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Thin targets of Cu, Ag, and Au were irradiated in a scattering chamber with 2-GeV protons and the
Li® fragments emitted at various angles were collected in nuclear emulsions. Data were also obtained for
Li® produced in emulsion irradiated directly by 1- to 3-GeV protons. Results are presented on the energy
spectra of Li8, on the angular distributions, and on the emission cross sections. These are compared with the
results of a detailed Monte Carlo calculation in which it was assumed that the Li8 fragments are evaporated
from the excited nuclei remaining after the prompt cascade. There is rough agreement between experiment
and calculation for the cross sections, for the peak energies in the spectra, and for some of the spectral
shapes. However, the experimental angular distributions are more strongly forward-peaked and the experi-
mental energy spectra in the forward direction are considerably broader than the calculated spectra. Either
a substantial fraction of the fragments is emitted by a process other than evaporation, or the emission is by a
mechanism intermediate between evaporation and fast fragmentation.

INTRODUCTION

UMEROUS studies have been made of energy

spectra and angular distributions of Li® frag-
ments produced by high-energy interaction in nuclear
emulsions. These fragments (along with B8) are easily
identified by means of the “hammer tracks” (T tracks)
they produce in the photographic emulsion.

Baumann, Braun, and Ciier'? studied the hammer
tracks produced when 14- and 25-GeV protons interact
with the heavy nuclei of photographic emulsion. They
attempted to fit their data with calculated evaporation
spectra by using a single nuclear temperature in the
range 7-8 MeV, a potential barrier 7-9 MeV, and a
forward velocity of the evaporating nucleus of 0.01c.
Agreement was obtained only in the energy range
10-40 MeV.

A similar investigation was carried out by Gajewski
et al.3 in which they used 9- and 24-GeV protons. Good
agreement between the experimental data and an
evaporation calculation was obtained over nearly the
entire energy range, but it was necessary to use a very
high value of the nuclear temperature, 7=12 MeV, and
a very low value of the potential barrier, V=3 MeV.
Account was taken of the velocity of the emitting
nucleus, of fluctuations in this velocity, and of the effect
of the recoiling nucleus. These authors concluded that
the values of the parameters that were used “are
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? G. Baumann, H. Braun, and P. Ciier, Phys. Letters 8, 146
(1964).

3 W. Gajewski, J. Pniewski, J. Siemifiska, J. Suchorzewska, and
P. Zielifiski, Nucl. Phys. 58, 17 (1964).

inconsistent with those predicted by the evaporation
theory,” and that “these results seem to indicate that a
new approach to the interpretation of heavy fragment
emission is required.”

The production of Li® fragments by the interaction of
9-GeV protons with lead nuclei was studied recently by
Gajewski, Gorichev, and Perfilov.* The method involved
sandwiching a thin lead foil between layers of nuclear
emulsion. From the broad energy spectrum which was
observed, a nuclear temperature of 14.9 MeV and a
Coulomb barrier of 9.6 MeV was deduced. These results
are comparable with those from the AgBr targets: very
high temperature and a very low Coulomb barrier.

Skjeggestad and Sdrensen,® and Breivik, Jacobsen,
and Sgrenson® analyzed Li® spectra obtained from
emulsions exposed to cosmic rays and to 4.5-GeV nega-
tive pions. The data were in good agreement with
evaporation calculations when the following parameters
were used: nuclear temperature, 11 MeV; Coulomb
barrier, 6 MeV ; velocity of the emitting system parallel
to the beam, 0.017¢. Mainly because such a high nuclear
temperature did not seem reasonable to these authors,
they concluded that ‘“‘the majority of the fragments
cannot be emitted in nuclear evaporation processes.”

In an earlier investigation? similar to the present one,
Li8 energy spectra were obtained at several angles from
targets of carbon, aluminum, copper, silver, gold, and
uranium irradiated with 2.2-GeV protons. The spectra
were compared with the results of evaporation calcula-

*W. Gajewski, P. A. Gorichev, and N. A. Perfilov, Zh.
Eksperim. 1 Teor. Fiz. 47, 1178 (1964) [English transl.: Soviet
Physics—JETP 20, 795 (1965)7.

