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The mechanism of nuclear reactions induced by heavy ions was 
investigated by measuring the recoil ranges of Tb149, At211 and 
other alpha-emitting isotopes of At and neighboring elements and 
by determining the cross sections for the formation of Tb149 and 
At211. 

Recoil ranges were consistent with compound-nucleus formation 
at all energies studied for the following reactions: Pr141 (C12,4w) 
Tb149, Ce(N14,m)Tb149, La139(016,6w)Tb149, La139(018,8w)Tb149, and 
Ba(Ne22,^>xw)Tb149. A similar result was obtained for the reaction 
Pr141(016,2i>6w)Tb149 at 138 and at 146 Mev and for the reactions 
Aum(Ou,2pxn and 3pxn)At, Po at energies below 100 Mev. The 
excitation functions of the (H.I,xn)Thm reactions seem to be 
characteristic of an evaporation process but have smaller peak 
cross sections than do the excitation functions of the reactions 
Ba(Ne22

J^^)Tb149 or Pr141(016,2^6w)Tb149. We conclude that most 
reactions probably involve charged-particle emission. The reaction 

Ba(Ne22,^:m)Tb149 seems to occur with much greater probability 
than the reaction Ba(Ne2 0 ,^)Tb1 4 9 . 

In many cases the compound-nucleus mechanism cannot 
account for our results. Partial momentum transfer is observed 
in the reactions Au197(016,2^x^ and Spxn) At, Po at energies above 
100 Mev. Partial momentum transfer also occurs when Bi is 
bombarded at energies 1.3 times the barrier energy or greater. 
Reactions of Bi with heavy ions (Ne20 is possible exception) at 
energies near the Coulomb barrier produce At211 with greater 
recoil energy than expected from a compound-nucleus mechanism. 
Apparently, particles are emitted in the backward direction. Near 
the barrier the cross section for the production of At211 by C12, O16, 
and Ne20 bombardment comprises about \ the value calculated 
for compound-nucleus formation. Therefore, the cross section for 
all noncompound-nucleus reactions must comprise a large fraction 
of the total interaction cross section. The experiments with Pb as a 
target are also consistent with this conclusion. 

INTRODUCTION 

TH E recoil properties of the products of a nuclear 
reaction provide direct evidence for the reaction 

mechanism. In the preceding paper we studied a number 
of reactions induced by heavy ions (HI) for the purpose 
of determining the energy dependence of the range and 
range straggling of heavy nuclei.1 In this paper we use 
these results to study the mechanism of heavy-ion-
induced spallation reactions by the recoil technique. 

The interpretation of many nuclear-reaction studies 
has been based on the assumption of compound-nucleus 
formation. In this model the incident projectile is ab­
sorbed by the target nucleus to form an excited com­
pound state.2 The subsequent decay of the compound 
nucleus has been described by evaporation theory.2-4 

For example, excitation functions and energy spectra 
of emitted particles have been analyzed with these 
models to determine the density of states in excited 
nuclei.3,4 Many of these interpretations would be signi­
ficantly changed by the presence of nuclear reactions 
that take place by noncompound-nucleus processes. 
However, few experiments have severely tested the 
limits of applicability of the compound-nucleus model. 

The measurement of the recoil properties of the pro­
ducts provides a test of compound-nucleus formation. 
The products of low-energy nuclear reactions fall into 
three distinct groups: (a) the small particles, e.g., 

* This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 

1 L. Winsberg and J. M. Alexander, preceding paper [Phys. 
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nucleons, alpha particles, etc., (b) the fission products, 
and (c) the spallation products. 

The energies of recoil and the angular distributions 
of the small particles and fission products are strongly 
affected by the de-excitation process as well as the initial 
impact of the projectile and target. The interpretation 
of these measurements involves assumptions concerning 
the nature of the decay of excited nuclei. However, the 
average recoil energy of a spallation product is deter­
mined mainly by the initial impact and is only slightly 
affected by the decay of the excited nucleus. The dis­
tribution of recoil energies and the angular distribution 
of the spallation products are determined both by the 
initial interactions and by subsequent de-excitation pro­
cesses. Therefore, measurements of these distributions 
can furnish information about the initial interaction and 
about the process of de-excitation. Donovan, Harvey, 
and Wade have made such studies of several reactions 
induced by deuterons and alpha particles.5 

In this and the preceding paper1 we present measure­
ments of the range distribution of some spallation 
products from heavy-ion-induced reactions. These re­
actions and the types of experiments that were per­
formed are listed in Table I. The bombarding energies 
and the approximate values of the recoil energies are 
also given in the table. 

ANALYSIS OF RESULTS 

Two types of experiments were performed. In the 
differential method we used thin targets and thin Al 
catcher foils. In the integral method, targets of thick­
ness comparable to the range were employed. Targets 
of compounds of Cs, Ba, La, and the elements Ce, Re, 

5 P. F. Donovan, B. G. Harvey, and W. H. Wade, Phys. Rev. 
119, 218, 225 (1960). 
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TABLE I. Summary of nuclear reactions studied. 

