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I. INTRODUCTION 

EXPERIMENTS1"6 carried out using Li6 ion beams 
at low incident energies have provided convincing 

evidence that Li6 has a well-developed alpha-particle 
plus deteron-cluster structure. It has been generally 
assumed that this would have important consequences 
concerning the possible utility of lithium ion induced 
reactions in the investigation of nuclear structure. 
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several workers at Bell Telephone Laboratories for 
useful discussions. Thanks are due to W. U. Tilly and 
L. G. Paldy for preparing the samples and assisting with 
the data taking. 

Stripping reactions, induced by these ions, in which the 
alpha particle or the deuteron is transferred to the 
target nucleus, offer a valuable and perhaps unique 
probe for the experimental determination of alpha- or 
dueteron-reduced widths of bound nuclear states, which 
cannot be obtained directly from resonant scattering 
measurements. 

One of the initial objectives of the experimental 
studies reported herein was the measurement of the 
alpha-particle reduced width for the 7.12-MeV, 1" 
state in O16. This state is bound, lying 42 keV below the 
binding energy of an alpha particle in O16, and can be 
formed by ^-wave capture of an alpha particle by C12. 
The alpha-particle width of this state is of vital impor­
tance in nucleogenesis studies,7 since it is the single 
important parameter that remains unknown in the calcu­
lation of the helium burning process in stellar interiors. 
On the basis of earlier studies2 in this laboratory and 
elsewhere1 on the Li6(Li6,J)B10 and Li7(LiV)B10 reac­
tions, which were shown to proceed through direct 
transfer of an alpha particle, it was hoped that study of 
the C12(Li6,d)016 reaction would provide a direct deter­
mination of this and other reduced widths in O16. It was 
further anticipated that use of higher energy Li6 ions 

7 A. G. W. Cameron (private communication). 
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Interactions of Li6 ions with carbon and nickel targets have been investigated at incident Li6 energies of 
36 and 63 MeV, utilizing a (dE/dx)XE product identification system capable of separating individual 
product isotopes. Contrary to expectations based on previous studies in this laboratory on the Li6(Li6,c?)B10 

reaction at 6 MeV which demonstrated a direct reaction mechanism involving the transfer of an alpha 
particle, no evidence was obtained in the experiments reported herein for deuteron groups corresponding 
to population of isolated residual states. Each deuteron energy spectrum exhibited a single broad peak, 
centered at an energy corresponding to the beam velocity, indicating that a direct dissociation mechanism 
dominates lithium interactions at these higher energies, thus precluding use of Li6 ions at high energies 
as nuclear spectroscopic probes. The total dissociation cross section for 63-MeV Li6 ions on carbon, for 
example, was found to be 24% of the total geometric cross section. In order to establish whether the Li6 

dissociation proceeds sequentially through well-defined excited states, the elastic and inelastic scattering 
both of a C12 beam from a Li6 target, and of a Li6 beam from a carbon target, were studied. These data 
demonstrate that processes wherein binary dissociation follows inelastic excitation of unbound Li6 states 
can account for less than 5% of the observed events. It is concluded that the dissociation mechanism is a 
direct one, reflecting strong alpha-particle plus deuteron-cluster amplitudes in the Li6 wave function. 
Analysis of the dissociation product angular distributions suggests that the dominant interaction involved 
in these studies is nuclear scattering of the center of mass of the Li6 ion from the target. Preliminary studies 
on the dissociation of Li7 and of B10 and B11 have also been carried out; in each case, an alpha particle is 
again a dominant dissociation product. 
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than had previously been available would minimize dis­
tortion effects and thus facilitate extraction of reduced 
widths from the experimental data. 

During the course of the measurements, however, as 
will be reported in detail herein, it was found that the 
Li6 interactions at higher energies are completely dom­
inated by a binary dissociation mechanism precluding 
the planned spectroscopic studies. 

Recent measurements8""11 on the quasielastic scatter­
ing of high-energy protons by the lithium isotpoes have 
suggested striking differences in the structure of Li6 

and Li7 and further data on the dissociation of these 
nuclei is required to elucidate the relative validity of 
cluster or simple shell-model descriptions of these 
lithium isotopes. The present measurements have been 
based on the assumption that a cluster structure would 
be reflected in an augmented yield of the cluster sub­
structures themselves in reactions which induced binary 
dissociation. Measurements and analyses of inelastic 
scattering processes directed toward determination of 
the dissociation mechanism itself have also been carried 
out. 

In the first series of measurements, energy spectra 
and angular distributions of deuterons from interactions 
induced by Li6 ions incident at energies of 63 and36MeV 
were examined. Because of their very different atomic 
numbers, hence Coulomb fields, both carbon and nickel 
targets have been used to examine the relative impor­
tance of nuclear and Coulomb interactions in the dis­
sociation process. 

The second series of measurements was made on the 
inelastic scattering of C12 by a Li6 target and the inverse 
inelastic scattering of Li6 by a C12 target; this series 
was designed to establish whether the Li6 dissociation 
proceeded sequentially through excitation of well-de­
fined states in Li6, and if so, to identify the states 
involved. 

The results of these measurements indicate that the 
dissociation mechanism completely dominates the C12 

—Li6 interaction at the energies studied, making it 
impossible to obtain the initially sought information 
regarding states in O16. Large cross sections for the 
direct dissociation of Li6 into an alpha particle and a 
deuteron by a predominantly nuclear interaction were 
observed, reflecting a high degree of binary clustering 
in Li6. Preliminary measurements have also been carried 
out on the similar dissociation of Li7, B10, and B11 nuclei. 

II. EXPERIMENTAL PROCEDURE 

The reaction products were separated for analysis by 
a (dE/dx)XE particle identification system which has 

8 J. P. Garron, J. C. Jacmart, M. Riou, C. Ruhla, J. Teillac, 
C. Caverzasio, and K. Strauch, Phys. Rev. Letters 7, 126 (1961). 