( 4 ;)) Skjeggestad and S. O. Sgrensen, Phys. Rev. 113, 1115
1959).

6 F. O. Breivik, T. Jacobsen, and S. O. Sgrensen, Phys. Rev. 130,
1119 (1963).

7 S. Katcoff, Phys. Rev. 114, 905 (1959).
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tions in which account was taken of the distribution of
nuclear temperatures of the parent nuclei emitting the
Li® fragments, and in which an energy-dependent
Coulomb barrier was assumed. The agreement between
calculation and experiment was not good; therefore it
was concluded that another mechanism in addition to
evaporation was needed to completely describe Li®
emission.

In the previous experiments’ the Li® spectrum from
copper seemed to be displaced to higher energies in
relation to the spectra from other targets. Since this
anomalous result was difficult to understand it was
decided to remeasure the spectra and angular distribu-
tions from copper, silver, and gold with an improved
technique. The results from silver and gold are in
excellent agreement with the earlier data,” but the Li®
spectra now observed from copper are at lower energies
than previously. The evaporation calculations are also
considerably improved in the present work.

EXPERIMENTAL

The experiments reported in this paper have been
advanced in several important respects over the previ-
ous ones.”

1. The target and photographic emulsions were set
in an evacuated scattering chamber with 7.6-cm diam,
0.008-cm thick, Mylar windows (Fig. 1). The external
beam of the Cosmotron was passed through three
quadrupole magnets, a brass collimator, and two more
quadrupole magnets before it was focused at the target.
Most of the beam was contained in an area of 0.8 cm
X 2.5 cm, while the target was in the form of a ribbon
0.6 cmX 7.6 cm. The nuclear emulsions in the chamber
were Ilford K.0, 200 u thick, and they were arranged at
various angles around the target.

2. Three of the four emulsion plates subtended the
same solid angle so that angular distributions could be
obtained directly without the necessity for normal-
ization.

3. The secondary particles from the target entered
three of the emulsions at a dip angle of 15°43°. In the
fourth plate (see Fig. 1) the dip angle was set at 45°45°
so that the ends of the shorter tracks would not lie so
close to the surface of the emulsion. Track identification
is less reliable very near the surface because part of the
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F16. 1. Scattering chamber showing arrangement of target foil and
four nuclear emulsions.
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“hammer head” may leave the emulsion, the sensitivity
may be lower there, and the density of background
grains may be higher. The significance of these effects
may be evaluated by exposing two plates in a single run
at both a small and a large dip angle. This study was of
special importance as the previous work showed a strong
deficiency of low-energy Li® particles in the spectra from
copper targets.

4. The integrated intensity of the beam during each
run was determined in order to measure the cross section
for production of Li%. The gross radioactivity induced in
each target was measured with a beta proportional
counter. This was then compared. with the activity of a
similar target foil irradiated together with an aluminum
monitor foil. Irradiation and counting times, methods of
counting, and thickness of targets were matched in the
two types of irradiation. The Na* activity produced in
the aluminum monitor was determined with a calibrated
beta-ray counter. The cross section for this monitor
reaction® was taken as 9.5 mb at 2.0 GeV.

The duration of each run was 30-60 min and the
emulsions were processed soon thereafter in order to
minimize fading of the latent image. The method used
was the same as that described before.” The plates were
area scanned and each track selected had the following
characteristics: It showed a “hammer head” with two
nearly equal and collinear parts, it was at least 5 u long,
it started at the emulsion surface, and it was oriented in
such a way that it could have originated in the target.
Very few tracks were found which were not so oriented.
In one experiment (run as a blank) where the target was
omitted, the background of stray tracks was found to be
negligible.

