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Neutron Production by Heavy-Ion Bombardments* 
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Neutron yields from C12, N14, and Ne20 bombardments of a number of target elements have been measured 
by an activation method. The maximum bombarding energies were 10.4 Mev per nucleon of the incident ion. 
Neutron yields have been calculated by assuming complete fusion of the two nuclei, with an interaction 
radius of f0»1.5X10 -13 cm, followed by de-excitation of the compound nuclei by neutron emission only. 
Calculated neutron yields are a factor of about two higher than experiment in the case of heavy target nuclei, 
with greater differences for light targets. Some possible refinements of the theory that could bring the results 
closer to agreement with experiment are mentioned. 

I. INTRODUCTION 

THE bombardments of complex nuclei by high-
energy nucleons or light nuclei produce a large 

variety of reactions, from which some of the emitted 
nucleons are due to cascade processes and some are 
evaporated from excited residual nuclei. In the latter 
case, the excitation energies have a considerable spread 
because of statistical fluctuations in the cascade process. 
Under these conditions, it is impossible to compare 
evaporation theory and experiment at energies of, say, 
100 Mev except by averaging over many compound 
nuclei and excitation energies. Within these limits, 
theory and experiment are in fairly good agreement.1-5 

Compound nuclei excited to 100 or more Mev can also 
be produced in heavy-ion bombardments at the Berkeley 
heavy-ion linear accelerator ("Hilac"), and it is thought 
likely that a large fraction of the compound nuclei have 
excitation energies appropriate to the complete fusion of 
the projectile and target nuclei.6 Cascade effects should 
be of minor importance, because the kinetic energies 
of the bombarding nuclei are 10 Mev or less per nucleon. 
These compound nuclei are of additional interest be­
cause they are often highly neutron-deficient and are 
therefore more susceptible to de-excitation by fission 
and charged-particle emission than are those formed by 
light-particle interactions. They also may be formed 
with very high angular momenta. Whether or not heavy-
ion reactions will, in fact, be easier to interpret on the 
basis of compound-nucleus interactions than are those 
produced by high-energy nucleons depends on further 
measurements concerning the details of the interactions. 

* This work was done under the auspices of the U. S. Atomic 
Energy Commission. 
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It is known, for example, that in some cases fragmenta­
tion of the heavy ion will lead to something less than 
complete fusion of the two nuclei.7-9 

In this survey experiment, the average numbers of 
neutrons produced by bombarding a variety of mate­
rials with carbon, nitrogen, and neon nuclei have been 
measured by an activation process.10-12 The measured 
yields are compared with the values that are predicted 
from a simple boil-off theory by assuming de-excitation 
by neutron emission only. It is also assumed that the 
compound nuclei are formed by the complete fusion of 
the two nuclei, and the cross sections for compound-
nucleus formation are calculated from commonly used 
parameters. 

II. METHOD 

The ions emerged from the linear accelerator in 
several charge states, and then passed through a |-mil 
aluminum foil which stripped most of the ions of their 
remaining orbital electrons. The beam then passed 
through a 1-in. diam collimator, a steering magnet, 
another 1-in. collimator, and energy-degrading foils, and 
then entered the experimental area through a port in a 
2-ft thick concrete wall. The general arrangement is 
shown in Fig. 1. The targets were placed at the center of 
the 3-ft cube of MnS04 solution, the thick targets being 
mounted in a Faraday cup on the end of a solution-filled 
plug. When thin targets were used, the beam was 
monitored by a Faraday cup 4 ft from the exit of the 
tank. In both Faraday cups magnetic fields of several-
hundred gauss were used to suppress the escape of 
secondary electrons. The collimators and the external 
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Hilac 
tank 

FIG. 1. Schematic drawing of the 
experimental arrangement. 

Faraday cup were surrounded by 18 in. of paraffin to 
reduce the background in the detector. The beam was 
aligned while the operator viewed a fluorescent plate 
with a television camera. Just ahead of the tank of 
MnS(>4 solution was a 2-in. diam insulated collimator. 
The accelerator operator monitored the current to this 
collimator to verify that the beam remained centered in 
the 4j-in. beam tube which went through the tank. 