9 J. P. Garron, Nucl. Phys. 37, 126 (1962). 
10 G. Tibell, O. Sundberg, and U. Miklavzic, Phys. Letters 1, 

172 (1962). 
11C. Ruhla, M. Riou, J. P. Garron, J. C. Jacmart, and 

L. Massonnet, Phys. Letters 2, 44 (1962). 

been described previously.12,13 This technique is based on 
the approximate relationship between the energy, E, of 
a charged particle traversing matter and its incremental 
energy loss, AE, 

EXAE^KMZ\ 

where M and Z are the mass and charge of the particle, 
and K is an approximate instrumental constant. The 
product ions from the target pass through a transmis­
sion detector, producing a signal proportional to AE, 
and are stopped in a second detector which measures 
their residual energy E. An analog pulse multiplier 
was used to form the product of the E and AE signals 
for each event and thus to provide a signal, proportional 
to MZ2, which uniquely identified each particle species. 
The ranges of multiplier output signals corresponding 
to desired particle species were selected by single-chan­
nel analyzers, which in turn were used to gate multi­
channel analyzers recording energy spectra of the 
selected isotopes simultaneously. 

A high resolution ionization chamber,12 followed by a 
commercial semiconductor detector, was used for the 
detection of lithium and carbon ions in the scattering 
measurements. A gas counter was used for the transmis­
sion detector since it is easily made sufficiently thin for 
short-range particles, and since it is possible to obtain 
uniform thickness over the effective counter aperture 
at this required thickness. This latter is particularly 
essential in heavy-ion studies. 

Because of their much lower specific ionizations and 
longer ranges, it was necessary to use a different detector 
system for the hydrogen isotopes observed in the dis­
sociation studies, in order to obtain a large enough AE 
signal and a detector sufficiently thick to fully absorb 
the residual energy E. The transmission detector used 
in the latter system was an ORTEC Au-Si surface-barrier 
detector, with a thickness of 95 ju, entirely depleted at 
an applied bias of 42 V. The residual energy detector was 
a 5-mm-thick, lithium-drifted, gold-surface detector 
fabricated in this laboratory,14 capable of stopping 
29-MeV protons, 42-MeV deuterons, and 48-MeV tritons 
when operated with an applied bias of 350 V. 

Figure 1 is a block diagram of the electronic instru­
mentation system used in the measurement. The E and 
AE signals were first amplified by low-noise, gain-of-20 
voltage-sensitive preamplifiers (P). White cathode fol­
lowers were used to drive roughly 125 feet of signal 
cable joining the target and control room areas. Prompt 
outputs from the double delay line amplifiers (DDA) 
triggered discriminator circuits (D) timed by the cross­
over point of the double-ended signal pulses. A 6BN6 
coincidence circuit (C) with 1 /xsec resolving time pro-

12 C. E. Anderson, D. A. Bromley, and M. Sachs, Nucl. Instr, 
Methods 13, 238 (1961). 

13 D. A. Bromley, M. Sachs, and C. E. Anderson, Proceedings of 
the Harwell Conference on Nuclear Instrumentation, edited by 
J. B. Birks (Heywood and Company, Ltd., London, 1962). 

14 C. Chasman and J. Allen, Nucl. Instr. Methods (to be 
published) (1963); and Bull. Am. Phys. Soc. 8, 398 (1963). 
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FIG. 1. Block diagram of electronic instrumentation. 

vided a pulse used to trigger a blocking oscillator (BO) 
which applied a negative intensification pulse to the 
cathode of the CRT in the plotting oscilloscope, in 
coincidence with the E and AE signals applied to the 
vertical and horizontal deflection plates. A Polaroid 
camera was used to record each event. 

The prompt amplifier outputs were also fed to a diode 
clipping circuit which coupled the psoitive portions of 
the double-ended E and AE signal pulses into the analog 
pulse multiplier. This was a modified version15 of the 
instrument described by Stokes16 and Briscoe17 based 
on Raytheon QK-329 squaring tubes. As noted above, 
the multiplier output pulse provided a signature charac­
teristic of the individual nuclear species. The multi­
plier output was passed through a delay line clipped 
amplifier (DCL) to four single-channel analyzers (SCA) 
used to define regions of the multiplier spectrum for 
gating purposes. The energy spectra of four different 
particle species could be recorded simultaneously in 

" M. Sachs, C. Chasman, J. Allen, J. Poth and D. A. Bromley, 
Nucl. Instr. Methods (to be published). 

i« R. H. Stokes, Rev. Sci. Instr. 31, 768 (1960). 
17 W. L. Briscoe, Rev. Sci. Instr. 29, 5 (1958). 

100-channel memory subgroups of the 400-channel 
analyzer. The pulse-height spectrum of the multiplier 
output was recorded in another 400-channel analyzer, 
and the multiplier output was also supplied, in conjunc­
tion with the E signal, to the oscillographic plotting 
system. 

Figure 2 is a typical photograph taken with this 
system by plotting E versus AE for protons and deu-
terons produced in the bombardment of a polyethylene 
(CH2) target by 63-MeV Li6 ions. The two groups 
evident in the proton locus (closest to the origin) cor­
respond to recoil protons from the elastic and inelastic 
(<2= —2.184 MeV) scattering of the Li6 ions from target 
hydrogen. 

The multiplier circuit used here provided two variable 
parameters which corresponded physically to correc­
tions for dead-layer losses in the detectors, and for the 
fact that AE was not a truly differential energy loss. 
Adjustment of these parameters^produced an output 
pulse with an amplitude proportional to MZ2 for each 
isotope. 

Figure 3 demonstartes the performance of the system, 
using semiconductor detectors, in the separation of 
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hydrogen isotopes from 36-MeV Li6 interactions with a 
carbon target. The upper figure is an oscillographic 
photograph, illustrating the straight-line loci obtained, 
perpendicular to the multiplier axis, while the spectrum 
displayed below it was obtained from pulse-height 
analysis of the multiplier output. In addition to provid­
ing an identifying signal for any chosen isotopes, the 
multiplier spectrum also provides a direct measure of 
the integrated isotopic yields from the reaction under 
study. In this particular example, an extremely small 
yield of tritons is evident both in the photograph and 
in the spectrum. 

Figure 4 is a calibration proton spectrum obtained by 
bombarding a polyethylene (CH2) target with 63-MeV 
Li6 ions. The sharply defined groups correspond to recoil 
protons from elastic and inelastic scattering of lithium 
by the hydrogen in the target, are also evident in the 
corresponding photograph shown as Fig. 2. The demon­
strated energy resolution of approximately 1% was due 
chiefly to spread in the beam energy, with small contri­
butions from straggling in the target and transmission 
counter. The 5-mm E detector itself had a measured 

FIG. 2. Plotting oscilloscope photograph of AE versus E for the 
63-MeV Li6 bombardment of a polythene (CH2) target. Much 
longer exposure times would have been required to show a similar 
triton locus. (See Fig. 3.) 

