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SPALLATION-FISSION COMPETITION 

IN HEAVY-ELEMENT REACTIONS: Th232 + He4 AND u233 + d* 

t * 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 

February 1959 

ABSTRACT 

Cross sections and excitation functions have been determined for 

spallation and fiss-ion products from bombardments of Th232 with helium ions 

(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); emissionof one proton and 

neutrons (a,p), (a,pn), (a,p2n), and (a,p3n); and emi~sion of two protons 

and neutrons, (a,2p), (a,2pn), and (a,an), and (d,an). In addition, the 

following fission products were isolated from one or more bombardments: zn72 , 

G 77 A 77 Br82,83 Rb86 S 89,91 y93 Zn95,97 Nb96 M 99 R 103,105,106 e,s, , ,r , , , ,o,u , 

Pd109,112 A 111 Cdll5,115m,ll7 I130,131,133 C 136 B 139,140 L 14o ,g, , ,s ,a ,a, 
Cel41,143,144, Ndl47, Eul57, and Gdl59. 
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t 
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The results show that fission is the predbminant 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

actions 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-nucleus formation. The shapes 

and magnitudes of (a,4n), (d,2n), and (d,3n) 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, 

f /~.f., are 0.49 for u236-233 [from Th232 (a,4n)], 0.17 for Np235- 234 [from 
~371 1 

2 5 2 233 U (a,2n)], and 0.20 for Np 3 - 33 [from U (d,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 r = 1.5 x 10-l3 Al/3. 
0 

The fission mass-yield curves are similar to those found for other 

heavy target isotopes (~or 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 (a,pxn), (a,2pxn), (a,an), (d,n), and (d,an) products are at­

tributed to direct interactions, with complex particles emitted in preference 

to a series of protons and neutrons. Thus (a,d), (a,t), and (a,tn) mechanisms 

would account for most of the (a,pn), (a,p2n), and (a,p3n) products, respec-

tively. 
O'(a, tn) 
o(a,t) 

In the case of the (a,t) and (a,tn) reactions, analysis of the ratio 

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,n) product probably results from the stripping reaction. 
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SPALLATION-FISSION COMPETITION 

IN HEAVY-ELEMENT REACTIONS: Th232 + He 4 AND u2
33 + d 

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 

February 1959 

I. 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.
1

-6 

-. 1-3 5-10 ( A number of studies ' in the medium-energy range 5 to 50 Mev) 

have involved compound systems
11 

of high total charge (between Z = 94 and 

Z = 100), in which fission accounts for more than 90% of the total cross 
12-15 section observed. Qther studies have involved compound systems of 

lower total charge (Z < 90), in which the percentage of the reactions proceed­

ing by fission is small ( < 10%). This paper considers compound systems in 

an intermediate region, where .the contribution from fission and spallation 

should be more nearly equal. Some investigations on fission16- 23 and spal-
23-26 lation in this region have previously been reported. 

Both Th232 and u233 provi~e a further opportunity for studying spal­

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

competition in the compound-nucleus~vaporation chain or by avoiding the 
1 competition in direct interaction. Thorium-232 presents an ideal case for 

studying reactions of the (a,pxn) and (a,2pxn) type, 27 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 helium=ion-reactions. 

It is also of interest to compare the fission mass-yield distribution 

in this intermediate region28 with the results obtained .for compound systems 
1 5 7 14 15 of higher Z ' ' and those of lower Z. ' 

.. 

, 



.. 

-5- UCRL-8623 

II. EXPERIMENTAL PROCEDURES 29 

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 u2
33 targets 

(96% u233, 3% u238 , < 1% u234 ) were thin uniform deposits ("'500 I-Lg/cm
2

) of 

the hydrated thorium or uranium oxide electrodeposited1 on aluminum. The 

amount of' Th232 or u233 was determined by alpha counting of' the resulting 

thin deposits. F0r thorium, corrections were applied to account f'or the 

contribution from alpha-particle-emitting daughters of the Th
2

32 . 3l 

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. In 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) ahd elution on an anion-exchange column.3l 

The thorium fraction was extracted into thenoyltrifluoroacetone (TTA) re­

extracted into 3 ~ HNo
3

, precipitated as the iodate, and passed through an 

anion-exchange column. The uranium fraction was purified by an anion­

exchange-column elution. For the u233 bombardments the chemical separation 

of the neptunium fraction was essentially that described by Vandenbosch 

et al. 5 The protactinium fraction was separated from the neptunium by carry­

ing neptunium(IV) fluoride on LaF
3

• The protactinium was purified further 

by extraction into DIPK from hydrociuoric acid solution. 