Identification as a hammer track was unambiguous in
about 909, of the events. Each doubtful case was very
carefully examined several times by two or three ob-
servers before a decision was made. The recording
efficiencies were determined by multiple scanning of the
plates. The mean efficiency was 85%,. For each hammer
track, the coordinates, length, projected angle, and dip
angle were recorded.

In addition to the data on Cu, Ag, and Au, results on
AgBr, accumulated in the course of other work,>! have
also been included. These are from a large number of
stars produced in Ilford K.0 emulsion irradiated with
1-, 2-, and 3-GeV protons. The low-energy part of the
Li® spectra obtained in this way are not subject to any
surface effect or self-absorption effect. Li® energies can
be easily measured down to a fraction of one MeV.
Also, data for the angular distribution can be obtained
continuously between 0° and 180°. On the other hand,
it was necessary to make substantial geometrical cor-
rections for Li® tracks leaving the emulsion.

8 J. B. Cumming, Ann. Rev. Nucl. Sci. 13, 261 (1963).
( 9 E. W. Baker, S. Katcoff, and C. P. Baker, Phys. Rev. 117, 1352
1960).

10 E, W. Baker and S. Katcoff, Phys. Rev. 123, 641 (1961).

1 E. W. Baker and S. Katcoff, Phys. Rev. 126, 729 (1962).
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RESULTS

The measured lengths of the tracks were converted to
energies by means of the range-energy relations given by
Barkas'? and by Livesey® for Li® fragments in nuclear
emulsion. A correction, 5-7 y emulsion equivalent, was
made for self-absorption in the targets (Table I). No

TasLE I. Summary of data used to obtain the energy spectra at
various angles.

Target Beam No. of
thickness  energy Lab angle tracks
Target  (mg/cm?)  (GeV) to beam measured

Cu 3.5 2.2 45°4-3° 356
90°45° 213
135°43° 242
Ag+Br 1.0-3.0 0°-180° 431
Ag 3.7 2.0-2.2 45°-55° 468
2.0 90°+5° 303
2.0-2.2 125°-135° 360
Au 6.1 2.0-2.2 35°-55° 531
125°-145° 337

attempt was made to separate tracks due to B® from
those due to Li® This can only affect the results to a
very minor degree because the B8/Li® ratios are small4
and the range distribution of B® fragments is expected
not to differ much from that of Li%. Most Li® tracks
were excluded in the scanning as the alpha tracks of the
“hammer head” are, in general, not collinear.

Energy spectra derived from these measurements are
shown as histograms in Figs. 2-5. In the interval
5-7.5 MeV, the observed number of tracks was cor-
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F1G. 2. Energy spectra of
Li8 emitted from copper at
45°, 90°, and 135° to the
beam. Histograms—experi-
ment ; dashed curves—calcu-
lation. All normalized to
same area.
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2 W. H. Barkas, Phys. Rev. 89, 1019 (1953).
B D. L. Livesey, Can. J. Phys. 34, 203 (1956).
14 See discussion below as well as Refs. 1, 3, 5, and 6.
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F16. 3. Energy spectra of
Li8 emitted from silver at
forward, sidewise, and back-
ward angles relative to the
beam. Histograms—experi-
ment; dashed curves—calcu-
lation. All normalized to
same area.
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rected for loss due to self-absorption in the target. Be-
cause of the difficulty in identifying short tracks near
the surface of the emulsion, the data are less reliable
below 10 MeV and no results at all can be given below
5 MeV (for external targets). However, the loss of
events from the low-energy portions of these spectra is
small as seen by comparison of the Li® spectra from ex-
ternal targets of copper and silver with the Li® spectra
from the Ag and Br in the emulsion (Fig. 5). When the
Li® energy exceeded 100 MeV some tracks were lost, in
the case of 15° dip angle, because they passed through
the 200-y thick emulsion. In the two plates where the
dip angle was 45°, tracks were lost when the Li8 energy
exceeded 55 MeV. Account was taken of this fact when
combining the data from these plates with those from
plates where the dip angle was 15°.