The detection method is that described by Crandall 
et al.10 Neutrons emitted from the target were moderated 
in the solution, and those that were captured by Mn 
nuclei formed the 2.59-hr half-life Mn56. Before and 
after each bombardment, samples were drawn from the 
continuously stirred solution and were counted in two 
identical sets of immersion Geiger-counter systems. For 
the first few bombardments, the activity was monitored 
during the run by circulating the solution through a 
small shielded tank which contained a Nal crystal 
viewed by a photomultiplier. In this way the length of 
each bombardment was adjusted so that the activity of 
successive bombardments was approximately doubled. 
About six targets could be bombarded in a day, with the 
beam currents of about 0.02 jua (average) of particles 
obtained (the average number of particles per sec 
is 1011). 

The system was calibrated with a 1-g Ra-a-Be source 
and with a smaller Pu-a-Be source, both of which had, 
in turn, been calibrated by the National Bureau of 
Standards to within ± 3 % . The measured detection 
efficiency was the same for both sources. The modera­
tion and capture efficiency has been calculated to be 
98% for Ra-a-Be neutrons in a detector of similar 
geometry, except for the beam tube.10 From calibrations 

with the plug on the exit end, both empty and filled 
with solution, the effect of the beam tube was shown to 
be small. The difference was less than 1%. These 
artificial-source measurements should, therefore, be 
suitable for calculating the detection efficiency for the 
heavy-ion-reaction neutrons, which have considerably 
lower average energy (assuming they are mostly from 
boil-off processes). The considerable angular anisotropy 
in the a particles13 and fission fragments14-16 from heavy-
ion reactions suggests the possibility of a similar ani­
sotropy for neutron emission. This could make the 
measured yields too low because of a disproportionate 
number of neutrons escaping through the beam tube, 
especially in the thin-target measurements, which may 
show the greatest anisotropy. However, thick-target 
measurements with and without solution in the plug do 
not show a significant difference. 

The multiple scattering in the thin targets was suffi­
cient to prevent an appreciable fraction of the beam that 
traversed the target from entering the Faraday cup. 
The necessary correction was determined by monitoring 
the beam at the entrance of the MnSC>4 tank and 
simultaneously recording the Faraday-cup currents with 
and without targets, and also with the Faraday cup at 
varying distances from the target. Corrections of 8 to 

13 W. J. Knox, A. R. Quinton, and C. E. Anderson, Phys. Rev. 
Letters 2 402 (1959). 

14 E. Goldberg and H. L. Reynolds, Bull. Am. Phys. Soc. 4, 253 
(1959). 

15 S. M. Polikanov and V. A. Druin, quoted in the Proceedings of 
the Second United Nations International Conference on the Peaceful 
Uses of Atomic Energy, Geneva, 1958 (United Nations, Geneva, 
1958), paper 15/P/2299. 

16 J. Alexander and J. T. Gilmore, Lawrence Radiation Labora­
tory, Berkeley, California (private communications). 
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15% were necessary, depending on the thickness and 
material of the targets. 

For measurements at less than the full energy, Be 
absorbers were inserted immediately after the steering 
magnet (the current was reduced to an impossibly low 
value when the absorbers were ahead of the magnet). A 
lead collimator at the center of the concrete shielding 
stopped the beam that was scattered out of the useful 
solid angle. Sufficient neutron absorber was placed be­
tween the collimator and the MnS04 tank so that back­
ground corrections from this source were always fairly 
small. Both thick- and thin-target background correc­
tions were estimated in the same way, namely, by 
stopping the beam at the position of the Faraday cup 
for the thin-target measurements. The thick-target 
background corrections are presumably overestimated 
by this procedure, but they were usually a few percent, 
and were never more than 15% except when the beam 
energy was reduced to the point where it approached the 
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FIG. 2. Range vs energy for C12 ions in several materials. 

Coulomb barrier. In the latter cases, the background 
corrections were as much as 40%. 

Experimental range-energy relations for heavy ions in 
emulsion have been obtained by Heckman et al.17 In 
order to determine the energy loss in the Be absorbers 
and in the targets, range-energy relations for heavy ions 
in metals have been calculated from Heckman's data 
and from range-energy relations for protons in emul­
sion18'19 and in metals.20,21 The range-energy curves 

17 H. H. Heckman, B. L. Perkins, W. H. Barkas, and F. M. 
Smith, Bull. Am. Phys. Soc. 3, 419 (1958); H. H. Heckman, B. L. 
Perkins, W. G. Simon, F. M. Smith, and W. H. Barkas, Uni­
versity of California Radiation Laboratory Report UCRL-8763, 
June 8, 1959 (unpublished). 