Nuclear reaction8 

P r i 4 i ( C i 2 j 4 w ) 

Ce(N14,^) 
La139(016,6X) 
La139(018,8rc) 
Ba. (N^°tpm) 
Ba(Ne22,pxn) 
p r 141( 0 16 > 2^6^) 

\(02,pxn) 

rt\(Nu,pxn) 

rJiO^xn) 
ir\(0^,pxn) 

f(Ne22
rm) 

Ke\(Ne22,pxn) 

((016,xn) 
Au197] to 

((016,3^m) 

Bi209(O2,toNe22, ?) 
Pb(C1 2and01 6 , ?) 

Product 

Tb149 

Tb149 

Tb149 

Tb149 

Tb149 

Tb149 

Tb149 

At 
Po 

At 
Po 

At 
Po 

At 
Po 

Fr 
to 
Po 

alpha emitters 
alpha emitters 

Type of 
experiment 

differential 
differential 
differential 
differential 
differential 
differential 
differential 

diff. and int. 

diff.-int. 

differential 

differential 

diff. and int. 

diff. and int. 
integral 

Beam energies 
(Mev) 

55 to 82 
66 to 112 
87 to 104 

122 
161 to 197 
166 to 223 
115 to 146 

65 to 120 

90 to 143 

72 to 183 

125 

80 to 159 

59 (C12) to 182 (Ne20) 
76 (C12) to 135 (O16) 

Approximate 
recoil energies 

(Mev) 

4 to 8 
6 to 10 
9 to 10 . 

13 
<13 to 26 

21 to 29 
7 to 14 

4 to 7 

6 to 9 

6 to 15 

13 

6 to 9 

3 to 11 
4 to 6 

Reference 

1, this work 
1, this work 

1 
1 

this work 
1 

this work 

1 

1 

1 

1 

1, this work 

this work 
this work 

a The notation indicates the maximum number of protons that can be emitted. 

Ir, Au, Pb, and Bi were exposed to beams (C12, N14, 
O16, O18, Ne20, and Ne22) from the Berkeley heavy-ion 
linear accelerator. The reaction products, Tb149, At, Po, 
and several other alpha emitters were observed. These 
products were chosen because they are easily detected 
by direct measurement of the alpha radioactivity in 
the various foils. The experimental details are given in 
the preceding paper.1 

The experiments employing the integral method give 
the average range, Ro. The analysis of the integral and 
differential experiments for Gaussian range distributions 
has already been described.1 

Many of the differential experiments indicated range 
distributions that are quite different from a Gaussian. 

Therefore we have analyzed these experiments in terms 
of three quantities: R0, the average range, RM, the 
median range, and PM, a measure of the range distribu­
tion. The average range was calculated from 

where U is the thickness of a given catcher foil, t is the 
total thickness of other catcher foils before this foil, 
and fi is the fraction of the total activity found in the 
given foil. The median range, RM, was obtained from a 
graph on a probability scale of Ft (the fraction of the 
activity that passed through absorbers of total thickness 
t) as a function of /. Here RM is the t value for which we 
have Ft=% as obtained from a smooth curve drawn 

TABLE II. Recoil properties of Tb149 in Al. 

Possible 
nuclear 
reaction 

Pr141(C12,4w) 
Pr141(C12,4^)a 

Ba(Ne 2 0
} ^) c ' d 

Ba(Ne 2 0 , ^ ) c ' d 

Ba(Ne 2 V^) c , d 

Pr141(016,2^6w) 
Pr141(016,2^>6w) 
Pr141(016,2^6w) 

Beam 
energy, 

Eb 
(Mev) 

76.4 
81.7 

161.4 
180.0 
197.2 
115.2 
137.6 
145.6 

Total 
degrader 
(mg/cm2 

Al) 

34.5 
31.4 

13.4 
8.3 
3.3 

21.6 
12.8 
9.4 

Target 
thickness 
Gug/cm2 

Al) 

47 
72 

65 
64 
70 
12 
47 
49 

Average 
range, Ro 
(mg/cm2 

Al) 

0.490 
0.60b 

0.50 
1.2 
1.4 
1.50 
0.540 
0.946 
0.987 

Median 
range, RM 
(mg/cm2 

Al) 

0.480 
0.53b 

0.46 

0.55 
0.950 
0.986 

Straggling 
parameter 

PM 

0.32 
0.60b 

0.36 
0.2 
0.2 
0.20 

0.20 
0.21 

£ e q 
(Mev) 

5.9 
7.7* 
6.1 

19 
22 
26.0 

6.7 
13.4 
14.2 

J^eq/EcN 

1.01 
1.23b 

1.0 
1.0 
1.0 
1.10 
0.60 
1.01 
1.01 

PM/PCN 

1.1 
2.1b 

1.3 
1.0 to 1.4 
1.0 to 1.4 
1.3 

1.0 
1.0 

a Some activity from nuclides of half-period other than 4.1 hr was also observed. 
b Some spurious alpha activity appeared to be present, possibly due to activation of the foils. The first entry is for the uncorrected data: the second entry 

was obtained with the "extra" activity subtracted. 
0 Components of half-period about 19 hr and less than about 3 hr were also present. 
d These values correspond to the long-range group only (see Fig. 1), for which a symmetrical range distribution was assumed. 
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through the experimental data. The tangent to the 
probability plot at 1=RM was used to specify pM (see 
"Analysis" section in preceding paper1). 