The Li® energy spectra from silver and gold targets
obtained in the present work are in excellent agreement
with those reported earlier.” Therefore, in order to im-
prove the statistical accuracy, the energy spectra ob-
tained at forward and backward angles in the new
experiments were combined with those obtained before.
Table I shows the beam energies, angular spread, and
the number of tracks measured for each of the spectra.
Data at 90° are only from the present work and are
taken from plates where the dip angles are 15° and 45°,

The Li® energy spectra from copper targets differ
considerably from those found in the earlier work.” The
peaks of the distributions are now at substantially lower
energies than previously and they are in reasonable
relationship with the results from heavier targets. The
precise reason for the discrepancy has not been estab-
lished, but it seems to be associated with the difficulty of
identifying short tracks near the surface of the emulsion.
The new data are based on the careful area scanning of
seven plates. Nearly all were scanned by each of two
scanners. All doubtful tracks were carefully re-examined.
The spectrum obtained from the 90° plate, 15° dip, was



B Fi16. 4. Energy spectra of
_| Li®emitted from gold at for-
ward and backward angles
relative to the beam. Histo-
grams—experiment; dashed
-{ curves—calculation. All nor-
malized to same area.
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identical, within statistics, with the spectrum from the
90° plate, 45° dip. With the greater dip angle short
tracks are less likely to be lost, since the hammer heads
are not so near the surface of the emulsion.

Angular distributions of the Li® fragments from the
various targets are shown in Fig. 6. For these results
only the data from the present work are included. Only
for the case of AgBr are there data at all angles. The
forward peaking is greatest for the copper targets and
least for gold targets. Observed ratios of Li® intensity
at 45° to the intensity at 135° are shown in Table II.
Comparison with calculation will be discussed below.

The total number of protons passing through the
target, in each run, is shown in Table III, column 3.
From the known target thicknesses and integration of
the hammer-track intensities over 4r solid angle, the
production cross sections were estimated. These are
listed in column 4, Table ITI. Because of the uncer-
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F16. 5. Energy spectra of
Li® emitted from copper,
silver bromide, silver, and
gold. See Table II for
details. Histograms—experi-
ment; dashed curves—calcu-
lation. All normalized to
same area.
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TasLE IT. Comparison of experimental and calculated forward-to-
backward ratios (Vss°/N1ss°).»

All events (E< Epeax)? (Ei> Epeak)®
Experi- Experi- Experi-
Target ment Calc. ment  Calc. ment Calc.
Cu 2.6 1.9 1.5 0.77 3.6 4.2
Ag 24 1.5 1.4 0.86 4.2 3.9
Au 2.0 1.2 0.82 0.59 24 2.8

a (N45°/N13s°)—ratio of the number of fragments emitted at 45° to that
emitted at 135° to the beam.

b Fragments with energy less than the corresponding over-all peak
energies (Fig. 5).

° Fragments with energy greater than the corresponding over-all peak
energies (Fig. 5).

tainties of the integrations the accuracy is limited to
about 35%,. Agreement is good with the previous rough
estimate.” Since the ratio of B8 to Li8 production is ex-
pected to be small, the cross sections given are
essentially those for Li8,

TasLE III. Conditions of irradiation in the new set of experiments
and the cross sections for emission of Lis.

Li8 cross section

Beam Integrated (mb)
energy beam Experi-
Target (GeV) intensity ment  Calc.2
Cu 2.2 13.5X 102 1.3,
Cu 2.2 44 1.8,
Cu (mean) 2.2 1.6 3
Ag 2.0 6.6 2.8 5
Au 2.0 2.3 6.9 20

a Calculated for 1.8-GeV beam energy.