18 W. H. Barkas, P. H. Barret, P. Ciier, H. Heckman, F. M. 
Smith, and H. K. Ticho, Nuovo cimento 8, 185 (1958). 

19 W. H. Barkas, Nuovo cimento 8, 201 (1958). 
20 H. Bichsel, R. F. Mozley, and W. A. Aron, Phys. Rev. 105, 

1788 (1957). 
21 W. Whaling, Encyclopedia of Physics, edited by S. Flugge 

(Springer-Verlag, Berlin, 1958), Vol. 34, p. 193. 
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FIG. 3. Range vs energy for N14 ions in several materials. 

calculated for C, N, and Ne ions are shown in Figs. 2, 3, 
and 4, respectively. Preliminary experimental checks 
exist for some of these curves and are in good agree­
ment.22-26 The beam energy calculated from the ac­
celerator parameters is 10.4 Mev/A. Wire-orbit meas­
urements26 and measurements of ranges in emulsions27 

agree with this value and indicate that the energy spread 
is about ±1.5%. 

III. RESULTS 

The neutron yields from thick targets (slightly more 
than one range thick) are given in Table I. The choice 
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FIG. 4. Range vs energy for Ne20 ions in several materials. 
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TABLE I. Neutron yields from targets slightly more than one range thick, in units of neutrons per incident ion. The absolute standard 
errors are estimated to be about 6% except close to the Coulomb barrier, where they are about 50%. 

Bom- Absorber Calculated 
barding (mg/cm2 energy 

ion Be) (Mev)a Al Cu 
Neutron yields (X104) 

Ag Ta Pb Th U 

C 1 2 

N14 

Ne20 

0 
12.6 
20.9 
29.2 
0 
0 

12.6 
20.9 

122 
106 
92 
78 

141 
201 
154 
114 

8.0 

10.4 
4.83 
2.17 

14.1 17.6 19.6 
11.3 
6.9 
3.0 

19.8 
16.2 
3.4 
0.7 

18.5 
9.9 
4.8 
1.6 

19.5 
17.1 
4.1 
0.22 

18.9 24.7 25.1 
10.6 
5.2 
0.95 

20.2 

0.09 

* Ion energies are calculated from the range data of Figs. 2 ,3 , and 4 after small corrections for energy loss in the stripper foils have been made. 

of bombarding particle and bombarding energy was 
rather spotty. However, the results followed rather clear 
trends so that it was not considered necessary to fill in 
the gaps. 

The "thin target" measurements of the effective cross 
sections for producing one neutron, ain, are given in 
Table II, where ain is defined as the number of neutrons 
produced per incident ion, divided by the number of 
atoms per square centimeter of the thin target. These 
data were obtained at full energy only, because of the 
complexity of the background correction at reduced 
energies. 

The term "thin target" usually refers to targets in 
which the ion energy, interaction cross section, etc., 
do not change appreciably within the targets. However, 
these quantities do change appreciably during the ion 
traversal of some of the thin targets used in this ex­
periment. We have, therefore, defined an effective 
kinetic energy for neutron production, T. As will be 
discussed in Sec. IV, for the energies of interest, the 
neutron yield from compound-nucleus de-excitation 
N(T) should be approximately proportional to T, 
the interaction cross section <rc(T) proportional to 
(1— Vc/T), and the ion range proportional to T2. With 
trjese assumptions, the yield per incident particle from 
the target is 

Y=Not<Tc(T)N(T) = -
2N4 

- I a 
i2 JTQ 

(T)N(T)TdT, 

where iVo/=number of atoms/cm2 in the target. After 
integrating and neglecting terms of second order in AT, 
it is founclthat the effective energy is T~ TQ—^AT. The 
values of T given in Table II were calculated in this way. 

All of the targets were of naturally occurring isotopic 
abundances. The internal consistency was checked by 
repeating a number of the bombardments several times. 
For example, thick and thin Ta targets were bombarded 
with the full-energy carbon beam on five different days, 
and gave results that agreed to within 1%. 