MULTIPLIER PULSE HEIGHT — • 
(a) 

6 0 L PROTONS • I 

1 /* W ' * 
1 / E u . • 36 M.V 

T M / I 
I • OEUTERONS 

3 4 f / 
' • 1 1 / 1 TRITONS 

4 / / r* 
4 / \ J \ "A \ 

\% mm**?* | i i i **f i - V A ^ — i 
20 40 60 80 100 120 140 160 180 

CHANNEL NUMBER 

(b) 

FIG. 3. (a) Oscillographic and (b) spectra displays of the multi­
plier response to the hydrogen isotopes produced in the 36-MeV 
Li6 bombardment of C12. 

resolution of 80 keV, including all instrumental effects, 
when tested at room temperature with the 5.5-MeV 
alpha particles from an Am241 source. 

In the scattering experiments, energy calibrations 
were obtained by observing the elastic scattering of the 
beam by a thin gold target. 

The Li6 target was prepared by vacuum evaporation 
onto a 0.000025-in. nickel foil, so that in the scattering 
of C12 from Li6, an additional energy calibration for 
each spectrum was provided by the elastic scattering 
peak from the nickel backing. A biased amplifier was 
used for the scattering measurements in order to expand 
the energy spectra by as much as a factor of 5 to 



B78 OLLERHEAD, CHASMAN, AND BROMLEY 

L L i 6 ON POLYETHYLENE 

(C-A DETECTOR- YALE) < 

E L j 6 = 63 MeV 

8 = 20° 
LAB 

0=-2 . l 8 

- Ep = 23.5 MeV 

« 

* ^ A 

? ^V H 
•\ 
V 
• 

• 

• 

• 

w 

• Q = 0 

Ep =27.3 MeV 

• 

• 

•*«•» 
1 1 L _ _ . _ J _ .. | 1 | I # v $ * 

0 10 20 30 40 50 60 70 

CHANNEL NUMBER 

FIG. 4. Proton energy spectrum used for system energy calibration^ 

obtain improved energy resolution. The carbon target 
was self-supporting and was also prepared by vacuum 
evaporation. Areal densities of 0.21±0.02 and 1.4±0.3 
mg/cm2 were measured for the carbon and Li6 targets, 
respectively. 

III. EXPERIMENTAL RESULTS 

Typical energy spectra of the deuterons produced in 
the Li6 bombardment of carbon and nickel targets are 
presented in Figs. 5 and 6. The upper spectrum in each 
figure was obtained at an incident energy of 36 MeV. 
As indicated in Fig. 5, the ground-state C12(Li6,d)016 

reaction deuteron group for an incident energy of 36 
MeV would be expected at an energy of 39.6 MeV; the 
corresponding group for 63-MeV incident Li6 ions would 
appear at 64.6 MeV. Deuterons were not detected at 
these energies nor as sharp groups corresponding to any 
of the excited states of O16, at either energy, at any 
angle of observation. I t should perhaps be emphasized 
that this cannot reflect an instrumental defect since, for 
example, deuterons were detected in the high-incident-
energy spectrum at the energies of interest for the low-
incident-energy reaction. I t was concluded from such 
measurements that a dissociation mechanism dominates 
the Li6+C1 2 interaction at these energies. 

The spectra shown here are characteristic of all those 
measured, at various laboratory angles, in exhibiting a 
single broad maximum centered at an energy corre­
sponding to the incident beam velocity, reduced 
slightly by the dissociation energy. The shaded areas 
in each case indicate the region of energies available to 

the deuteron, assuming excitation of the Li6 to its 
2.184-MeV state, and subsequent decay into an alpha 
particle and deuteron, a mechanism initially considered 
most reasonable in the dissociation. The shift in the 
position of the maximum yield in the spectrum corre­
sponding to a change in the incident projectile energy 
is evident in both figures. I t should also be noted that a 
higher proportion of deuterons lies outside the shaded 
areas in the spectra taken at higher incident energy. This 
may be interpreted as merely reflecting the increased 
amount of energy available to the dissociation products, 
regardless of the details of the reaction mechanism. For 
example, if the reaction were to proceed, as noted above, 
via sequential inelastic excitation and decay, the prob­
ability of dissociation via states in Li6 above the 2.184-
MeV level would increase with the incident energy. 

B. Angular Distributions 

Laboratory angular distributions were obtained by 
summing the deuteron yield at each laboratory angle. 
These are presented in Figs. 7 and 8 for the carbon and 
nickel targets, respectively. The vertical bars labeled 
Be in each case indicate the angle corresponding to an 
impact parameter equal to the interaction radius, assum-

FIG. 5. Deuteron energy spectra from the Li6 bombardment 
of a carbon target. 

A. Energy Spectra 
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ing classical Rutherford trajectories. As shown in Fig. 7 
these angles are too small to be readily accessible experi­
mentally in the case of a C12 target. It was obviously of 
considerable interest to establish whether or not the 
angular distributions had a maximum near this grazing 
angle, analogous to that characteristically observed in 
nucleon transfer studies. This also prompted the meas­
urements with a nickel target, in which case, as illus­
trated, the grazing angle was readily included in the 
range of observation. As shown in Fig. 8, no evidence 
for such a maximum was obtained, suggesting that the 
dissociation does not occur predominantly via a simple 
grazing collision. 

The data of Figs. 7 and 8 show very different energy 
dependence for the two targets; the cross section is 
almost independent of energy for the carbon target, 
whereas it is roughly proportional to energy for the 
nickel target. The possible significance of this will be 
discussed below. 

C. Total Cross Sections 

Total cross sections were obtained from the above 
angular distributions in two ways. As illustrated in 
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6. Deuteron energy spectra from the Li6 bombardment 
of a nickel target. 
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FIG. 7. Deuteron angular distributions from the Li6+C12 system. 
The vertical bars labelled 0C in each case indicate the angle cor­
responding to an impact parameter equal to the interaction radius. 

Fig. 9, the angular distributions were very nearly ex­
ponential in the range considered. A functional form 
a(0) = Ae-ae was therefore fitted to the data; the total 
cross sections were obtained, by integration, as 

f 
Jo 

(e)dQ=2wA-
1+e-

1+a2 (1) 

The cross section values obtained in this manner, to­
gether with the values of the parameters A and a 
determined for each case, are presented in Table I. 