We have classified our experimental results (see 
Table I) into two groups. The experiments in group 1 
(given in the preceding paper1) satisfied the following 
requirements: (a) Gaussian distribution of ranges and 
(b) nuclear reactions of the type (HI,xn) and (HI,pxn). 
We assume that these criteria select those reactions that 
occur by compound-nucleus formation. In calculating 
the recoil energies for these cases the velocity of the final 
product was taken to be that of the center of mass. 
This, of course, is expected for a compound-nucleus 
mechanism if the average recoil velocity is not changed 
by the decay of the compound nucleus. From these 
experiments we determined the range and range 
straggling of the product nuclei as a function of energy.1 

The internal consistency of the results justified the as­
sumption of compound-nucleus formation. The experi­
ments in group 2 do not satisfy one or both of the above 
requirements. In this paper we utilize all these results 
for an understanding of the nuclear-reaction mechan­
isms. The results of the group-2 differential experiments 
for Ba and Pr targets are presented in Table II, for 
Au targets in Table III, and for Bi targets in Table IV. 
Results of integral experiments for Bi targets are given 
in Table V and for Pb targets in Table VI. 

From the range-energy curves (Fig. 4, reference 1) 
each value of RQ is associated with an energy designated 
Egq. The range measurements in Bi and Pb were con­
verted to Au by means of Eqs. (23) and (24) in the 
preceding paper.1 The quantity ECN is the average re­
coil energy if a compound nucleus is formed [Eq. (8), 
reference 1], i.e., EcN = EbAbAR/(Ab+AT)2. 

The approximate value of the straggling parameter if 
a compound nucleus is formed is denoted as PCN- The 
value of PCN was obtained from Fig. 6 of reference 1 
for the measured value of RQ. In the case of reactions 

TABLE III . Recoil properties of At and Po in Al 
from O16 Bombardment of Au.a 

Beam energy 
(Mev) 

80.4 
90.8 

100.5 
104.8 
120.8 
140.6 
158.6 
158.8 

£eq (Mev) 

5.8 
5.9 
7.0 
7.0 
7.8 
8.8 
9.2 
9.0 

Eeq/EcN 

1.00 
0.91 
0.98 
0.93 
0.92 
0.89 
0.84 
0.82 

PM/PCN 

1.0 
1.1 
1.0 
1.1 
1.3 
1.4 
1.4 
1.5 

a See Table V and Fig. 5 of preceding paper (reference 1). 

leading to the formation of Tb149 a correction was made 
for the effect of the specific nuclear reaction by means 
of Eqs. (16), (19), and (20) of reference 1. In the case 
of the other reactions, PCN was directly read off a curve 
drawn through the uncorrected experimental values of 
p in Fig. 6 of reference 1. If a nuclear reaction occurs by 
compound-nucleus formation, Eeci/Ec^ and PM/PCN 
must be unity. 

The physical significance of the ratio Eeq/Ecx can 
be illustrated by a simple example. Let us consider the 
reaction (016,He4). If the alpha particle is emitted along 
the beam direction with the velocity of the incident 
ion, then f of the incident momentum is transferred to 
the struck nucleus, and Eeq/EcN^=9/16. Similarly, if 
the alpha particle is emitted in the direction opposite 
to the beam but with the same velocity, then 
Eeq/Eci<[~25/16. In either case, we would conclude that 
a compound-nucleus reaction did not occur. On the 
other hand, if the alpha particle is emitted with the 
velocity of the center of mass, Eeq/£cN will equal unity. 

The measured range straggling will also be influenced 
by the reaction mechanism. If the recoiling atoms have 
a unique recoil velocity along the beam direction, the 
straggling parameter will have the value caused by 
the stopping process and by foil inhomogeneities. The 

TABLE IV. Recoil properties of At and Po in Al from heavy-ion reactions with Bi. 

Projectile 

C12 

C12 

C12 

C12 

N14 

N14 

O16 

Q18 
Q18 

Ne20 

Ne20 

Ne22 

Beam 
energy, 

Eh 
(Mev) 

58.8 
65.0 
69.2 

104.2 
75.9 
83.0 
84.6 
83.3 
92.3 

98.2 

119.4 

120.8 

Total 
degrader 
(mg/cm2 

Al) 

44.0 
40.9 
38.7 
16.2 
35.2 
32.4 
31.7 
39.2 
36.6 

27.8 

23.5 

28.0 

Target 
thickness 
(Mg/cm2 

Bi) 

22 
22 
22 
20 
85 

110 
22 
22 
22 

22 

85 

20 

Average 
range, RM 
(mg/cm2 

Al) 

0.237 
0.300 
0.274 
0.219 
0.409 
0.342 
0.679 
0.392 
0.470 

/0.304* 
\0.320 
(0.298a 

\0.280 
0.658 

Median 
range, RM 
(mg/cm2 

Al) 