COMPARISON WITH EVAPORATION
CALCULATIONS

In this section the experimental results will be com-
pared with theory. We assume that the reactions leading
to the emission of Li® fragments can be described by the
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I16. 6. Angular distributions to the beam of Li8 emitted from
various targets. Points and solid lines-experiment ; dashed lines—
calculation.
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cascade-evaporation formalism. The cascade process in-
volves the prompt emission of nucleons and pions and
leads to a spectrum of excited residual nuclei. It is
assumed that Li® fragments are not emitted during this
phase of the reaction. The residual nuclei de-excite by
the evaporation of particles. The emission of Li® (and
B?) fragments is assumed to occur during this phase of
the reaction in competition with that of lighter particles.

The calculation is similar to a previous analysis of a-
particle emission and a detailed description is given in
that study.!® The following is an outline of the present
treatment.

The distribution of excited nuclei resulting from the
cascade process was obtained from the calculation by
Metropolis et al.'® The latter gives the values of the
atomic number Z, mass number A, and excitation
energy E* of the residual nuclei. The momentum, p,
imparted to these residual nuclei by the cascade process
was obtained from Porile’s'” extension of the Metropolis
calculation. Cascade results were available for the
interaction of 1.8-GeV protons with Cu®, Ru®, and
Bi*®, The Cu* data were used directly for comparison
with the copper results. The distributions of residual
nuclei for Ru!* and Bi?* were appropriately shifted in Z
and A to correspond to silver and gold targets, respec-
tively. Small adjustments were also made in the E*
values to account for the calculated dependence of the
average excitation energy on target 4. The number of
available cascade events ranged from approximately 400
for silver to 900 for copper.

The residual nuclei obtained from the cascade calcula-
tion were used as the starting nuclei for a Monte Carlo
evaporation calculation. The basic formalism was that
developed by Dostrovsky et al.l® The high-energy ap-
proximation of thelevel density, w(E) =C exp[2(aE)'/2],
was used with a level density parameter ¢=4/10. Two
principal modifications were introduced to make this
treatment applicable to the present case. As it was
desired to obtain energy spectra in the laboratory sys-
tem, account had to be taken of the motion of the
emitting nuclides. A previously developed procedure!5:19
was used for this purpose. It has been shown that the
velocity Vy, in the laboratory system of the nth particle
emitted in a particular evaporation chain is given by

n—1
VLn= I:ZMRnE"/MPn(MRn+MPn):]1/2u+ z v‘l‘+v0 ) (1)

i=1

where Mg, is the mass of the residual nucleus resulting
from the evaporation of # particles, M p, is the mass of
the nth evaporated particle, E, is the channel energy for
the nth evaporation step, v; is the recoil velocity due to

15 N. T. Porile, Phys. Rev. 135, B371 (1964).

16 N. Metropolis, R. Bivins, M. Storm, J. M. Miller, G. Fried-
lander, and A. Turkevich, Phys. Rev. 110, 204 (1958).

17 N. T. Porile, Phys. Rev. 120, 572 (1960).

18 1. Dostrovsky, Z. Fraenkel, and G. Friedlander, Phys. Rev.
116, 683 (1959).

B N. T. Porile and S. Tanaka, Phys. Rev. 135, B122 (1964).
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the evaporation of the ith particle, v, is the velocity
acquired by the residual nucleus in the cascade process,
and u is a unit vector. The direction of motion of the
evaporated particle is obtained by the choice of two
random numbers on the assumption of isotropic emis-
sion in the system of the emitting nucleus. This condi-
tion determines the direction of u and v;, and thereby
permits the evaluation of Eq. (1). The differential
energy spectrum for a given particle follows immediately.
The second modification introduced in the present
calculation relates to the fact that the probability of Li®
emission is very low. The usual Monte Carlo method is
therefore not practical as the calculation of Li® energy
spectra would require an inordinately large amount of
computer time. A modification similar to that used by
Dostrovsky et al.? in the calculation of cross sections for
light-fragment production was introduced to overcome
this difficulty. The usual Monte Carlo treatment in
which any one of the six lightest particles (», p, d, t, He?,
or He?) can be emitted was retained. In addition, at each
step of the de-excitation process the emission proba-
bility, energy in the laboratory system, and direction of
motion of Li® (and B®) were computed in the customary
way. The energy spectrum of Li® fragments? was then
obtained from the laboratory energies weighted by the
corresponding emission probabilities, i.e.,

N(AE)=Y % Pu(AEy), @)

where P, is the total probability for the emission of Li8
in the ith evaporation step for the nth starting nucleus
and AE; is a particular 2.5-MeV-wide energy bin. Since
the emission angle relative to the direction of the inci-
dent proton was recorded, differential energy spectra
could be obtained for comparison with the experimental
results obtained at specific angles.