The <TT values were checked by mechanical integra­
tion of the curve obtained by multiplying the experi­
mental da/dti by the appropriate value of sin 0. Since 
this method necessitated assuming a shape for the 
angular distributions in the small angle region, the first 
method was better standardized, and values thus ob­
tained have been compared with the goemetric cross 
section in Table I. A number of other relevant param­
eters are also tabulated including the Coulomb barrier 

Li* on Ni 

LABORATORY INCIDENT ENERGY 

FIG. 8. Deuteron angular distributions from the Li6-f-Ni system. 
The angle 0C is as defined in the caption of Fig. 7. 
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FIG. 9. Deuteron angular distributions illustrating their 
exponential character and independence on energy. 

and the Sommerfeld parameter rj, defined by 

y]=ZlZ2e
2/hv. (2) 

It should be noted in Table I, that dissociation com­
prises a surprisingly large fraction of the geometric cross 
section, except in the case of the lower incident energy 
Li6 ions on Ni where the high value of r\ is reflected in 
Coulomb inhibition of the dissociation process respon­
sible for the high cross section in the other cases. 

The cross sections, assuming Coulomb excitation of 
the Li6 ions and subsequent decay have also been calcu-

TABLE I. Cross sections and parameters related 
to the dissociation of Li6. 

Targe t 

K ( F ) 
Coulomb barrier (MeV) 
Incident energy (MeV) 
Center-of-Mass energy (MeV) 
V 
Funct ional A (mb) 

parameters a 
In tegra ted cross Funct ional 

section <TT (mb) Mechanical 
Geometric cross section <rg (b) 
CTT/CTQ 
Coulomb cross section <TEZ (mb) 
<TT/(TE2 

Carbon 

5.91 
4.38 

63 36 
42 24 

0.88 1.16 
1040 915 

4.89 5.05 
264 217 
274 242 

1.10 
0.24 0.20 

125 76 
2.1 2.9 

Nickel 

8.19 
14.8 

63 36 
57 33 

4.1 5.4 
1040 395 

4.63 3.59 
290 178 
293 183 

2.10 
0.14 0.085 

334 164 
0.87 1.1 

lated in order to compare the present data with previous 
results18 for the dissociation of 63-MeV Li6 ions by 
gold. Gluckstern and Breit19 were successful in obtaining 
a semiquantitative fit to those data assuming E2 
Coulomb excitation of the Li6 nucleus to its three lowest 
r = 0 states, predominantly to the 2.184-MeV 3+ level, 
with subsequent decay of these states into an alpha 
particle and a deuteron. The Coulomb cross sections 
are tabulated as <rE2 and have been compared to the 
observed cross sections in the last row of Table I. These 
comparisons will be discussed below in greater detail. 

D. Scattering Data 

In an attempt to establish whether or not the lithium 
dissociation does proceed through well-defined excited 
states of Li6, the scattering of a carbon beam from a Li6 

target was measured. Since the heavy ion accelerator 
has a fixed output-beam velocity, the Li6+C12 center-
of-mass system is the same for a fully accelerated beam 
regardless of which particle is incident. It was recognized 
that states inelastically excited in Li6, regardless of 
their decay mode, would be identified by the presence 
of corresponding well-defined peaks in the energy spec­
trum of the inelastically scattered carbon with reaction 
Q values corresponding to excitations in Li6. The lowest 
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FIG. 10. Energy spectra from Li6-C12 scattering. The upper 
spectrum corresponds to the observation of C12 ions scattered by 
a Li6 target and the lower spectrum to observation of Li6 ions 
scattered by a C12 target at corresponding center-of-mass angles. 

18 C. E. Anderson, in Reactions Between Complex Nuclei, edited by 
A. Zucker, F. Howard, and E. C. Halbert (John Wiley & Sons, 
Inc., New York, 1961), p. 67. 

19 R. L. Gluckstern and G. Breit, in Reactions Between Complex 
Nuclei, edited by A. Zucker, F. Howard, and E. C. Halbert (John 
Wiley & Sons, Inc., New York, 1961), p. 77. 
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excitation in C12 has a Q value of —4.43 MeV, so that 
excitation of the 2.18-MeV state in Li6 could be clearly 
identified, if present. 

Typical energy spectra obtained in this manner are 
presented in the upper half of Figs. 10 and 11. The elastic 
scattering peak from the nickel backing provided a 
reliable energy calibration for each spectrum. This 
peak, not shown in the figures, appeared in the spectra 
beyond the highest energy shown. The arrows, however, 
indicate the positions of peaks in the Li6+C12 scattering 
spectrum predicted from the position of this calibration 
peak. The elastic (Q=0) peak and the inelastic peak 
corresponding to the first-excited state in carbon 
(Q= — 4.43 MeV) were identified in each spectrum, 
and angular distributions for these two processes were 
obtained. No evidence was found for significant in­
elastic excitation of the 2.184-MeV level in Li6. 

These measurements were also repeated by reversing 
the reaction and using Li6 beam on a carbon target, to 
examine and minimize possible errors in the inelastic 
scattering measurements with the Li6 target. Since Li6 

is very active chemically, it was very difficult to deter­
mine accurately the thickness of the lithium itself, 
exclusive of any compounds, with a resultant uncer­
tainty in cross section values. The nickel backing and 
the thickness of the lithium target resulted in poorer 
energy resolution in the first measurements, as indicated 
in the figures. Inelastic scattering from the nickel 
target, though found to be quite small, could have con­
tributed significantly to low cross section regions in the 
C12+Li6 spectrum. 

Energy spectra obtained from the reversed reaction 
measurements are presented in the lower portions of 
Fig. 10 and 11. They have been obtained at approxi­
mately the same center-of-mass angles as the upper 
spectra in these figures. The spectra demonstrate that 
the energy resolution was quite acceptable and that 
the identifications of the peak origins were certain; the 
lack of background gave credence to the values obtained 
for the differential cross sections. It should be noted 
that in these later measurements a spectral peak corre­
sponding to inelastic excitation of the 2.184 state in 
Li6 would not be expected since this state is not bound 
against dissociation into a deuteron and alpha particle 
and in consequence its lifetime is much shorter than the 
transit time of the excited Li6 ion, if present at all, from 
the target to the detector. 