0.221 
0.277 
0.263 
0.198 
0.381 
0.333 
0.689 
0.318 
0.454 
0.291 
0.304 
0.275 
0.261 
0.634 

Straggling 
parameter 

PM 

0.43 
0.43 
0.42 
0.75 
0.45 
0.41 
0.38 
0.55 
0.57 
0.43 
0.43 
0.57 
0.56 
0.40 

Eeq 
(Mev) 

3.4 
4.3 
4.0 
3.1 
6.0 
5.0 

10.9 
5.8 
7.0 
4.4 
4.6 
4.3 
4.0 

10.4 

-Eeq/^CN 

1.11 
1.28 
1.11 
0.57 
1.33 
1.01 
1.93 
0.94 
1.03 
0.56 
0.58 
0.45 
0.42 
0.99 

PM/PCN 

1.5 
1.5 
1.5 
2.7 
1.7 
1.5 
1.7 
2.1 
2.3 
1.5 
1.5 
2.0 
2.0 
1.7 

a The recoil properties changed with time. The first row gives the result of the observations made less than 12 hours after the end of bombardment. The 
second row gives the observations made 2 to 4 days later. 

file:///0.320
file:///0.280
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TABLE V. Integral-range data from heavy-ion reactions with Bi. 

Projectile 

C 1 2 

C12 

C12 

C12 

C 1 2 

C12 

C 1 2 

C 1 2 

C 1 2 

C12 

C12 

C 1 2 

C 1 2 

N14 

N14 

N14 

Q 1 6 

Q16 

Ne20 

Ne20 

Beam 
energy, 

Eb 
(Mev) 

63.2 
64.8 
67.3 
71.2 
80.4 
81.4 
94.0 
94.7 

101.4 
105.5 
107.4* 
116.5 
117.7 
84.6 

111.9 
135.2 
110.0 
145.7 
159.4 
181.8 

Total 
degrader 
(mg/cm2 

Al) 

41.9 
41.0 
39.7 
37.6 
32.2 
31.6 
23.5 
22.9 
18.2 
15.3 
13.8 
6.6 
5.6 

31.7 
19.1 
6.2 

23.5 
9.4 

13.9 
7.8 

Target 
thickness 
(mg/cm2 

Bi) 

1.143 
1.248 
0.990 
1.049 
2.945 
0.971 
1.143 
3.404 
3.136 
1.049 
1.058 
3.136 
0.908 
1.482 
2.26 
2.461 
2.26 
2.461 
0.88 
0.88 

Min av 
range, RQ 
(mg/cm2 

Bi) 

0.54 
0.50 
0.53 
0.50 
0.42 
0.39 
0.32 
0.31 
0.30 
0.35 
0.36 
0.35 
0.33 
0.65 
0.42 
0.32 
0.52 
0.33 
0.49 
0.42 

Max av 
range, R0 
(mg/cm2 

Bi) 

0.54 
0.59 
0.55 
0.51 
0.47 
0.52 
0.53 
0.42 
0.39 
0.49 
0.48 
0.49 
0.40 
0.69 
0.52 
0.45 
0.56 
0.41 
0.50 
0.48 

Min 
-Seq 

(Mev) 

4.2 
3.9 
4.1 
4.0 
3.3 
3.1 
2.6 
2.6 
2.4 
2.8 
2.9 
2.8 
2.7 
4,9 
3.4 
2.6 
4.0 
2.7 
3.8 
3.3 

Max 
^ e q 

(Mev) 

4.2 
4.5 
4.3 
4.0 
3.7 
4.1 
4.1 
3.4 
3.1 
3.8 
3.7 
3.8 
3.2 
5.2 
4.1 
3.6 
4.3 
3.3 
3.9 
3.8 

Min 
£eq/i2cN 

1.28 
1.16 
1.17 
1.08 
0.79 
0.73 
0.53 
0.53 
0.46 
0.51 
0.52 
0.47 
0.45 
0.97 
0.51 
0.33 
0.54 
0.28 
0.30 
0.23 

Max 
^ e q / ^ C N 

1.28 
1.34 
1.23 
1.08 
0.89 
0.97 
0.84 
0.69 
0.59 
0.70 
0.67 
0.64 
0.53 
1.03 
0.62 
0.45 
0.59 
0.34 
0.30 
0.26 

evaporation process causes additional range straggling. 
This effect has been estimated for nucleon evaporation 
in reference 1. These combined effects are included in 
PCN. H the distribution of recoil velocities is greater 
than that for nucleon evaporation from a compound 
nucleus, PM will be larger than PCN. This effect can arise 
in two ways: (a) evaporation of particles heavier than 
nucleons, or (b) a distribution of velocities from the 
initial impact, i.e., from noncompound-nucleus 
reactions. 

In addition to the recoil measurements, a limited 
number of cross-section measurements are reported 
below for the production of Tb149 and At211. These nuc­
lides were identified by observations of the half-life. 