The fission products were purified by techniques adopted from those 

described by Meinke34 and Lindner.35 

The counting rates of alpha-particle-emitting spallation products 

were measured by use of a multichannel ~lpha-pulse-height analyzer. The 

counting rates of spallation products which decay by orbital electron capture 

were determined with a methane-flow windoviless proportional counter. The 
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counting efficiency of this counter for Np234 was measured as 63 ± 2% by 

milking the daughter u234 and determining its alpha-disintegration rate. The 

counting efficiencies for Np233 and Np232 were estimated to be 8o ± 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-
30 31 . 

priate correction factors ' were applied to obtain disintegration rates 

from the measured counting rates. 
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III . RESULTS 

A. Spallation 

The measured spallation cross sections
2
7 for helium-ion-induced 

reactions in Th232 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. 

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 ~ branching of Pa23°, 36 and were deter­

mined by observing the growth and decay of u23° in the protactinium fraction. 

The quoted 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 fission product), in order to obtain total 

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

The fission mass-yield curves for Th232 are show~ 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 j8 , ex 

where E is the excitation energy of the compound nucleus. ex 
The total fission cross sections indicated in Table III were obtained 

by summation under the smooth fission mass-yield curves of Fig. 4. 
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Tab~e I. Spalle.tion-produet el"'Bti ·tieetionti for 'l'h
232+He4 {millibarns) 

Reaction8 

Product 

Mode of decay 

Half life 

Thresho1d(Mev) 

Ea (Mev)d 

15.0-18.0 

19-9-22.4 

22.6-23.9 

22.9-25.5 
23.6-25.9 

26.5 

(a,4n) 
if'32 

" 70 y 

29.5 

.;o.oo8· 

0.11±.06 

<30 

1.0±.1 

0.12± .. 01 

17.9±l.8 

15.6±l.6 

19.0±1.9 

17.5±1.8 

27-9±2.8 

54.7±5.5 

54.5±5.5 

3l.6±3.2 
<100 

34.7±3-7 

(a,5n) (a,p) 
if'.ll p8 235 

a,EC ~-

4.3 d 23.7 m 

36.9 1l.9 

<0.07 

1.14±. 4 

0.64±. 21 

3.4±0.6 
(8.1±4.o) 8 

3.3±1.2 

2.g±.6 

3.0±1.5 

2.5. 7-28.1 

25.7-28.9 

25.5-29.1 

29.4 

27-6-29.9 

29-9-32.8 

32-3 
30.6-33-4 

32.0-33.7 

35-9 
34.8-36.9 

34-9-37-7 

34-9-37-7 
35.8-37.8 

38-9 
39-3-4l.O 

39-0-4l.6 

39.6-42.2 

43.8-45.4 

43.4-45.9 

43.4-45.9 

4).4-45.9 33.4±3.3 3-7±1 

See Reference 27. 

(a,pn) 

Pe234(uz)b 

~ 

6.7 h 
18.1c 

(a,p2n) 

Pa233 

~-

27.0 d 

23.3c 

0.21±.02 

o. 21±.03 

0.41±.05 

(l.14±.2)8 

0.31±.05 

(l.J±.4)e 

(a,p3n) 
Pa232 

~-

1.31 d 

29.2c 

o.u±.oo2 

0.016±.003 

0.020±.006 

(<IJ.013) 8 

(a,2p) 
Th234 

~-

24.1 d 

17.5 

<2.1 

(a,2pn) 
Th233 

~-

23-3 m 

23.{ 

(a,an) 
Th231 

~-

25.6 h 

6.5 

3· 6±l. 2 
0.11±.06 0.93±.4 

<0.14 <0.14 

0.61±.20 3-3±.4 0.16±.08 0.54±.27 0.84±.28 

(6.21±1.3)• 

(0.94±. 6) 8 (0 • .Jl±. 2) 8 

(5.1±2)8 (9.0±2) 8 <IJ.1 

0.41±.04 

5.2±.5 

(3.4±1.2)e 

6.4±.6 

16±2 

21±2 
(10±3)e 

22±2 

21±2 

(17±8)8 

19±4 

18±2 

2.4±.3 

8.5±.9 
(7.8±2.1) 8 

(7.1±1)8 

10±1 

14±2 
(12±6)8 

(<17). 