The evaporated Li® and B® fragments can be formed
either in their ground or in bound excited states. For
instance, Li® has states at 0.98 and 2.26 MeV that are
known to decay to the ground state.?? As far as the
evaporation calculation is concerned, these states must
be considered as separate entities having their own
emission probabilities. Although the inclusion of bound
excited states has a substantial effect on the calculated
cross sections, the effect on the energy spectra is com-
pletely negligible. Therefore, in order to conserve com-
puter time, only ground-state emission of Li® and BS®
was considered in detail. The effect of excited-state

* I. Dostrovsky, Z. Fraenkel, and J. Hudis, Phys. Rev. 123,
1452 (1961).

1 B® fragments were excluded from the calculated energy
spectra because the experimental spectra as determined here are
hardly affected by the presence of a small B8 component. However,
B8 emission was included in the cross-section and angular-dis-
tribution calculations.

2 T. Lauritsen and F. Ajzenberg-Selove, in Nuclear Data Sheets,
compiled by K. Way et al. (Printing & Publishing Office, National
Academy of Sciences-National Research Council, Washington
25, D. C.) NRC [61-5,649].
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emission was, however, treated in an approximate way
in order to retain the correct relative evaporation
probabilities of Li® and B® as well as to permit an ap-
proximate estimation of cross sections. The procedure
used was simply to increase the statistical weights of Li®
and B® by factors of 2 and 1.2, respectively. These values
are based on a few computations in which the emission
probabilities of the excited nuclei were compared with
those of the corresponding ground-state nuclei.

The present treatment neglects the emission of ex-
cited progenitors of Li%, such as Li® and Be®, which decay
to the former by nucleon evaporation. Although this
secondary evaporation process appears to make a sig-
nificant contribution to the production cross sections
of light fragments,? its effect on their energy spectra is
expected to be much smaller. This has been demon-
strated in the case of Na* emission.* An approximate
calculation of the spectrum of Li® fragments resulting
from the decay of excited Li® was performed to check
this point. This spectrum was obtained on the basis of a
single starting nucleus Ru'® with 300-MeV excitation
energy. It was found that this spectrum was slightly
broader than that for directly produced Li® fragments.
In view of the small magnitude of this difference no
consideration was given to this effect in the detailed
calculations presented here.

The calculated energy spectra of evaporated charged
particles are rather sensitive to the form of the expres-
sion for the inverse reaction cross section. The evapora-
tion formalism of Dostrovsky et al.!® uses the sharp
cutoff approximation

o,=mR(1+c)(1-kV/E), )

where ¢ and % are constants that depend on the identity
of the emitted particle and on target 4, and V is the
classical Coulomb barrier. The previous calculation of
a-particle spectra!® has shown that satisfactory agree-
ment with experiment can be obtained by use of Eq. (3)
provided that the constants are adjusted to give a fit to
spectra from compound nuclear reactions. Since no
adequate data on the emission of Li® fragments in low-
energy reactions are available, this fitting procedure
could not be used. Instead, the constants were chosen by
interpolation between the a-particle values and those
for C? and heavier fragments. The calculation of
Thomas?® indicates that in the case of the latter the
probability of barrier penetration is negligibly small.
The values of % chosen for Li® and B8 were 0.90 and 0.95,
respectively, for all 4 values. The constant ¢ was set
equal to zero. The Coulomb barrier was taken as

V= legez/fo(A 1”3+A 21/3) ) (4)
with 7o=1.5 F.