DISCUSSION 

We have studied some reactions that lead to the pro­
duction of Tb149 and several that lead to At and Po 
products. For the Tb149 studies it is possible to specify 
the number of nucleons emitted in the reaction and the 
maximum number of protons that could have been 
emitted. In the latter case it is not known whether pro­
tons were emitted singly or in aggregates such as deu-
terons, alpha particles, etc. In the reactions of Ba with 

Ne20 and Ne22 and of Pr with O16, Tb149 is a cumulative 
product, i.e., may also have been formed indirectly 
from beta decay of Dy149 in addition to direct formation. 
In these reactions nuclear fission is probably not a seri­
ous competitor. The studies of At and Po are quite 
different in that identification of the observed nuclides 
was not usually possible with our techniques. Also the 
competition from the fission processes is certainly an 
important aspect of these studies. We will discuss the 
Tb149 studies first, then the At and Po experiments. 

(HI,;cn)Tb149 Reactions 

Most recoil studies of the (HI,m)Tb149 reactions re­
sulted in Gaussian range distributions and, therefore, 
are in the group-1 classification. Three types of evidence 
point to a compound-nucleus mechanism for these 
reactions: (a) The measured ranges from several dif­
ferent reactions give rise to one curve when plotted 
against ECN. (b) The values of the range of each reaction 
extrapolated to the threshold also lie on this curve. 
(c) The measured values of p for these reactions are 
a function of the range and are in qualitative agreement 
with stopping theory.1 For other reactions the values 
of p vary widely (see below). 

TABLE VI. Integral-range data from heavy-ion reactions with Pb. 

Projectile 

C12 

C12 

C12 

Q 1 6 

Q16 

Beam 
energy 
(Mev) 

75.8 
91.1 

109.2 
97.1 

134.9 

Total 
degrader 
(mg/cm2 

Al) 

34.9 
25.4 
12.4 
27.9 
13.9 

Target 
thickness 
(mg/cm2 

Pb) 

0.968 
0.967 
0.974 
1.077 
1.077 

Min av 
range, RQ 
(mg/cm2 

Pb) 

0.49 
0.55 
0.53 
0.72 
0.52 

Max av 
range, R0 
(mg/cm2 

Pb) 

0.50 
0.55 
0.54 
0.74 
0.60 

Min 
-Seq 

3.9 
4.3 
4.1 
5.4 
4.1 

Max 
^ e q 

3.9 
4.3 
4.2 
5.6 
4.6 

Min 
^ e q / - S 0 N 

0.98 
0.90 
0.71 
0.82 
0.45 

Max 
^ e q / ^ C N 

0.98 
0.90 
0.73 
0.85 
0.50 



N U C L E A R R E A C T I O N S I N D U C E D B Y H E A V Y I O N S 533 

Several studies of the reaction Pr141(C12,4^)Tb149 did 
not result in Gaussian range distributions. In one ex­
periment two successive foils far beyond the most active 
foil contained the same amount of activity (approxi­
mately 10% of the peak value). We assumed that this 
activity was due to activation of these catcher foils 
and, therefore, that all the foils were similarly activated. 
The corrected data from this experiment are listed as 
the first entry in Table II. A similar correction was made 
for the second entry. The "raw" data and the data with 
the "extra" activity subtracted are given. Within this 
uncertainty the results of both experiments are con­
sistent with compound-nucleus formation. 

The N14 irradiation of Ce02 targets was reported to 
result in products with short ranges and a non-Gaussian 
range distribution.6 We have repeated these studies 
with Ce metal targets as well as the Ce02 previously 
used. The energy of the alpha particles from the Ce02 

experiments was found to be greater than 6 Mev, com­
pared to 3.95 Mev for Tb149.7 The energy and decay 
period of the alpha activity produced from Ce-metal 
targets were characteristic of Tb149. The range distribu­
tions observed from Ce-metal targets were all Gaussian. 
These results are given in reference 1. The Ce02 tar­
gets must have contained heavy-element impurities: 
hence, the results reported with these targets6 are 
incorrect. 

Ba(Ne20andNe22,jtan) Reactions8 

The cumulative production of Tb149 recoil atoms has 
been observed in reactions of Ne20 and Ne22 with Ba. 
Of the several Ba isotopes in the target, Ba138 with a 
71.7% abundance is probably the most important for 
the bombarding energies in this study. The Ne22 experi­
mental results were consistent with a Gaussian range 
distribution and were included in the group-1 experi­
ments reported in the preceding paper.1 The results of 
the Ne20 bombardments, which are quite different from 
those for Ne22, are given in Table II and are shown 
in Fig. 1. 

Two very distinct range groups can be seen in Fig. 1 
for the Ne20 experiments. Values of Ro and PM were cal­
culated for the longer range group by assuming it to 
have a symmetrical range distribution. The values of 
Eeq/ECN and PM/PCN for the long-range group are ap­
proximately unity. The products in the short-range 
group were stopped in the first catcher foil, which was 
0.9 mg/cm2 Al thick. Therefore, these ranges are less 
than this amount. From Fig. 1 we see that the products 
are about equally divided between the two groups. 
These results are further complicated by the presence 

6 J. M. Alexander and L. Winsberg, Proceedings of the Second 
Conference on Reactions between Complex Nuclei, Gatlinburg, 
Tennessee [John Wiley & Sons, New York (to be published)]. 