Agreement between measurements in the direct and 
reversed reactions further served to verify the identifi­
cation of the peaks in the former case, and substantiated 
the absolute values obtained for the differential cross 
sections. Moreover, use of the same carbon target, as 
utilized for measurement of deuteron production, per­
mitted a very necessary direct comparison of cross 
sections obtained in the dissociation and inelastic scat­
tering interactions. 

Angular distributions obtained from scattering meas­
urements are presented in Fig. 12. The open symbols 
represent data obtained using the carbon target, with 
error bars representing statistical uncertainty. The solid 
lines have simply been drawn through the data points, 
and do not represent theoretical curves. It will be noted 
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that the inelastic diffraction pattern is out of phase for 
inelastic excitation of a state having the same parity as 
the ground state as required by the well-known Blair 
rule. 

The open and solid symbols represent data points 
obtained with the C12 and Li6 targets, respectively. The 
agreement obtained is gratifying considering the pos­
sible uncertainty in the thickness of the lithium target 
and the probable errors due to spectrum contributions 
from the nickel backing. The elastic scattering points 
with the Li6 target are consistently low, indicating an 
overestimate of the lithium target thickness, probably 
reflecting the presence of lithium compounds at the 
time of weighing. The inelastic scattering cross sections 
are somewhat high, reflecting the inclusion of contri­
butions from the nickel background. 

The agreement is, however, certainly adequate to 
establish an estimate of an upper limit for the differen­
tial cross sections for inelastic scattering to the first-
excited state in Li6. This was obtained by summing the 
yield in an energy region roughly the width of the elastic 
peak, between the Q=0 and ()=—4.43 peaks in the 
energy spectra obtained using the Li6 target. The corre­
sponding angular distribution is presented in Fig. 13, 
together with the elastic scattering data from the same 
spectra for comparison. The deuteron yield from the 
same incident system is also displayed, transformed to 
the entrance channel center-of-mass system on the 
hypothesis (incorrect, but adequate) that all deuterons 
had an energy corresponding to an inelastically scat-

ANGULAR 
DISTRIBUTIONS 

' 20 25 30 35 40 45 50 55 
©cm. 

FIG. 13. Angular distributions comparing the deuteron yield 
from the Li6 bombardment of C12 to the differential cross sections 
for inelastic excitation of Li6 in scattering from C12. 

tered Li6 with a reaction Q value of —2.184 MeV. It is 
clear that disintegration following sequentially on in­
elastic excitation of the 2.184-MeV state in Li6 is insuffi­
cient, by as much as two orders of magnitude, to 
account for the observed deuteron yield from the dis­
sociation process. 

IV. DISCUSSION 

A. Energy Spectra 

As noted above, the deuteron energy spectra exhibited 
a single broad maximum centered at an energy corre­
sponding roughly to the beam velocity, suggesting a 
direct dissociation of the incident Li6 ions. 

From simple kinematic arguments it may be shown 
that particles resulting from the binary dissociation, in 
flight, of a nucleus in a well-defined excited state, have 
limits imposed on the energy with which they can appear 
in the laboratory; with certain simplifying assumptions 
the shape of the energy spectrum between these limits 
is also predictable. If a mass M with laboratory energy 
Eo dissociates into two particles of masses m and w! 
with an energy release Q, and if m is emitted at an angle 
<p in the rest frame of M, with respect to the original 
direction of motion of M, then the laboratory energy 
for m is given simply by 

E=Ec+e+2(eEcyt* cos<p, (3) 
where 

m mf 

E0=—Eo and e= Q. (4) 
M m+mf 

The upper and lower limits of E then correspond to 
<p=0 or x, respectively, and are indicated by the limits 
of the shaded area in Figs. 5 and 6. The energy widths 
of the shaded area are given by 

W=Em^-Emin^4/M(nwi'E0Qyt2, (5) 

and is seen to be quite sensitive to the value of Q, and 
therefore to the excitation energy in Li6(Q=0.71 MeV 
for excitation to the 2.18-MeV level in Li6). 

If it is assumed that the emission of M is isotropic in 
the projectile-target center-of-mass system, and further 
that the emission of m is isotropic in the rest frame of 
M, the laboratory energy spectrum of m is predicted to 
be a rectangular distribution extending between the 
limits implied by Eq. (1). Anisotropics reflecting, for 
example, diffraction effects in the scattering of M and 
angular momentum effects in the subsequent decay, 
act to distort the simple rectangular shape. However, 
the above considerations are useful in estimating the 
form of the expected distributions, and as illustrated in 
Figs. 5 and 6, a large part of the deuteron yield does 
indeed lie within the calculated region. 

The laboratory emission angle of the product particle 
m can deviate from the original direction of M by an 
angle y obtained from consideration of the velocity 
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vectors involved, and given by 

7=sm" -'©'" (6) 

For 63-MeV Li6 ions incident on C12, 7=8.9° for emis­
sion of M at a laboratory angle of 13.1°. The correspond­
ing angular deviation in the incident center-of-mass sys­
tem is 13.4°, independent of the center-of-mass emission 
angle. Since this is the maximum deviation which the 
deuterons can have from the inelastically scattered Li6 

direction, the maximum effect this could have on the 
deuteron angular distribution would be to shift it 13.4° 
from the inelastic scattering direction. It is clear from 
inspection of Fig. 13 that the large disparity in the mag­
nitudes of the differential cross sections for scattering 
and deuteron production cannot be accounted for in this 
manner, assuming sequential excitation and dissociation. 

In considering more complex dissociation processes, 
it was realized that the results might be very dependent 
on the phase-space volume available to the interacting 
particles. In consequence, to examine the relevance of 
such a process, the observed deuteron energy spectra 
have been compared to the purely statistical energy 
distribution predicted for the three-body system con­
sisting of alpha particle, deuteron, and target nucleus. 
This is given by 

P(E)dE=AlE(Em^-E)2ll2dE, 

where A is a constant, and 

-C'raax ~ 

m2+mz 
2 

(7) 

(8) 

is the maximum energy which mi can have if T is the 
total energy available in the center-of-mass system. 

The energy spectra of Figs. 5 and 6 obtained at 
63-MeV incident energy have been transformed to the 
entrance channel center-of-mass system utilizing the 
invariance of the quantity Er1,2d2o-/dtidE, and are pre­
sented as the solid curves in Fig. 14. The corresponding 
statistical distributions, with the constant, A, normal­
ized to unity, are indicated by the dashed curves; the 
experimental and statistical distributions have been 
normalized to have the same maximum value. 