# 1. Dostrovsky, R. Davis, Jr., A. M. Poskanzer, and P. L.
Reeder, Phys. Rev. 139, B1513 (1965).

2 N. T, Porile (to be published).

26 T, D. Thomas, Phys. Rev. 116, 703 (1959).
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Two evaporation calculations were performed for
each starting cascade product nucleus in order to sample
various possible de-excitation paths. The results of the
calculation were obtained in the form of differential
energy spectra over angular intervals appropriate for
comparison with experiment.

The calculated and experimental differential energy
spectra are compared in Figs. 2-5. The calculated curves
include all fragments emitted at angles of 40°-50°,
85°-95° and 130°-140° to the beam. The two sets of
spectra have been normalized to each other. We shall
first discuss the spectra integrated over all of the above
angles (Fig. 5).

The comparison reveals both areas of agreement and
of disagreement. The calculated peak energies are seen
to agree closely with the corresponding experimental
values for all three targets. In all cases the peaks occur a
few MeV above the classical Coulomb barrier for Li3
emission from the target nucleus.

The calculated spectra differ in shape from the ex-
perimental ones. The statistical significance of these
discrepancies was checked with a x? test, and it was
found that the differences are real at a confidence level
in excess of 99%,. It can be seen that the shapes differ at
both the high- and low-energy ends of the spectra. The
calculation thus underestimates the emission probability
of high-energy fragments. The ratio of the observed to
the calculated number of fragments with energies ex-
ceeding the most probable calculated energy by more
than a factor of 2, ranges from 2.040.4 for copper to
4.74-1.8 for gold.

A systematic trend with target 4 may be noted in the
comparison of the low-energy ends of the spectra. In the
case of copper the calculated number of low-energy
fragments is larger than the experimental value. The
low-energy portions of the spectra are in good agreement
for silver. The situation is reversed in the case of gold
and now the calculation significantly underestimates the
emission of low-energy fragments. It is important to
note that this trend cannot be due to the sharp cutoff
approximation to the inverse reaction cross section. In
order to bring experiment and calculation into agree-
ment, £ would thus have to decrease with increasing 4.
This would be contrary to the known 4 dependence of
the probability for barrier penetration. While better
agreement for gold could of course be obtained by re-
ducing %, this would be at the expense of the fit obtained
for the other targets. The present choice of £ gives as
good an over-all agreement with experiment as any
other value and, in addition, is consistent with the
systematic trend of barrier penetrabilities noted for
other particles.

It is worth noting at this point that the above dis-
crepancies would be considerably more severe if proper
account had not been taken of the motion of the emit-
ting nuclei. This is indicated in Fig. 7 where the
laboratory-system spectrum calculated for silver is com-
pared with that obtained for the system of the moving
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Fic. 7. Effect of sor

the motion of the
emitting nuclei on
the calculated energy
spectrum of Li8 from
silver. Solid curve-
laboratory system;
dashed curve-system
of the moving emit-
ting nuclei.
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nuclei. This calculation was performed by setting v, and
> v;in Eq. (1) equal to zero. It is seen that the inclusion
of center-of-mass motion considerably broadens the
calculated spectrum. This is particularly noticeable for
the low-energy fragments. The latter arise from the
partial cancellation of the generally forward-directed
cascade momentum and that of moderately low-energy
fragments that happen to be emitted in the backward
direction. On the other hand, the highest energy frag-
ments arise from the addition of the cascade momentum
to that of already energetic Li® fragments emitted in the
forward direction.

In order to examine the above-mentioned discrep-
ancies in more detail, it is worth looking at some addi-
tional features of the results. The differential energy
spectra at 45° 90° and 135° are compared with
calculation in Figs. 2-4. The experimental spectra are
broader than the corresponding calculated ones, espe-
cially in the forward direction. The experimental angular
distributions are compared with calculation in Table IT
and in Fig. 6. For all targets the distribution is more
forward-peaked than predicted by the calculation.