7 D. Strominger, J. M. Hollander, and G. T. Seaborg, Revs. 
Modern Phys. 30, No. 2 (1958). 

8 For consistency of notation we denote each reaction by the 
maximum number of protons that can be emitted. 
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FIG. 1. Differential range studies of the reaction Ba(Ne20,^w)-
Tb149. Total absorber thickness is denoted by t. The average range 
of the long-range group is designated by the arrows labeled R0. 
Average ranges expected for compound-nucleus formation are 
shown by the arrows labeled ECN-

of half-lives smaller and larger than 4.1 hr in both 
groups. We did not collect sufficient data to identify the 
shorter lived components. The longer lived component 
decayed with a half-life of approximately 20 hr. The 
nuclide Tb151 does decay with this half-life, but its 
branching ratio7 for alpha-particle emission (3X10~4%) 
is too small to account for our results. No measurement 
was made of the alpha-particle energies. Therefore, 
heavy element impurities may account for the short-
range products, as in the study of the Ce(N14,;m)Tb149 

reaction. 
The cross section for the formation of Tb149 from Ba 

is about ten times greater for Ne22 than for Ne20 in the 
energy region that we have explored (see later discus­
sion). We are unable to explain this striking difference. 

Pr141(016,2^6n)Tb149 

The production of Tb149 from Pr141 by O16 bombard­
ment has a special interest because of the possibility 
of alpha-particle emission. The results of several studies 
of this reaction are given in Table II and shown in 
Fig. 2. At the higher bombarding energies, the range 
distribution is Gaussian and both £eq/-EcN and PM/PCN 
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FIG. 2. Differential range studies of the reaction Prul(Ou,2 p6n)~ 
Tb149. Total absorber thickness is denoted by t. Average ranges are 
designated by the arrows labeled RQ. Average ranges expected for 
compound-nucleus formation are shown by the arrows labeled 
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are essentially unity. These results are evidence for 
compound-nucleus formation. 

For 115-Mev O16 ions, the range distribution is very 
broad and not Gaussian, and the value of £eq/£cN is 
much less than unity. From the range distribution shown 
in Fig. 2, it appears that only about one-half the ob­
served activity can be explained by compound-nucleus 
formation. The products with ranges less than the value 
of Ro may be due to heavy-element impurities (see 
above). 

Cross Sections for Tb149 Production 

As a by-product of the range measurements, we also 
obtained values of the cross section for the formation 
of Tb149. The branching ratio for alpha decay is approxi­
mately 10%.9 Complete excitation functions have not 
been obtained for any reaction. The beam intensity was 
monitored by a Faraday cup, which may have syste­
matic errors as large as 40%. All of the Tb149 experiments 

9 L. Winsberg, Bull. Am. Phys. Soc. 3, 406 (1958). 

were of the differential-range type, and the targets were 
of necessity very thin. For these several reasons, the 
absolute values of the cross section may be in error by 
as much as 50%. Nevertheless, these fragmentary re­
sults do shed some light on the nature of the reactions. 

The values of the cross section are shown in Fig. 3 
as a function of the quantity (EbAT/(Ab+AT)+Q)/n. 
The bombarding energy is denoted by Eb, and the mass 
number by A, the mass difference between reactants 
and products by Q, and the number of nucleons emitted 
by n. The subscript b is for the bombarding particle, 
and T is for the target. The values of Q for Fig. 3 are 
calculated for reactions in which the nucleons are 
emitted singly. The points shown by open symbols repre­
sent reactions in which charged particles can be emitted; 
closed symbols are for reactions in which only neutrons 
are emitted. The quantity EbAT/(Ab+AT)+Q is the 
energy left in the center-of-mass system after comple­
tion of the reaction. If all of this energy is given to the 
emitted nucleons, the abscissa of Fig. 3 gives the average 
kinetic energy of these nucleons. Where the target 
element has several isotopes, the plotted points are 

400 

2 4 6 8 IO 
( E b A T / ( A b + A T ) - rQ) /n(Mev) 

12 

FIG. 3. The cross section for Tb149 production as a function of 
the maximum kinetic energy available in the center-of-mass 
system, EbAr/'(Ab+A^+Q, divided by the number of nucleons 
emitted, n. Closed symbols are for (HI,;c») reactions: square, 
pri4i(Ci2j4^)Tbi49. diamond, Ce140(N14»Tb149; triangle, La139-
(016,6w)Tb149; inverted triangle, La139(018,8rc)Tb149. Open symbols 
are for reactions in which charged particles can be emitted: 
pentagon, Ba138(Ne20,^8w)Tb149; circle, B a ^ N e ^ l O ^ T b 1 4 9 ; tri­
angle, Pr141(016,2^6^)Tb149. Values for reactions that occur by 
compound-nucleus formation, according to the recoil measure­
ments, are connected by solid lines. The other cases are connected 
by dashed lines. 
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based on the most abundant isotope (mass 138 in the 
case of Ba and mass 140 in the case of Ce). 