IV. DISCUSSION 

The neutron yields from thick-target deuteron bom­
bardments at 190 Mev increase severalfold as the mass 
number of the target is increased from that of Al to U.12 

This is because the interaction cross section is increasing 
and the fraction of the available energy lost to cascade 
particles and to charged-particle emission from the com­
pound nucleus is decreasing. A jump in the yield for Th 
and U is presumably due to a contribution from fission. 

The neutron yields from the full-energy heavy-ion 
bombardments of thick targets (Fig. 5) show much 
smaller increases as the mass number of the target is 
raised than do those from light-particle bombardments. 
This flattening of the yield-vs-mass curve is qualita­
tively reasonable, because in these heavy-ion reactions 
the Coulomb barrier strongly affects the interaction 
cross sections. Therefore, in high-Z targets the effective 
interaction cross sections fall so rapidly with increasing 

TABLE II . Thin-target measurements of the effective cross sections for producing one neutron, <n„. The absolute standard errors are 
estimated to be about 9%. AT is the total energy loss in the target and T is the mean energy. 

Target 

Be 
Al 
Ni 
Cu 

Ag 
Ta 
Au 
Pb 

Target thickness 
(mg/cm2) 

9.07 
10.66 
7.92 
2.55 

14.60 
9.38 

10.29 
16.26 

AT 
(Mev) 

13 
14 
8 
3 

14 
•7 
7 

11 

C 1 2 

T 
(Mev) 

114 
114 
117 
120 

114 
117 
117 
115 

<Tln 
(barns) 

1.15 
1.31 
2.44 
4.75 

7.1 
12.0 
12.8 
10.7 

AT 
(Mev) 

20 

19 
10 

N14 

f 
(Mev) 

131 

131 
136 

(Tin 

(barns) 

1.66 

9.9 
12.2 

AT 
(Mev) 

35 
22 
8 

35 
18 
20 
30 

Ne20 

T 
(Mev) 

184 
189 
196 

182 
192 
191 
186 

Cln 

(barns) 

1.97 
2.92 
4.81 

9.5 
18.5 
19.2 
19.9 
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depth in the target that the interaction cross section, 
averaged over the range of the particles, is not much 
greater than for light targets. Moreover, in heavy-ion 
bombardments cascade effects are presumably small. 
For these reasons, the variation of the neutron yield 
with the nuclear mass of the target can be less pro­
nounced for heavy-ion than for proton or deuteron 
bombardments at similar energies. Once again, the Th 
and U points are higher than the Ta and Pb points, 
perhaps because of a contribution from fission. If this 
is so, it is not because of lack of fission in Ta and 
Pb,14"16 but must be because such fission does not pro­
duce much additional nuclear excitation. 

It may be noted, incidentally, that the thick-target 
yields from these heavy ions are two orders of magnitude 
lower than those from deuterons of similar energy, be­
cause of the greatly reduced ranges of the former. The 
values of o-ln obtained from the thin-target measure-
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FIG. 5. Neutron yields from thick-target bombardments by 
heavy ions of approximately 10 Mev per nucleon. The points are 
• for 122-Mev C12, O for 141-Mev N14, and O for 201-Mev Ne20. 

ments at full energy, on the other hand, are quite similar 
to those from proton or deuteron bombardments at 
similar energies,12 as shown in Fig. 6. 

If it is assumed that all of the neutrons detected in the 
MnSC>4 tank are evaporated from compound nuclei 
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FIG. 6. Measured values of <nn from proton, deuteron, reference 
12, and Ne20 bombardments of thin targets at about 190 Mev. The 
points are O for 190-Mev H1, • for 170-Mev D2, and O for 
190-Mev Ne20. 

formed from the complete fusion of the target and inci­
dent nuclei, then the average number of neutrons, iV, 
emitted by the excited compound nucleus can be calcu­
lated from the experimental values of <j\n by using the 
relation 

iVrexp = 0'lnAc. ( I ) 

Since experimental values of <TC, the-cross section for the 
formation of a compound nucleus, are not presently 
available, it is necessary to calculate them to obtain 
"experimental" values of N. 

