as wlll be shown later, a small contribution
from (@,dn) reactions at the highest energies is probable.

Most of the (&,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 anotherh6 without any
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discontinuity between the heavy-element region in which fission is the pre-
dominant reaction and the slightly lower region where flssion is not important.
If the mechanism were largely proton emission followed by neutron evaporation,
the cross sections for the (@,pn) reaction would decrease suddenly where fis-
slon.begins to compete favorably with evaporation. The decrease in the ex-
citation funetion for formation of the (a,pn) product at thevhighest energies
indicates that some of the residual nuclei from deuteron emission are highly
enough excited to be removed by fission or by evaporation of a neutron. With
neutron evaporation this process would make some small contribution to the
observed cross section for formation of the (a,pZn) reaction product.

If the (a,pxn) products result from mechanisms in which a proton,
deuteron, or triton is ejected followed by neutron evaporation, the follow-

ing expressions for the cross sections hold:

o* (a,p) for B, + Q (a,p) < E,
o (@,p) = gl (1)
* a 1
o* (a,p) S N (Ep) d Eex for Ea + Q (a,p) > Ei 3
(o]
Ea + Q (a’P)
1 1 1
a = . g¥* .
o (a,pn) =-o* (a,p) G_ N (Ep) P (Eex’l.) 4 E_
i1
n
o* (a,d)  for B + @ (,d) < Bi ,
* 52 (2)
n 2
¥ .
o* (a,d) N (B B, gor B, +Q (2,d) > B ;
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E, + 9 (2,p)
1.2 1 1
o (a,p2n) = o* (a,p) G G N (Ep) P (Eex,2) dE_
1
B2n
£, +Q (2,d)
2
+ o (a,d) G N (E,) P (82,1) a B,
2
Bn (3)
o* (a,t) ' 3
for B, + Q (a,t) < E,
+ B3
3
o* (a,t) * N (8) A E 0
o for E, + Q (a,t) > E_ 3
o + Q (a)P)
1 2 1 1
o (o,p30) = 0% (@,p) G, G- G N(E) P (B,,3) 4 E_
1
B3n
’pEa + Q (a,d)
2 .3 | 2 2
+ o¥ (a,d) G, G N (Ed) P (Eex,z) dE__ (1)
2
BZn
E, +Q (a,t)
3 3 3
+ o% (a,t) G- N (Et) P (Eex,l) B,
B3
n

where o* (a,p), o* (a,d), and o* (a,t) are the cross sections for the primary

ejection of protons, deuterons, and tritons respectively,
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i 236-1

where Eex is the excitation energy of the residual nucleus Pa after

the cascade,
Ei 1s the activation energy for fission39 of Pa236-l,
N (Ep), N (Ed), and N (Et) are the probabilities that the protons,

aeuterons, and tritons respectively willl be emitted with

energy E (normalized so that Ey +Q R
’ ‘ N 4dE =1
ex
o

E =E_ +q (a,p) - E-

P o ’ ex’
2

E;=E, +Q (a,d) - B
) 3

E, =E, +Q (a,t) B

i

236-i
J

B.n is the binding energy of the last j neutrons in Pa

G; is the ratio Fn/l"t for Pa236-i (assumed independent of

excltation energy,
i |
ex’ Y
from a Pa

) 1s the probability of evaporating exactly J neutrons
236-1

P (E
nucleus with initial excitation energy EZX

[p (Eix,j) can be calculated by the modified Jackson methodh7“] ,
Q (a,p) = - 11.66 M.ev,lL8

Q (x,d) = - 15.51 Mev,LL8

Q (a,t) = - 14.42 Mev,

an 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 ejectpon précesses and the spectra of outgoing particles. However,
some information on the energy spectra of ejected tritons can be obtalned by
the use of Eqs. (3) and (%) with the following approximations:

(a) Contributions to the observed cross section for the (o,p2n)
product from sources .other than direct triton ejection can be neglected.