It is evident that the observed spectra do not re­
semble the continuous distribution predicted by statis­
tical considerations, and are peaked at a much lower 
energy. Beckner et al.20 have also demonstrated that the 
inclusion of Coulomb effects suppresses the low energy 
end of the statistical spectrum, an effect which would 
further enhance this disagreement. These considerations 
indicate that statistical phenomena cannot be important 
in the interactions studied. 

The various possible two-body interactions for the 
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FIG. 14. Deuteron energy spectra observed in the dissociation 
of Li6 compared to the statistical energy distribution for a three-
body system. 

(a+d+C12) system have also been indicated in Fig. 14. 
Deuterons resulting from the formation of states in 
O16, (C12+a), would appear with the energies indicated 
by the arrows on the energy axis; the numbers above the 
arrows indicate the corresponding excitation energy 
(MeV) in O16. The figure also indicates energies which 
deuterons would have if they appeared, after dissocia­
tion of the parent nucleus, with the same velocity that 
Li6(a+d) or N14(C12+d) nuclei would have if formed in 
various residual states in the interaction. In such cases, 
the observed deuteron energy spectrum would be 
broadened about the mean energy indicated, with a 
width dependent on the amount of energy released in 
dissociation as discussed above. In the lower part of 
Fig. 14, the corresponding deuteron energies for states 
in Li6 scattered from nickel are indicated. 

Consideration of the various two-body interactions 
illustrated in Fig. 14 indicate clearly that the deuterons 
result from dissociation of the incident Li6 ion. How­
ever, this dissociation cannot be regarded as proceeding 
sequentially through inelastic scattering followed by 
decay, or indeed any other process which leaves the 
alpha particle and the deuteron with small relative 
momentum, for in that case the spatial correlation of 
the alpha particle and the deuteron would require the 
recoil carbon nucleus to appear at the conjugate center 
of mass angle with differential cross sections comparable 
to those for deuteron production: As indicated in Fig. 13, 
this was not the case, and it has been concluded that 
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the dissociation must be a more direct process as will 
be discussed below. 

B. Total Cross Sections 

As quoted in Table I the total cross sections for E2 
Coulomb excitation to the 2.184-MeV, 3+, state in Li6 

were calculated using the formulas and tables of Alder 
et al.21 All the quantities appearing in the expression for 
E2 Coulomb-excitation total cross sections are calcul­
able with the exception of the reduced transition prob­
ability B(E2). The appropriate B(E2) value for the 
deexcitation of the 2.184 state has not been measured 
and in consequence it has been necessary to estimate 
this indirectly. Since Coulomb effects should be most 
apparent for interactions with targets of high atomic 
number, the calculated cross sections (<rE2) in Table I 
were normalized to the experimental value given by 
Anderson18 (270±40 mb) for deuteron production from 
the 60.6-MeV Li6 bombardment of gold. This, in turn, 
provided a rough estimate of the B(E2) value, to the 
extent that Anderson's data are explicable as reflecting 
Coulomb excitation. 

Comparison with the observed cross sections (Table I) 
indicates that the results obtained with the nickel 
target are not inconsistent with a Coulomb excitation 
mechanism. The correct energy dependence is obtained, 
and the absolute cross section values agree within 
about 10%, which is as good as might be expected con­
sidering the approximate nature of the above normaliza­
tion procedure, leading to B(E2). The cross sections for 
the carbon target, however, are two to three times 
higher than the estimated Coulomb cross sections, and 
do not have the expected energy dependence; in conse­
quence it may be concluded that a specifically nuclear 
interaction dominates the dissociation in the lighter 
system. 

It should also be noted for both carbon and nickel 
target that the differential cross sections decrease much 
more rapidly with angle than those predicted for 
Coulomb excitation. Figure II.7 in Ref. 21 indicates 
that the differential cross section for E2 excitation falls 
off by at most a factor of three in the range 0 to 180°, 
whereas the observed cross sections decrease by at least 
a factor of ten in the first ninety degrees. The same 
qualitative discrepancy was apparent in Anderson's 
data, suggesting that nuclear effects must play a signifi­
cant role in the heavier systems as well. 

C. Angular Distributions 

The observed angular distributions, presented in 
Figs. 7 and 8, show none of the oscillatory structure 
characteristics of direct interactions; nor do they ex­
hibit a maximum at the grazing angle 0C, as would be 
expected in a surface or grazing reaction. The results 

21 K. Alder, A. Bohr, T. Huus, B. Mottelson, and A. Winther, 
Rev. Mod. Phys. 28, 432 (1956). 

discussed above indicate that a direct nuclear inter­
action dominates the dissociation process and an at­
tempt has been made to calculate the angular distri­
butions to be expected with such an interaction. 

In the system under consideration, an alpha particle 
(Mi) and a deuteron (M2) are bound in the initial state 
and free in the final state as a result of some unspecified 
direct interaction with a target nucleus (Mz). If r is the 
relative coordinate between Mi and if2, and if the 
dominant interaction is assumed to be of the form 
F(R), where R is the relative coordinate between the 
target nucleus (Mz) and the center of mass of the inci­
dent ion (M1+M2), then the matrix element for the 
transition may be written generally as 

Jlf = f# /*(r)^ /*(R)F(R)^ i(R)^(r)^rJR (9) 

= U/(r)^(r)dt /"^,*(R)F(R)^(R)dR. (10) 

The second integral in Eq. (10) represents the inter­
action between the incident ion and the target nucleus, 
and may be written 

/(K)= [*f*(R)V(R)*i(BOdR (11) 

where K is the momentum transfer involved. 
The bound-state wave function has been taken as 

Qi(r) = N(iT°*/r)9 (12) 

where A7" is a normalizing factor and 

a=(2vEBy*/h; (13) 

\x is the reduced mass and EB is the binding energy of 
the system (Mi+M2). The free final-state wave function 
has been approximated as a plane wave 

<S>/(r) = ^k- r. (14) 

Substituting Eqs. (11), (12), and (13) into Eq. (10) 
results in an expression for the matrix element 

M=t(K) J (T*'tN(T°rr-1di (15) 

4TTA^ 

„ J ( K ) . (16) 
a2+k2 

In order to obtain numerical results, the form of the 
nuclear interaction t(K) must be known. As a simple 
approximation, which should serve to indicate the 
gross properties of this analysis, a simple elastic diffrac­
tion scattering model has been utilized. The form which 
was found most successful in fitting data for the elastic 
scattering of 40-MeV alpha particles from carbon is 
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of Li6 by C12 compared to the diffraction model discussed in the 
text. 