17±2 

(8.2±2) 8 

21±2 

18±2 
(14±8). 

24±5 

(<117). 

22±3 

O.o8±.02 

0.34±.1 
(<3)b 

3.6±l.2 

0.055±.028 0.62±.31 2.3±.8 

(0.30±.15)e <0.01 

0.25±.05 <0.08 

<IJ.2 

l.8±.4 

2.3±.4 

<6 

<0.07 

5.2±l 

3.5±1.2 

l.5±.6 

16±3 
0.36±.19 16±2 

20±4 

12±3 

1.9±1.4 28±7 
11±2 

2.0±. 7 15±5 

37±19 
31±6 

4.2±1.5 35±9 

42±8 

49±14 

b, Only one isomer determined; ux
2 

yields not measured. 

Thresholds for reactions in vhich d,t, or He3 are emitted are lover than those listed by approximately 2. 2 1 

8. 11 and 7. 7 Mev 1 respecti vel.y. 

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

This cross section was measured through the use of a preliminary protactiniwn chemistry "Which did not 
include the anion-exchange colUI!m elution. It is consequently considered unreliable and is therefore 
not shovn in Fig. 1. 

MU -16867 

•. 
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Th232 (a, p) 

(a, p2n) +. 

:vr, .. 
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_:;:l' 
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25rr-.--,--,--,--,--~ 

(a,pn) 
20 

15 

10 

5 

+-+---J 
f 1-
1 
I , , , , , , , 

-,:t-
1 

~'~==~==~~~~=-~-==~==~===;~ 
6 

(a, p3n) 

5 

4t-

3 

2 

MU-16863 

Fig. 1. Spallation excitation functions for the (a,pxn) 

d t f Th
232 H 4 All h . . l pro uc s o + e . curves s own are emp1r1ca . 

Only one (a,pn) product isomer was measured. 
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Th232 
60 

:0 
.§.50 

g 40 
+= 
0 

:l:30 
rJl 

(a, an) 

~ ~: ~>++'-< ,/+ + 
•' 0 -..... ' _ ___L _ ____J_,.----l __ !........,~__j__--l.__~__J 

25 35 45 25 35 45 

Helium- ion energy (Mev) 

6 

5 

4 

3 

2 

(a, 2pn) 

0 .~ __ +---+-- + 
25 35 

Fig. 2. Spallation excitation fnnctions for the (o:,4n) and 

(o:,2pxn) products of Th232 + He 4 . The solid curve is 

theoretical; the dashed curves are empirical. 

45 

MU-16862 
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Table II. Spallation-product cross sections for u233+d (millibarns) 

Reaction (d,n) (d,2n) (d,3n) (d,an) 

Product Np234 Np233 Np232 Pa230 

Mode of decay E.C. E.C. E.C. 8% Fl-, 92'f> E.C. 

Half life 4.4 d 35 min 13 min 17-7 d 

Proportional .. coFter 
efficiency used 63 ± 80 ± 20 80 ± 20 

Threshold (Mev) -1.9 4.1 11.7 -7.2 

Deuteron ener gs (Mev)b 

9.0 <J.. 2 0.42 ± .06 

12.1 10.5 ± 1.6 9.4 ± 1.9 

14.0 10.7 ± 1.6 10.1 ± 1.3 0.08 ± .03 

15.4 13.2 ± 2.0 8.7 ± 1.2 <2.3 0.10 ± .04 

19.6 11.0±1.7 3-7 ± 1.3 9-7 ± 2.0 0.91 ± .36 

21.5 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 ± .74 

a. Value for Np234 measured; oth~rs we:ce estimated. 

b. All energy values are uncertain by 0. 5 Mev. 