Several features in Fig. 3 are noteworthy: 
(a) The (HI,w)Tb149 reactions have much lower peak 

cross sections than the reactions Pr141(016,2^6?z)Tb149 or 
Ba138(Ne22,^10^)Tb149. In the latter two reactions, 
charged particles can be emitted. 

(b) The average available kinetic energy of the 
emitted nucleons at the peak value of the cross section 
is about 3 Mev for (HI,xn) reactions and is equal to or 
greater than 6 Mev for the reactions Pr141 (016,2^6w)Tb149 

and Ba138(Ne22,^10n)Tb149. 
(c) The values of the cross section for the production 

of Tb149 from Ne20 bombardment of Ba are much smaller 
than those from Ne22 bombardment of the same target. 

The recoil properties indicate that many of the re­
actions studied occur by compound-nucleus formation. 
The cross-section values in Fig. 3 for those reactions 
that appear to occur by this mechanism are connected 
by solid lines. If we assume that the cross section for 
compound-nucleus formation is given by crude barrier-
penetration calculations,2 it is possible to draw some 
conclusions about the nature of the decay of the com­
pound nucleus. 

The maximum cross sections for (HI,rm)Tb149 reac­
tions are all less than about 1/20 of the calculated 
cross section for compound-nucleus formation.10 We con­
clude that reactions predominate in which one or more 
charged particles are emitted. Further evidence for this 
conclusion is the magnitude of the peak cross sections for 
the reactions Ba (Ne22,^)Tb149 and Pr141 (016 ,2^)Tb149 

(cumulative production of Tb149). These reactions ap­
pear to be much more probable than those involving 
only neutron emission. Measurements of the cross sec­
tion for neutron production also indicate that the emis­
sion of charged particles is important.11 

Au197(016, 2pxn or 3pxn)At} Po 

We have studied the formation of alpha-emitting 
isotopes of At and neighboring elements by O16 irradia­
tion of Au. Decay curves indicate the presence of many 
components, and no attempt was made to identify 
individual products. We assume that most of these pro­
ducts are isotopes of At and Po. The results are given 
in Table V and Fig. 5 of the preceding paper and in 
Table III here. For incident O16 energies of about 100 
Mev or less, the values of £eq/£CN and PM/PCN are 
approximately unity. As the incident energy is increased, 
the value of Eeq/ECN decreases and of PM/PCN increases 
significantly. These results are evidence for the occur­
rence of noncompound-nucleus processes which take 
place with increasing importance as the bombarding 
energy is increased. 

10 T. D. Thomas, Phys. Rev. 116, 703 (1959). 
11 E. L. Hubbard, R. M. Main, and R. V. Pyle, Phys. Rev. 118, 

507(1960). 
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FIG. 4. Differential range studies of the reaction Bi209(C12,?)At, 
Po. Total absorber thickness is denoted by /. Average ranges are 
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Bombardments of Bi and Pb 
In the experiments given here we have observed the 

gross alpha-particle activity produced in heavy-ion 
bombardments of Bi and Pb. From consideration of the 
decay periods and alpha-particle branching ratios one 
would expect most of the observed nuclides to be spalla­
tion products of Po, At, Em, and possibly Fr. These 
species could be formed directly or from radioactive 
decay of short-lived parents. Indeed, we did observe very 
complex decay curves in many experiments. Fission is 
more probable from a compound nucleus with its high 
excitation energy than from the less excited products 
of interactions involving incomplete momentum trans­
fer. Thus, these experiments are expected to be sensitive 
to noncompound-nucleus processes. 

The results of differential experiments with Bi targets 
are given in Table IV. Table V summarized the integral 
experiments. Integral experiments with Pb targets are 
presented in Table VI. The measured range values often 
varied considerably with time. The extreme values are 
given in Tables V and VI. 
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FIG. 5. Values of £eq/-EcN for the reaction Bi(HI,?)At, Po vs 
the incident energy divided by the barrier energy. Here Ee(l is 
the recoil energy corresponding to a measured range and ECN is 
the recoil energy if a compound nucleus is formed. Closed symbols 
are from differential experiments and open symbols are from 
integral experiments. The symbols for various projectiles are: 
square, C12, diamond, N14, triangle, O16, inverted triangle, O18, 
hexagon, Ne20, and circle, Ne22. 

In all of these experiments, the gross alpha radio­
activity decayed with half-lives greater than about 10 
min. The decay curves indicated the presence of many 
nuclides when the incident-beam energy was greater 
than approximately 1.3 times that of the Coulomb bar­
rier (>o taken to be 1.5 fermis). For bombarding energies 
less than this amount, the decay curves could usually 
be resolved to show the presence of a prominent 7.3-hr 
half-period. We assigned this activity to 7.3-hr At211, 
which has an alpha-branching ratio of 4 1 % . 7 Donovan 
has verified this assignment by measuring the energy 
of these alpha particles for a 65-Mev C12 irradiation 
of Bi209.12 

We have, studied the reactions of C12 with Bi209 at 
a number of bombarding energies. Histograms of the 
differential experiments are shown in Fig. 4. From this 
figure we see that all of the range distributions are very 
broad and unsymmetrical. For this reason the integral 
method was used only to measure Ro. In Fig. 4 we note 
that at the highest incident energy the measured average 
range is less than the range expected if a compound 
nucleus is formed. For incident C12 energies of 59 to 69 
Mev, the observed value of the average range is larger 
than that expected from compound-nucleus formation 
(see Table IV and Fig. 4). We have confirmed this result 
by integral range measurements (see Table V). 