FIG. 16. Calculated angular distribution of deuterons from the 
dissociation of 63-MeV Li6 ions incident on a carbon target, com­
pared to the experimental data. 

given by Yavin and Farwell22 as 

| t(K) 12-#2£4 cos2(0/2) _ _ j . (17) 
2KRsin(6/2) J 

As indicated in Fig. 15, this form for the differential 
cross section, normalized to the first observed maximum, 
provides qualitative agreement with at least the posi­
tions of the diffraction maxima observed here in the 
elastic scattering of Li6 by carbon, with the value of R 
required to fit the data given by R= 1.48(^i1/3+^2

1/3)F. 
It should be pointed out that since the forward center-
of-mass angles (smaller than 0iab=8.5°) were experi­
mentally inaccessible in the scattering of C12 by lithium 
due to the large center-of-mass motion and the scatter­
ing chamber limitations, the observed angular distri­
bution in fact excludes the first two maxima of the 
diffraction oscillations and the above normalization has 
been made accordingly. 

Using this form for |/(K)|2, and assuming that M 
depends only on the directions of the momenta involved, 

(Pa 

dQ^dQe 
\M\ 

La 

-cot(0/2)/i[2iS:ie sin((9/2)]-|2 

a2+k2 J 

cot(6/2)J1[2KR$m(6/2)~] ' 

>2+K*+4kd
2-4kdK cos(0-0)-

(18) 

22 A. I. Yavin and G. W. Farwell, Nucl. Phys. 12, 1 (1959). 

where 6 is the scattering angle of the effective Li6 ion 
(center of mass of m\ and W2), and </> is the scattering 
angle of the deuteron (w2);K=ka+kd and k=ka—kd. 
The predicted deuteron angular distribution was ob­
tained by integrating Eq. 18 over all scattering direc­
tions dtie. The integral was calculated numerically for 
the desired range of <j> using an IBM 709 computer. The 
"elastic" values of K and kd, (i.e., kd=^K) were used, 
and the same value of R used to fit the elastic scattering 
data was also used in these calculations. 

The results are presented in Figs. 16-19, with the cal­
culated distributions normalized to the experimental 
data at one point in each case. It is gratifying that this 
simple analysis does reproduce the general features 
observed experimentally. Any diffraction oscillations 
present in the original or intrinsic scattering interactions 
are averaged out by integration over the scattering angle, 
so that the differential cross section of the dissociation 
product varies smoothly with angle. The relative insen-
sitivity of the shape of the distribution to the incident 
energy is also reproduced. The change in slope between 
the angular distributions for the carbon and nickel 
targets is obtained. The least satisfactory fit is that 
found in the low energy case for nickel, where it has 
been noted above that Coulomb effects, neglected in 
this analysis, may be expected to enter most strongly. 
The best fit is found for the highest incident Li6 energy 
on carbon, where nuclear effects are expected to be most 
important. 
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FIG. 17. Calculated angular distribution of deuterons from the 
dissociation of 36-MeV Li6 ions incident on a carbon target, com­
pared to the experimental data. 

The diffraction breakup of light nuclei by purely 
nuclear interactions has been calculated by Sitenko and 
Berezhnoi23 to be approximately independent of incident 
energy. This has been observed here in the interaction 
of Li6 ions with the carbon target. The energy depend­
ence of the cross sections is most probably due to 
Coulomb effects in the case of nickel target. 

In order to examine further, the relative importance 
of the nuclear and Coulomb interactions, the simple 
nuclear model characterized by Eq. (18) has also been 
applied to the earlier measurements for 60.6- and 33.5-
MeV Li6 ions on gold.18 No agreement was obtained; 
whereas the experimental angular distribu' ions peaked 
at angles of approximately 25 and 80°, respectively, in 
the laboratory, the calculated angles were approxi­
mately 3 and 4°, respectively. This disagreement further 
supports the contention that the dissociation observed 
in Li6 interactions with heavy targets is dominated by 
sequential Coulomb excitation and decay as suggested 
by Gluckstern and Breit.19 In the case of a nickel target, 
both nuclear and Coulomb forces play a role and in that 
of a carbon target the nuclear effects are dominant. 

Inspection of Eq. (18) shows that for a given lithium 
scattering angle 6, the product deuteron can appear at 
any angle <£, with cross section which is a maximum for 
<t>=6 but which is still significant for all values of <j>. 
Since the major contribution to diffraction scattering is 
contained in the first maximum, a large fraction of the 

carbon nuclei which contribute to this direct dissocia­
tion would appear at small recoil angles, while the 
product deuterons would be spread over a wide range 
of angles. This would account for the observed dis­
crepancy between the cross sections for deuteron pro­
duction and inelastically scattered carbon ions (Fig. 
13), since the extreme forward center-of-mass angles 
were not observed. 

Since it is possible that interactions between the 
target nucleus and the individual cluster components 
might also be of importance, similar calculations have 
been performed assuming that the alpha particle and 
the deuteron scatter incoherently as free particles. The 
angular distribution of the deuterons resulting from the 
"free" scattering of alpha particles was calculated using 
the same direct diffraction model discussed above. The 
free scattering of deuterons from C12 has been observed24 

to oscillate about the Rutherford scattering cross sec­
tion in a manner typical of such interactions. Since the 
complex interaction considered here would not be ex­
pected to exhibit sharp diffraction effects (the deuteron 
energy is not unique, for one thing), the "free" deuteron 
scattering was represented by the Rutherford angular 
dependence in making the calculations. This, in effect, 
averaged over the diffraction oscillations. 

The results of this calculation are presented in Fig. 20. 
The three curves shown were normalized individually 
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23 A. G. Sitenko and Iu. A. Berezhnoi, Zh. Eksperim. i Teor. 
Fiz. 35, 1289 (1958) [English transl.: Soviet Phys.—JETP 8, 
899 (1959)]. 