MU-16866 
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12 
(d, n) 

20 10 

15 8 

10 

..0 
E 5 

(/) (d,3n) (d,an) 
:g 10 

/ ..._ 
0 

,'/ 
I 

8 
/ J// 

/ 
~/ 

6 

4 

2 

1.0 

0.5 

o~~--~~~~~-L~~~~~ 0~-L--~-~--~-•~----~'~~~-~~--~--~~ 
8 12 16 20 24 8 12 16 20 24 

Deuteron energy (Mev) 
MU-16860 

Fig. 3. Spallation-product excitation functions for u233 + d. 

The solid curves are theoretical; the dashed curves are 

empirical. 
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F1~s1on cross sect10D.s :tor Tb232..a (millibarns) 

am!~~~ -l.2.6 1 .8 "-!~:1- 28~21!1888 a me:::2 - JI~Im!lss "me:::6 -al!!;!s IIJ.l! - lt~~2DIIBB 
II>C114e: 

,,,7' 0.0]6:1:.009 0.0)8±.010 O.liot.O] 0.1.5;1.04 O.]lot.Q7 0.]7:1:.09 
.. 77 O,o8]:1:,0] 0.040:1..02 0.58±.14 o.sSto.J.Itb 
,;n• O.l.2:t,05 Q,]p,ll '"' Tot~ !III!IBB 77 0.20:1:.10 0,20±.10 O.lli.l] o.W.13 o.sSt.J.II 
.. 82 0.0)4±.00. 0.]0±,00.6 
.,83 1<)>5 "''5 .., ... 1.2%.5 0,0]4:1:.009 O,Q99f;.025 ,,., o.osa.oJ.o o.osJ..:t.oJ.O o.SJJ.z o.~.z 38U9 J8U9 ]O:tlO jouo 21'6 "'' ,,.,, 

0.0119:1.01 0.049=1.01 0.96:1:.]2 0.97:1:.]2 66±]3 b 34>7 35:1:8 30>8 3~b 
y9l 7.-'l.t:].7 7.4±).7 
z,.95 O,ll.=I:,04 O,l.l.:t,04 l,l.:l:,2 7.4±].7 65:1:13 b 8.]±1.7 8.4±1."7 91±18 9HJ.8b ,.,., 

0,058±.02 0,059f.02 25:1:5 25:1:5 42±8 "" 7-7U-9 8.2±2.1 73f.l8 ,,.,,, .,, .. 0.115:1:.15 ,.,, 
""' ""'' 4o>8 ,.,_., 56ill. 5fdll 

Rul.O]c ll'2 15:1:11 15:1:4 '"*5 2"*5 
Rul05c 23>8 24>8 
Rule!)! 8.6±1.7 6.7ll.8 '"' 

,.,, 3ll6 32±6 
Pdl09 8.2%2.l. 8.2%2,]. >7'3 >7'3 38>8 38>8 
wl2 8.&l:2.l. 1;1.~.2 20H 2l:t4 ]]:t7 '"' •• = ll>2 ll>2 21'5 27:t5 6]:tl3 6]:tl] 

Cdll5 O.OOitT:t;.OO] 0.]0:1:.2 1"4 24>5 5~27 

Cdll5m _o~~_g_ ~·¥-·3 7.8:t].9 

Cdll5 (tote.~) o.0052:t,oolod o.0052:t.004 0.]21:.3].~ 0.]2:1:.]~ ~]:th l]:t4 25:t5 25:t5 62:t]~ 62t]] 

rl-30
8 

'"" 1fd> 17'5 "'' 2fd6 

'"" 2fd7 32±9 ]4:tl4 52t25 
Csl]6" 2.8±.6 T.Ul.4 l7t4 

.. 139 o.nt.J o.85t.3 42±.12 50»6 

.. 140 O.O]T:t;.Ol9 0.042:1:.02l o.82:t.2 0.96t.2 25t6 3"' ., .. 37'7 52'll 30>8 
La~l!Oa L7t.5 3·1'> 
Tote.~ 111!188 l40 27t7 28>7 3>'9 ]8tlO 

Ce~41 55:tll 58>13 
Cel43 57:tl4 57tl4b 

Cel44 27t5 35>8 
Rdl47 ll>4 12:t5 

0.9]t.24 mh 930:t240 mb ~66o±4~0 mb 

Shielded nuclide (one whose precursor 1n the {3- decay chain is eithel" stab~e or ~ong-l1ved), 

b, In these c:e.11ea the c:rou 11ectia:o. tor tormtion ot the dllug):J.ter we met~sured Bnd toUDd ne~ igible, 

Hot ehovn 1n Fig. 4 because ot 1eotop1c-exchan.ge d1ft1culties which mflke ruthenium cross sections unrelieb~e. 

d. ContributiOIJ ~ Cdll5m eatimted. 