Cross sections for the compound-nucleus formation 
have been calculated from the classical expression 

/ Ai+A* Vc\ 
c = (TQ\ 1 I , 

V A2 T/ 
(2) 

where A1=mass number of the projectile, ^42=mass 
number of the target nucleus, T=kinetic energy of the 
projectile in the laboratory system, Vc— eiZiZ2/rD (Ai* 
+^ 2

! ) is the effective Coulomb barrier, Zie=nuclear 
charge of projectile, Z2e=nuclear charge of tar­
get, ro / = radius parameter of the nuclear forces, <TQ 
= 7rro204i*+^2*)2 is the geometric cross section for com-

TABLE III. Average numbers of neutrons emitted per compound nucleus, and other calculated quantities. 

Target 

Al 
Ni 
Cu 
Ag 
Ta 
Au 
Pb 

Ex 
(Mev) 

63 
95 
96 

101 
95 
95 
72 

En 
(Mev) 

8.5 
12.1 
12.1 
9.0 
8.0 
6.3 
6.4 

115-Mev C12 a 

iVtheor 

2.8 
5.5 
5.6 
7.9 
8.5 

10.6 
8.0 

(Ye):m. 
(Mev) 

14.0 
26.6 
26.3 
38.0 
42.5 
55.5 
57.0 

<Tc 
(barns) 

1.68 
1.93 
2.03 
2.23 
2.69 
2.27 
2.33 

•t'exp 

0.79 
1.24 
2.25 
3.22 
4.40 
5.55 
4.60 

Ex 
(Mev) 

128 
146 
145 
141 
128 
120 

Sn 
(Mev) 

14.3 
14.1 
10.0 
8.0 
7.6 
7.4 

190-Mev Ne30 a 

•*V theor 

6.0 
7.3 

10.4 
12.8 
12.8 
11.6 

(FJcm. 
(Mev) 

18.7 
35.0 
35.5 
51.8 
71.8 
76.2 
78.2 

<Tc 
(barns) 

1.93 
2.30 
2.39 
2.63 
2.86 
2.86 
2.88 

f3[ b IVexp 

1.05 
1.27 
1.95 
3.77 
6.41 
6.70 
7.06 

• Note that the mean energies for the experimental figures are not exactly 115 Mev or 190 Mev (see Table II), but the tabulated values of N9%p have been 
approximately adjusted to 115 Mev and 190 Mev by multiplying <rm/<rc by 115/T and 190/T, for carbon and neon, respectively. 

h N»xp Is calculated from <rm/<r« with r» »1.5 X10~« cm. 
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pound-nucleus formation, and r§—radius parameter of 
nuclear matter. Assuming ro=ro', calculations of ac 

were made for r0= 1.5X 10~13 cm and^OX 10-13 cm. The 
calculated values of ac and the values of iVexp obtained 
from the thin-target bombardments are tabulated in 
Table III for r0= 1.5 X 10~13 cm. 

A rather long Monte Carlo calculation is required to 
obtain accurate values of N from compound-nucleus 
evaporation theory. However, Heckrotte has developed 
an expression that gives good agreement with the Monte 
Carlo calculations for the cases where charged-particle 
emission is negligible and fission does not occur until 
after all the neutrons are boiled off.5 Heckrotte's equa­
tion is 

E —-B 
Nthe0T= V \i-h+hf-b*+&i+- •), (3) 

Bn 

where Ez is the initial excitation energy and Bn is the 
average neutron binding energy. Here we have: 

y=(2/Bn)(10Ex/Ac)^ 

where A c is the mass number of the compound nucleus. 

TABLE IV. Results of compound-nucleus boil-off calculations by 
Dostrovskya for Au193 excited to 50 Mev and 100 Mev. For each 
energy, 500 evaporations were followed. 

Ex Number of emitted particles 
(Mev) n p d t He3 He4 Fission N 

100 4218 36 5 0 0 6 9 8.44 
50 2392 0 0 0 0 1 0 4.78 

a See reference 29. 

The excitation energy Ex was obtained from the 
kinetic energies of the incident ions and from the mass 
differences. Since experimental mass differences are not 
available for the neutron-deficient compound nuclei pro­
duced in heavy-ion bombardments, they were obtained 
from Levy's tables.28 Neutron binding energies were also 
obtained from reference 28. Values of N calculated from 
Eq. (3) for the compound nuclei produced in the thin-
target experiments are presented in Table III. 