24 R. G. Freemantle, W. M. Gibson, and J. Rotblat, Phil. Mag. 
45, 1200 (1954); R. J. Slobodrian, Phys. Rev. 125, 1003 (1962). 
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to the experimental data at one point. The fit to the 
observed angular distribution is seen to be quite good 
at large angles, but rises much too steeply at forward 
angles. The assumed scattering of the Li6 center of mass 
as a unit (Figs. 16-19) gave a significantly better fit to 
the data over the entire angular range, and thus repre­
sents the best description thus far available for the 
observed direct dissociation mechanism. 

V. SUMMARY AND CONCLUSIONS 

Contrary to expectations, no evidence has been found 
for deuteron groups corresponding to formation of 
states in O16 resulting from interactions between high-
energy Li6 ions and a carbon target. It has been found 
that binary dissociation into an alpha particle and 
deuteron dominates Li6 interactions at these energies, 
indicating that it may be very difficult, if not impos­
sible, to obtain information of a spectroscopic nature 
utilizing high-energy lithium beams. The results indi­
cate that a specifically nuclear interaction which leaves 
the dissociation products uncorrected must dominate 
the dissociation mechanism, at least for light nuclei. 
Angular distributions calculated on the assumption that 
the dissociation was induced by direct nuclear scattering 
of the Li6 complex by the target were in qualitative 
agreement with the experimental data. The large cross 
sections observed for such a direct dissociation of Li6 

into an alpha particle and a deuteron lend support to 
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the corresponding cluster model description of this 
nucleus. 

APPENDIX I 

Because of instrumental difficulties in the accelera­
tion of a Li7 beam during the course of the work reported 
herein, only preliminary data were obtained on the dis­
sociation of Li7. Triton energy spectra from the dissocia­
tion of Li7 are shown in Fig. 21, and have the same 
general shape observed in the deuteron spectra from 
Li6. The shaded areas have the same significance here 
as those in the deuteron energy spectra of Figs. 5 and 6, 
assuming that dissociation proceeds via the 4.63-MeV 
state in Li7. This is the first-particle unstable state in 
Li7, lying 2.16 MeV above the threshold for dissociation 
into an alpha particle and triton. The arrows in Fig. 21 
indicate the predicted width for dissociation following 
excitation of Li7 to its next higher level, at 6.54 MeV, 
4.07 MeV above the dissociation threshold; the dashed 
lines indicate the width shown previously in the deuteron 
energy spectra, corresponding to an energy release of 
0.71 MeV. The spectrum width is quite sensitive to 
excitation, and the fact that the triton spectra are wider 
than the deuteron spectra suggests that the dissociation 
proceeds only when the effective excitation is in the 
neighborhood of an unbound state, even though as 
shown herein, the three-body nuclear interaction leading 
to dissociation need not proceed sequentially through 
isolated excited states. 
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FIG. 21. Triton energy spectra from the dissociation of Li7. 

The triton yield at this angle of observation was 
roughly one-half of the corresponding deuteron yield 
from the dissociation of Li6. In the Li6 interactions, the 
yield of tritons was negligible compared to the deuteron 
yield, whereas in the Li7 interactions the deuteron and 
triton yields were roughly equal. This result is in accord 
with the recent measurements of Ruhla et al.n on the 
(p,pd) and (p,pt) reactions. Since the emission of tritons 
from Li6 would require dissociation of the alpha-particle 
core, whereas both tritons and deutrons may be removed 
from Li7 leaving this core intact, it would be premature 
to reach any conclusion on the basis of these data regard­
ing the cluster structure of Li7. 

APPENDIX II 

The binary dissociation of B10 and B11 ions interacting 
with carbon and nickel targets into alpha particles and 
lithium isotopes was also observed. Figure 22 presents 
sections of multiplier spectra corresponding to these 
observations, illustrating the isotopic separation at­
tained. A small yield of Li8 ions from these reactions is 
evident in the figure. The relative yield of Li6 and Li7 

illustrated here is typical of all measurements made 
with boron beams and demonstrates, as in the lithium 
case, that the conjugate alpha particle, by virtue of its 
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observed in boron reactions with C12. 

high internal binding, is a preferred cluster in the dis­
sociation of light nuclei. 

The Li6 and Li7 energy spectra show the character­
istic dissociation shapes, as indicated in Fig. 23. In the 
lower part of this figure the vertical bar marks the 
energy which a Li7 ion would have if it had the 
same velocity as a B11 ion inelastically scattered with 
Q=—8.67 MeV, the energy required for dissociation. 
There are many levels in B11 available in the energy 
region above this excitation, and the Li7 spectrum does 
indicate a maximum yield at this "constant velocity" 
energy. 

No equivalently simple explanation appears valid for 
the B10 dissociation data, also shown here, since the 
"constant velocity" energies for dissociation of either 
B10 or C12, as indicated on the figure, do not correspond 
to the observed maximum in the Li6 energy spectrum. 
It would be anticipated a priori that the contribution 
from carbon dissociation (C12 —> 2Li6) would be rela­
tively small, since the dissociation energy is 28.2 MeV 
as compared to 4.46 MeV in B10. 

Total dissociation cross sections were obtained from 
preliminary angular distributions, shown here in Fig. 24. 
The results obtained were 49 mb (3.8% of the geometric 
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FIG. 23. Energy spectra of lithium isotopes observed in the 
dissociation of boron ions. 

cross section) for the production of Li6 in the B10+C 
interaction and 32 mb (1.3% of geometric) for Li7 from 
the B n +Ni interaction. The small fractional branching 
into the dissociation channel reflects the higher energies, 
hence a larger number of open-exit channels involved. 

In view of the high probability for dissociation of 
Li6 in nuclear encounters, noted above, it is surprising 
that the yield of Li6 from the B10 reactions should be 
even as large as it is, supporting the hypothesis that 
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FIG. 24. Angular distributions of lithium isotopes observed 
in the dissociation of boron ions. 

the B10 wave function has a significant (Li6+a) binary 
cluster amplitude. 
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FIG. 2. Plotting oscilloscope photograph of AE versus E for the 
63-MeV Li6 bombardment of a polythene (CH2) target. Much 
longer exposure times would have been required to show a similar 
triton locus. (See Fig. 3.) 
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FIG. 3. (a) Oscillographic and (1)) spectra displays of the multi­
plier response to the hydrogen isotopes produced in the 36-MeV 
Li6 bombardment of C12. 