Very similar recoil behavior was observed for Bi209 

reactions with N14, O16, O18, and Ne22. The results are 
summarized in Fig. 5. For all projectiles studied, the 
value of £ e q /£cN i s ^ess than unity for incident energies 
more than about 1.3 times the barrier energy. For all 
projectiles, with the possible exception of Ne20, the value 
of Eeq/^cN is greater than or about equal to unity for 
incident energies near that of the barrier. In Fig. 6, 
range histograms for the reactions of O16 and N14 with 

12 P. F. Donovan, Bell Laboratories, Murray Hill, New Jersey 
(private communication). 

Bi are compared to those experiments with similar 
values of ECN that were used to establish the range-
energy relationship. Clearly, the average range and the 
width of the distribution are much greater for the Bi 
reactions. 

Further information concerning these nuclear reac­
tions with Bi is provided by the excitation functions. 
The cross sections for the formation of At211 as a function 
of the bombarding energy divided by the barrier energy 
are given in Fig. 7. If no clear resolution of the decay 
curve was possible, an upper limit to the 7.3-hr activity 
was obtained, as indicated by the points with an arrow 
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FIG. 6. Differential range studies of At and Po produced in 
various reactions. Average ranges are designated by the arrows 
labeled RQ. For the Bi experiments, the arrows labeled ECN show 
the average range expected for compound-nucleus formation. The 
experiments with Ir and Au targets were used to determine the 
energy dependence of range and range straggling. Hence, the 
arrows for RQ and £CN coincide for these cases. 

pointing downward. Although the measurements are 
fragmentary, except for C12, several statements can be 
made: (a) At energies near the Coulomb barrier the 
cross section for At211 production by C12, O16, and Ne20 is 
about one-fourth that calculated for compound-nucleus 
formation,10 (b) For incident energies equal to or slightly 
greater than the barrier, C12, O16, and Ne20 form At211 

in much higher yield than N14, O18, and Ne22. 
The recoil measurements indicate that compound-

nucleus formation is certainly not the major mechanism 
of these reactions (PM/PCN> 1 even though EeJEo^^l 
in some cases). This is not surprising because the fission 
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reaction is expected to result in high probability from 
compound nuclei that are formed. The products that 
we have observed are those that survive fission competi­
tion. Therefore they are more likely to result from 
noncompound-nucleus processes. Several nucleons must 
be transferred from the projectile to the target to form 
the nuclides that we have observed. The high cross 
section for the formation of At211—only one of the pos­
sible products from multiple-nucleon transfer processes 
—indicates that noncompound-nucleus reactions com­
prise a large fraction of all the reactions. 

The projectiles, C12, O16, and Ne20, which may have 
structures consisting of bound alpha particles, are par­
ticularly effective in forming At211. This suggests the 
possibility of alpha-particle transfer to the target 
nucleus. 

The fact that E^/ECN is less than unity for the higher 
initial energies indicates that particles must be emitted 
preferentially in the forward hemisphere. In order to 
explain values of Eeq/ECN that are greater than unity, 
particles must be emitted in the backward hemisphere 
in the center-or-mass system. For this type of reaction, 
the recoil nucleus can obtain more momentum than the 
incident beam particle. This can result either from an 
angular distribution that is symmetric about 90° in the 
center-of-mass system [reference 1, Eqs. (10) and (11)] 
or from a preferred emission of particles in the backward 
direction. Using the exact form of Eq. (10), we have 
calculated the maximum possible value of Eeq/Ecx for 
the reaction of 84.6-Mev O16 with Bi209 to be 1.38 (This 
value is obtained if the products are At211 and C14.) This 
is approximately 30% less than the experimental value 
of 1.93 (see Table IV). If the particles are emitted back­
wards, the maximum possible value of Eeq/ECN is 3.45. 
We conclude that the particles are emitted preferentially 
in this direction. It is interesting that these reactions 
occur only for incident energies nearly equal to the 
energy of the Coulomb barrier. The projectiles with 
these low kinetic energies must have small impact 
parameters if they are to react. Therefore, the promptly 
emitted particles should be directed preferentially 
backwards. 

A few studies were made of heavy-ion reactions with 

*0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
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FIG. 7. Cross section for the reactions Bi209(HI,?)At211 vs the 
incident energy divided by the barrier energy. Symbols for various 
heavy ions are: square, C12, diamond, N14, triangle, O16, inverted 
triangle, O18, hexagon, Ne20, and circle, Ne22. Symbols with arrows 
attached designate upper limits. 

Pb (see Table V). The results are similar to those for 
Bi in that Eeq/ECN is less than unity for high incident 
energies. Also Eeq/EcN increases as the incident energy 
decreases. A further study of these reactions should 
prove very interesting. 
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