To check the assumptions made concerning charged-
particle emission and fission, Dostrovsky has kindly 
carried out a Monte Carlo calculation of particles evapo­
rated from the compound nucleus Au193 formed in the 
bombardments of Ta181 with C12 ions.29 This particular 
reaction was chosen with the hope of minimizing the 
charged-particle emission that would be large for low-Z 
compound nuclei and the fission that occurs in high-Z 
compound nuclei. The results of his calculation are given 

28 J. Riddell, Chalk River Laboratory Report CRP-654, July, 
1956 (unpublished). 

2 9 1 . Dostrovsky, Weissman Institute, Rehovoth, Israel (private 
communication). 
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FIG. 7. Average numbers of neutrons per compound nucleus 
formed by C12 bombardments at 115 Mev (Table III). Experi­
mental points are calculated for two values of the radius parame­
ter, ro, by the use of an assumed expression for the compound-
nucleus-formation cross section (see text). The theoretical points 
are denoted by O ; the experimental points for ro=1.3XlO-13 cm 
by • , and for r0 = 1.5X10-13 cm by • (Table III). 

in Table IV. The value of N obtained for Ex= 100 Mev 
is in good agreement with the value obtained from 
Heckrotte's formula (Table III). It is seen that the 
number of charged particles emitted and the number of 
fission events are too small to affect seriously the 
number of neutrons emitted. However, the experimental 
data presently available16 indicate that the fission cross 
section is actually very large, perhaps half of the total 
cross section. 

In Figs. 7 and 8 the theoretical values of N are com­
pared with experimental values of N computed for 
r0= 1.5X10-13 cm and r0= 1.3X10-13 cm. Other experi­
ments indicate that the best choice for rQ is about 
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FIG. 8. Average numbers of neutrons per compound nucleus 
formed by Ne20 bombardments at approximately 190 Mev (Table 
III). Experimental points are calculated for two values of the 
radius parameter, ro, by the use of an assumed expression for the 
compound-nucleus-formation cross section (see text). The theo­
retical points are denoted by O ; the experimental points for 
ro -UXlO- 1 * cm by * , and for r0=1.5X10-13 by • . 
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1.5X10-13 cm.9'14'30^32 For this latter value, the experi­
mental values of N are considerably smaller than the 
theoretical ones. The disagreement is stronger in the 
case of light target nuclei, but it is reasonable to expect 
the model to fail for such nuclei, especially with regard 
to charged-particle emission. It would be necessary to 
take ro« 1.2 X 10~13 cm to obtain agreement between the 
experimental and theoretical values of N for the heavier 
nuclei. 

The observed dependence of the neutron production 
on the bombarding energy (Table I) is qualitatively 
reasonable, with the yields extrapolating to zero at 
something like the Coulomb barriers appropriate to a 
radius parameter of r0~1.5X10~13 cm. More than this 
cannot be said, however, because the data are not 
sufficiently good. The expressions used in the thin-target 
calculations have been integrated over the range for the 
case of the tantalum bombardments and give a tolerable 
fit to the observed yields, except that the production is 
considerably overestimated for the highest energy 
points. 

Finally, we enumerate a few of the uncertainties and 
some of the refinements that could be made to the above 
simple theory within the framework of the statistical 
model. 

1. The classical expressions used for the interaction 
calculations should be replaced by quantum-mechani-
cally correct formulas. Thomas33 has used the expres­
sions of Blatt and Weisskopf,34 and for the same value 
of ro he obtains fusion cross sections 15 to 20% smaller 
than we obtained from the classical formulas. When his 
cross sections are used, it is necessary to take ro~1.3 
X 10~13 cm to obtain agreement between the calculated 
and experimental neutron yields. 

2. The interaction cross sections vary approximately 
as the square of the radius parameter, r o, for energies far 
above the Coulomb barrier. We have used the value 
1.5X 10~13 because other experimenters have found that 
values close to this one give the best fits to their data; 
1.4X10-13 is reasonably consistent with other experi­
ments, but values much lower than this would not be. 