The results ofFWade et al.l‘L support this assumption.
(b) The observed yield for the (o,p3n) product is due almost

entirely to triton ejection followed by neutron evaporation. This is
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consistent with Assumption (a). Furthermore, the only other process that
could contribute appreciably to the observed yield for this reaction is the
(x,d2n) reaction, whose yield is even more drastically reduced by fission
competition than is that of the (&,tn) process.

(c) The function P(ng,l) can be approximated by a constant value,
independent of energy, over a fixed range of excltation energy. That this
is a reasonabiy good approximation can be seen from Jackson's graph of a
similar function.’! |

With the above approximations,: in the;region where the (o,tn)

reaction is energetically permitted, we may write Egs. (3) and (4) as fol-

lows:
B3
& 3
o (a,t) = o* (a,t) N (E) d B, : (3%
(o]
: Ea + Q (a,t)
o (a,tn) = o* (a,t) F N (E,) 4 ED_, (3)
B3 |

n

3

n
Its numerical value (based on the branching-ratio systematics of Lessler,

is 0.65. Combining Eqs. (3°') and (4') we obtain

where F is a combination of G- and the constant P (sz,l) assumed above,

23

E@ + Q (a,t) |
3
N (Et) 4 B
3
B
o (a,tn n
o (a,t = 0.65 23 . (5)
a
3
N (Et) d B
)
The N (Et) functions in Eq. (5) represent the emitted triton

\
spectra for each reaction shown, therefore the integrals include all tritons

emitted in each case. Measurement of the o (@,tn)/o (@,t) ratio therefore
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allows one to calculate the fraction of the emitted tritons which are of
high enough energy that the residual nucleus is left with insufficient ex-
citation energy to evaporate a neutron or to undergo fission. The experi-
mental values of o (a,tn)/o (o,t) taken from the smooth curves of Fig. 1

are shown in Fig. 8. From Fig. 8 and Eq. (5) we calculate that at 35 Mev
about 9% of the outgoing tritons are of sufficiently low energy that the
residual nucleus is left with less than 6.5 Mev of excitation energy (i.e.,
triton energy X 13.9 Mev), while at 4k Mev about 20% of the energing tritons
leave the nucléus with more than 6.5 Mev of excitation energy (triton energy
< 22 Mev).

Since the cross sections for the (a,2p) reaction (see Fig. 2) 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
He3 nucleus. Possibly the mechanism for this reaction, as well as the (a,t)
reaction, is one in which a single nucleon is stripped from the incident
helium nucleus.

49

The (a,an) reaction can be described by a mechanism involving
inelastic scattering of the incident helium ion followed by neutron evapora-
tion. 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 unigue in this energy range ( <50 Mev), since it involves
direct ejection of more than one particle; A determination of the excitation
function for the (a,ap) reaction would help to differentiate between the two
possible mechanisms noted above. The cross sections for the (d,n) product
(Fig. 3) are higher then those for the (d,2n) product over the entire enengy
range studied, This is the first time that this has been observed and
illustrates 1n a striking manner both the fisslonability of the Np235* com=~-
pound 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 1s probably due almost entirely to a stripping mechanism

which leaves the nucleus with insufficient energy to emit & neutron or to
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undergo fission. The shape and magnitude of the excitation function for this
reaction are similar to those observed for the heaviest nonfissionable nuclides
50 The high cross
sections for the (d,2n) reaction at the highest energies studied (Fig. 3)

and to those predicted by Peaslee for a stripping reaction.

are probably due to (d,n) stripping followed by evaporation of one neutron.
The mechanism for the (d,on) reaction on U233 is not clear. The
most plausible mechanism is an ejection of an alpha particle followed by evap-
oration 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 dauteron by the résidual nucleus., Some
support for the proposed double pickup process comes from the measurement of

L

sizable cross sections for the (p,t) reaction on heavy nuclides by Wade et al.
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