MU- !6868 



::0 
E 
c 
0 

:;::: 
() 

3l 
en 
en 
e 
0 

-14-

Th232 

15.6-19.6 Mev 

34.9-37.7 Mev 
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MU-16861 

Fig. 4. Fission mass-yield curves for Th232 + He4. 

UCRL-8623 

Points: "2 , 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)]. 

i• 
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The measured and corrected fission-product cross sections for u233 

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. Conse­

quently, some of the fission-product decay chains were broken before su~fi­

cient 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 30%. 
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Table IV, Fission c~oss set~ion~· fOr u-~33Td .(-~1ll,ibarn,s)8 

Deuteron ener Mev b 

.o 12.1 14.0 12.4 12.6 21.5 23.4 
Isotope a mass 

Sr89 4.95 4.64 14.4 14.6 18.9 19.1 26.4 26.7 46.5 48.2 34.6 35.1 42.7 43.3 

Sr91 3.90 4.01 34.1 34.8 18.7 19.2 31.0 32.0 36.9 38.0 52.5 Slt,6 44.3 46.2 

Zr95 6.45 6.55 44.8 45.6 58.5 59·7 61.6 63.0 54.2 55.5 

zr97 4.59 4.8o 25.6 26.8 39·3 41.1 49.8 52.4 61.8 66.0 53.5 57.2 

Rul05 5.03 5.11 

Pd109 46.7 47.5. 

.Pdll2 52.9 56.9 

Cdll5 1.22 1.24- 8.43 8.57 14.7 15.0 22.9 23.4 44.0 45.0 47.3 48.6 63·9 65.7 
Cdll5mc 1.55 1.58 1.97 2.0 3.92 4.00 5.58 5.70 8.5 8.7 4.8 4.9 

Cdll5 4Cdll5m 1.34 1.36 9.98 10.2 16.1 17.0 26.8 27.4 49.6 50.7 55.8 57·3 68.7 70.6 

Cdll7 1.70 1.78 12.1 12.5 19.5 20.4 21.9 23.2 41.8 44.2 50.0 53.8 59.0 63.5 

Ba139 4.26 4.82 20.4 23.1 39.3 46.2 49.2 57.9 46.5 58.1 34.0 45.3 

Ba140 3.50 4.27 17.1 20.9 21.8 26.6 29.2 41.7 37·5 53.6 35·5 53.0 31.5 47.0 

Nd147 12.2 13.3 

Eu157 0.76 1.03 

Gd159 0.54 0.70 

Total fission 125 ± 34 6o5 ± 163 857 ± 231 1093 ± 295 1502 ± 406 1687 ± 456 1861 ± 503 cross section 

± 20 to 3of,. 

b. ± 0.5 Mev. 

Upper limit. 

MU-16865 
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Fig. 5. Fission mass-yield curves for u2
33 + d. Points: 

(), corrected cross sections; 4t, 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)]. 
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IV. DISCUSSION 

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 competition. 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 emission are similar to those noted for other heavy 

1 t 1-3,5-10,22-26 e emen s. 

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 Th232 in Fig. 2 and the 

(d,n), (d,2n), and (d,3n) reactions on u233 in Fig. 3 were calculated accord­

ing to the modified Ja.ckson compound-nucleus model described by Vandenbosch 

et al. 5 .~.J 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 (a,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 energies an increasing direct-interaction contribution 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, 12 ,l3 shows 

the effect of fission competition and also suggests that these reactions 

proceed prfmarily by compound-nucleus de-excitation. The magnitude of the 

... 
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maximum cross section for (a,4n) reactions on various nuclides has been used 

as a sensitive measure of the fissionability of those nuclides.39 In order to 

determine ~uantitatively the degree of fission competition we define (following 

Vandenbosch et al.5) the neutron branching ratio G as n 

G = n 

r n 

where rn is the probability (level width) for neutron emission and z.r. contains 
J. J. 