3. Charged-particle emission is certainly not negligible 
for low-Z compound nuclei, and the fact that the com­
pound nuclei are sometimes highly neutron-deficient 
should enhance the effect. However, the calculations of 
Dostrovsky29 for C12+Ta181 -» Au193 at 100-Mev excita­
tion indicate that de-excitation by charged-particle 

30 E. Goldberg and H. L. Reynolds, Phys. Rev. 112,1981 (1958). 
31 N. I. Tarantin, Y. B. Gerlit, L. I. Guseva, B. F. Miasoedov, 

K. V. Filippova, and G. N. Flerov, J. Exptl. Theoret. Phys. 
(U.S.S.R.) 34, 220 (1958). 

32 A. E. Larsh, A. Ghiorso, G. E. Gordon, T. Sikkeland, and J. 
R. Walton, Lawrence Radiation Laboratory, Berkeley, California 
(private communication). The preliminary excitation function for 
fission of U induced by carbon bombardment agrees with ro=1.5 
X10~13 cm to within about 5%. 

33 T. D. Thomas, Lawrence Radiation Laboratory, Berkeley, 
California, Phys. Rev. 116, 703 (1959). 

34 J. Blatt and V. Weisskopf, Theoretical Nuclear Physics (John 
Wiley & Sons, Inc., New York, 1952). 

emission may change the neutron yields by at most a 
few percent in the case of heavy compound nuclei. 
Calculations indicate that reduction of the effective 
Coulomb barrier of the compound nucleus by the high 
state of excitation does not appreciably affect the ratio 
of charged-particle emission to neutron emission.3 

4. The masses and binding energies obtained from 
reference 28 are of unknown accuracy, and the average 
binding energies used in Eq. (3) are, at best, guesses. 

5. Fission is now known to occur with almost 100% 
probability from such bombardments as carbon on 
gold,30 and is a large effect for somewhat lighter com­
pound nuclei.16 The effect of fission on the neutron yield 
is not obvious; e.g., if fission occurs early in the de-
excitation process, charged-particle emission may be 
enhanced, and it seems possible that fission can lead to 
a reduction in the average numbers of neutrons. 

6. The likelihood of forming compound nuclei in very 
high angular-momentum states by heavy-ion bombard­
ments may reduce, or at least affect, the neutron yields 
in two ways: 

(a) Compound nuclei are more likely to undergo 
fission if they have large angular momenta.35'36 

(b) The rotational energy may not be available for 
neutron emission. 

In neon bombardments of gold, for example, the 
angular momenta may be as high as 125^, and the 
rotational energy as much as 45 Mev (assuming that 
r 0« 1.5X 10~13 cm and that the nucleus rotates as a rigid 
sphere). This could reduce the neutron yield by perhaps 
30% in this extreme case. 

A more serious question is that of the applicability of 
the statistical model. It is known that the assumption 
that all interactions involve the complete fusion of the 
two nuclei is faulty in some instances.6-9 In addition to 
small cross sections for the exchange of nucleons be­
tween the nuclei, carbon nuclei interacting in nuclear 
emulsions exhibit complete disintegration and stripping 
phenomena which may account for as much as 20% of 
total star-production cross section.6 Experiments indi­
cate that 10% of the fissions produced by carbon 
bombardments are the result of direct interactions.32 

The available excitation energy is correspondingly 
reduced. 

There is also the possibility that particle emission may 
occur before the excitation energy is uniformly dis­
tributed.37 The statistical model would be entirely 
inappropriate in this case. 

V. CONCLUSIONS 

Neutron boil-off calculations based on a classical 
interaction model involving the complete fusion of the 
incident heavy ion and the target nucleus, with uniform 

35 G. A. Pik-Pichak, J. Exptl. Theoret. Phys. (U.S.S.R.) 34, 238 
(1958). 

36 J. Hiskes and W. Swiatecki, Lawrence Radiation Laboratory, 
Berkeley, California (private communication). 

37 G. N. Flerov, Geneva Conference, reference 15, paper 
^/conf/P/2299. 
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heating of the compound nucleus followed by de-
excitation by neutron emission only, overestimate the 
actual neutron yields by a factor of two or more if the 
commonly accepted interaction radius, r0«1.5XlO~13 

cm, is used. However, refinements to the theory could 
change the predicted neutron yields by as much as the 
discrepancy between the experiments and the present 
theory. Before a more accurate comparison with the 
statistical model is possible, additional theoretical work 
and many more measurements, especially of the reaction 

I. INTRODUCTION 

THE first measurements of virtual nuclear energy 
levels of Na24 in the kev region were made by 

Adair et al.1 with a neutron energy spread of approxi­
mately 20 kev. They reported the presence of eight 
peaks in the region from 60 kev to 1 Mev. (All energies 
given in the present paper are neutron energies in the 
laboratory system.) Later Stelson and Preston2 studied 
the region from 120 kev to 1 Mev with a neutron energy 
spread ranging between 2.5 and 5 kev and observed 
twelve resonances. One other resonance near 3 kev 
was also reported by Hibdon et al.3 Hibdon, Langsdorf, 
and Holland4 studied the region from about 2 to 80 kev 
with a neutron energy spread of 1.5 to 2 kev and con­
firmed the resonances near 3 and 55 kev. Several recent 
studies5 by different experimenters indicate that only 

fWork performed under the auspices of the U. S. Atomic 
Energy Commission. 

* The preliminary results of the measurements were reported at 
the meeting of the American Physical Society at Cleveland, Ohio, 
November 27-28, 1959 [Bull. Am. Phys. Soc. 4, 404 (1959)]. 

1 R. K. Adair, H. H. Barschall, C. K. Bockelman, and O. Sala, 
Phys. Rev. 75, 1124 (1949). 

2 P. H. Stelson and W. M. Preston, Phys. Rev. 88, 1354 (1952). 
8 C. T. Hibdon, C. O. Muehlhause, W. Selove, and W. Woolf, 

Phys. Rev. 77, 730 (1950). 
4 C. T. Hibdon, A. Langsdorf, Jr., and R. E. Holland, Phys. 

Rev. 85, 595 (1952). 
6 For a graphical display of the data obtained by the various 

experimenters and for references to the original papers, see 

cross sections and the angle and energy distributions of 
the emitted neutrons, are necessary. 
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one resonance, near 3 kev, is present in the low-energy 
region. 

The present paper is concerned with a study of the 
virtual nuclear energy levels of Na24 in the region from 
about 1 kev to 350 kev with the hope that the smaller 
neutron energy spreads currently in use6 could resolve 
other narrower resonances which may be present and 
not previously observed and that resonances already 
known could be better resolved. Since Na24 is an odd-odd 
nucleus and a close neighbor of the odd-odd nucleus 
Al28, it might be expected to show a similar distribution 
in the level spacings, neutron widths and angular 
momenta (see Hibdon7 for Al28). Both nuclei, being 
located near the predicted position of the giant reso­
nance for the p-w&ve strength function, might also be 
expected to show a high value of the ^-wave strength 
function. This expected high value was found7 for 
Al28; the present work also shows a high value for 
Na24. The data on neutron cross sections are also 

Neutron Cross Sections, compiled by D. J. Hughes and J. A. 
Harvey, 'Brookhaven National Laboratory Report BNL-325 
(Superintendent of Documents, U. S. Government Printing 
Office, Washington, D. C , 1955), and Suppl. No. 1 (1957), and 
the 2nd ed., compiled by D. J. Hughes and R. Schwartz (1958). 
These compilations will be referred to as BNL-325. See also A. L. 
Toller, H. W. Newson, and E. Merzbacher, Phys. Rev. 99, 1625 
(1955). 

6 C. T. Hibdon, Phys. Rev. 108, 414 (1957). 
7 C. T. Hibdon, Phys. Rev. 114, 179 (1959). 
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The neutron cross section data up to 350 kev show a number of relatively large peaks and many smaller 
ones among the 86 peaks observed, the widths ranging from 0.2 to 6 kev. Approximately 50 small peaks were 
observed between 60 and 200 kev. Above 200 kev, each of the previously known peaks was resolved into 
two or more peaks and between these large peaks many narrower peaks were observed. The analyses show 
9 s-wave levels and 46 ^-wave levels, the remainder being d- and /-wave levels. A plot of the number of 
levels having energies ^ En as a function of the neutron energy En shows an essentially linear distribution 
of the levels. As obtained from the reduced widths averaged over both values of / , the value of the strength 
function for / = 0 is 0.06; averaged over all values of / for /== 1 it is 0.65; and for higher values of I it is too 
large in comparison with the £-wave strength function. 