terms for all possible modes of decay for the compound nucleus. In practice 

zi ri is assumed to contain only rn and rf terms, where rf is the level width 

for fission. A geometric mean value G is obtained from the normalization 
n 

factor necessary to fit the magnitude of the theoretical curves based on the 

midified Jackson model5 to the experimental cross sections. The values of 

G used to normalize the (a,4n), (d,2n), and (d,3n) curves are 0.49, 0.17, 
n 4o 

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 

Vandenbosch and Seaborg_39 

B. Fission 

Figures 6 and 7 show the total fission yie1ds from helium-ion re­

actions on Th232 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 estimated
41 

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 Weisskopf42 (in Fig. 6) and 

Shapiro43 (in Fig. 7) for nuclear radius parameters r = 1.3 x 10-l3 em~ and 
-13 ° 1/3 r = 1.5 x 10 em, where the nuclear radius is given by R = r A • It 

0 0 

can be seen that the best fit to the experimental data is given in both cases 

by r "'1.5 x lo-13 em. This is in agreement with the results of studies on 
0 

1 5 30 233 heavier nuclides. ' ' For deuterons on U the experimental points at the 

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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r =I 3 x Jo-13cm 0 • 

(Mev) 
MU-16858 

Fig. 6. Total reaction excitation function for Th232 + He 4• 
Diamonds represent total fission cross section and dashed 
bars represent empirical total reaction cross sections. 
The dashed curve represents ionization-chamber measurements 
of total fission cross section from Ref. 16~ The solid 
curves are theoretical. 
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Fig. 7. Total reaction excitation function for u233 +d. 
Diamonds represent total fission cross sections and 
dashed bars (above diamonds) represent empirical total 
reaction cross sections. The solid curves are theoretical. 
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incid~nt particles. This deviation is probably due to the contribution from 

(d,p) stripping20 , 21 , 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 u233 the fission branching ratio (ff/ft ~ 1 - Gn) is even higher 

than for some heavier nuclides.5,39 In thorium 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 uranium5 and plutonium 

isotopes. 1 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 u233 fission are 

similar to those of many of the heavier nuclides. 1 ' 5 ,3° 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 Newton17 for 38.5-Mev 

helium-ion bombardment of Th232 , but the cross sections are higher (for 

comparable energies) by a factor of about two. However, Newton 1 s measurement 
44 of the cyclotron current was probably uncertain by a factor of at least two. 

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

f R 226 15 d B· 209 14 t · th t d" b t "t h ld curves o a an ~ was apparen ~n ese s u ~es, u ~ s ou 

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 

occQ~ 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 (a,2p) reaction on Th232 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 sma11, 45 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 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 evaporation 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 above5) below 25 MevJ and much 

greater above 25 Mev. If the proton were evaporated from a compound nucleus 

the cross section for the (a,p) reaction would be affected by the Coulomb 

barrier and would be much smaller than the cross section for the (a,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 (a,p2n) product can be explained by the 
4 

ejection of tritons. However, as w~ll 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 

( 46 a,pn) reaction change gradually from one element to another without any 
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discontinuity between the ~eavy-element region in which fission is the pre­

dominant reaction and the slightly lower region where fission is not important. 

If the mechanism were largely proton emission followed by neutron evaporation, 

the cross sections for the (a,pn) reaction would decrease suddenly where fis­

sion begins to compete favorably with evaporation. The decrease in the ex­

citation 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 evaporation of a neutron. With 

neutron evaporation this process would make some small contribution to the 

observed cross section for formation of the (a,p2n) 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: 

["* (a,p) for Eo: + Q (a,p) < El 
a 

cr (a,p) = 1' (1) 

cr* (a,p) ~:a N 
(E ) d E1 

for Eo: + Q (a,p) > El p ex ; a 

E + Q (a,p) 

cr (a ,pn) cr* (a,p) l )a N (E ) P (El .. ) d E1 
= G n p ex, 1 ex 

Bl 
n 

+f~ 
(a,d) for Eo: + Q (a,d) < B2 

' n 

j:~ 
(2) 

cr* (o:,d) N (Ed) d E2 
for Eo: + Q (o:,d) > B2 ex ; n 



cr (a: ,p2n) 

+ cr* (a:,d) 

+)"* (a,t) 

l cr* (a:,t) 

cr (a: ,p3n) 

+ cr* (a: t) a3 
' n 
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(a:,p) 

(E ) P (E1 ,2) d El p ex ex 

(3) 

for E + Q (a:,t) < E3 
a: a ' 

N (Et) d E3 
ex for Eo:+ Q (a:,t) > E!; 

(a:' t) 

C
o: + Q (a:,p) 

N (E ) 
p 

Bl 
3n 

(Et) P (E3 ,1) d E3 ex ex 

P (E
1 ,3) d E

1 
ex ex 

( 4) 

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

ejection of protons, deuterons, and tritons respectively, 
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Ei is the excitation energy of the residual nucleus Pa236-i after 
ex 

the cascade, 
i . 39 236-i E is the activation energy for fiss~on of Pa , 
a 

N (Ep), N (Ed), and N (Et) are the probabilities that the protons, 

aeuterons, and tritons respectively will be emitted with 

energy E (normalized so that )Ea + Q 
NdE ex 

0 

E = E + Q (a,p) - E
1 

p a ex' 

Ed = Ea + Q (a,d) - E
2 

, .ex 

Et = Ea + Q (a,t) - E;x' 

= 1 

B~ is the binding energy of the last j neutrons in Pa236 -i, 
Jn 

G! is the ratio rnfrt for Pa236-i (assumed independent of 

excitation energy, 

P (E!x'j) is the probability of evaporating exactly 

from a Pa236 -i nucleus with initial excitation 

j neutrons 
i energy E ex 

[P (E!x' j) can be calculated by the 
48 

modified Jackson method47-J , 

Q (a,p) = - 11.66 Mev, 

Q (a,d) 

Q (a,t) 

= - l5.5l Mev, 

= - 14.42 Mev, 

48 

48 

Ea 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 eject~on processes and the spectra of outgoing particles. However, 

some information on the energy spectra of ejected tritons can be obtained by 

the use of Eqs. (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. 
4 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 
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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 

(a,d2n) reaction, whose yield is even more drastically reduced by fission 

competition than is that of the (a,tn) process. 

(c) The function P(E3 ,1) can be approximated by a constant value, ex 
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. 47 

With the above approximations,. in the:.r~gion where the (a,tn) 

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

lows: 

N (Et) d E3 ex 

~
Ea + Q (a,t) 

cr (a,t~) = cr* (a,t) F N (Et) d E~x , 

B3 
, n 

( 4') 

where F is a combination of G3 and the 
n constant p (E3 ,1) assumed above. 

ex 23 
Its numerical value (based on the branching-ratio systematics of Lessler, 

is 0.65. Combining Eqs. (3') and (4 1 ) we obtain 

cr (a,tn) 
cr (a,t) = 0.65 

Ea + Q (a,t) 

N (Et) d E3 ex 

N (Et) d E3 ex 

The N (Et) functions in Eq. (5) represent the emitted triton 
\ 

(5) 

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

emitted in each case. Measurement of the cr (a,tn)jcr (a,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)jo (a,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 ~ :;1..-3. 9 Mev), while at 44 Mev about 20% of the energing tritons 

leave the nucleus 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 (a,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. 

The (a,an) reaction49 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 uni~ue 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 (1d,n) product 
! 

(Fig. 3) are higher than those for the (d,2n) product over the entire enengy 

range studied. This is the first time that this has been observed and 

illustrates in a striking manner both the fissionability 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 is probably due almost entirely to a stripping mechanism 

which leaves the nucleus with insufficient energy to emit a neutron or to 
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Fig. 8. Experimental ratio of the cross sections for the 
(a2tn) reafrtion to that for the (a,t) reaction for 
Th 32 + He • 
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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 

and to those predicted by Peaslee for a stripping reaction. 50 The high cross 

sections for the (d,2n) 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 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 residual nucleus. Some 

support for the proposed double pickup process comes from the measurement of 

sizable cross sections for the (p,t) reaction on heavy nuclides by Wade et a1. 4 
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