A possible explanation for these discrepancies is the
assumption that the high-energy Li® are emitted in the
course of the knock-on cascade as a result of fragmenta-
tion. It is then reasonable to expect these fragments to
partake of the directional characteristics and energy of
the incident proton. Table II indicates that the high-
energy Li® are indeed predominantly emitted in the
forward direction. It is of interest to note that the
calculation predicts equally large values of N s5°/Nisse.
The latter are due, of course, to the forward motion of
the residual nuclei resulting from the knock-on cascade.
It is thus apparent that the forward-to-backward ratio
of energetic fragments is not very sensitive to the
mechanism of their production. A similar conclusion
was previously drawn in the analysis of a-particle
spectra.!®

The calculated values of Nso/Nysse for low-energy
fragments are seen to be significantly less than unity.
The predominantly backward emission of these frag-
ments in the laboratory system lends corroboration to
the previous statement that they arise from the partial
cancellation of cascade and evaporation momenta. The
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experimental values of Ng°/Nize, while much lower
than the corresponding values for high-energy frag-
ments, are nearly a factor of 2 larger than calculation.
This difference suggests that directional effects may be
connected with the discrepancy in the low-energy por-
tions of the spectra. This is also apparent in Figs. 2-4,
which show that the peak positions in the backward
spectra differ considerably more from the experimental
values than those in the forward spectra. The calculated
peak energy at 135° for copper thus is some 6 MeV less
than the experimental value while that for gold is about
4 MeV larger than the latter. We recall that the com-
parison of the low-energy portions of the over-all
spectra (Fig. 5) revealed precisely the same trend. By
contrast, the calculated and experimental peak energies
of the forward spectra are in better agreement.

A possible explanation for the abundant emission of
low-energy fragments is the reduction of the Coulomb
barrier at high excitation energies. Several authors?6—30
have postulated that the Coulomb barrier may vary
with excitation energy because of the thermal expansion
or surface oscillation effects. Although no evidence for
this effect was found in the previous study of a-particle
emission from AgBr, it is quite possible that barrier
reduction may be of importance for Li® fragments
emitted from heavier targets. The following reasons may
be cited: (1) Barrier reduction may be more important
in the case of Li® emission because the average excitation
energy at which this fragment is emitted is larger than
that for a-particle evaporation. (2) This effect may be
more important in the heavy-element region because of
the substantial increase with target 4 of the average
excitation energy. (3) The Coulomb barrier may also be
reduced because of distortion effects.® The emission of a
fragment as massive as Li® may require a distortion of
the emitting nucleus at the scission point analogous to
that encountered in fission. The barrier would thus be
lower than that for spheres in contact as given by Eq.
(4). To a first approximation, this effect is equivalent to
a further reduction of the constant % in Eq. (3). In light
of the previous discussion, it is apparent that this effect
would have to become more important with increasing
target 4.

In order to gain further insight into the process of Li?
emission during high-energy nuclear reactions, the data
were transformed to give velocity spectra (Fig. 8). The
experimental results are shown as histograms while the
results of calculation are given by the dashed curves. It
is seen that the calculated velocity spectra, for each
target element, have very nearly the same shape and
width at each angle; the curves are merely displaced

2 E. Bagge, Ann. Physik 33, 389 (1938); Phys. Z. Sowjetunion
44, 461 (1942).

% K. J. Le Couteur, Proc. Phys. Soc. (London) A63, 259 (1950).

Y. Fujimoto and Y. Yamaguchi, Progr. Theoret. Phys.
(Kyoto) 5, 76 (1950).

29Y. Yamaguchi, Progr. Theoret. Phys. (Kiroto) 5, 501 (1950).

% A. M. Lane and K. Parker, Nucl. Phys. 16, 690 (1960).

3 R. Da Silveira, Phys. Letters 9, 252 (1964).
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TFic. 8. Velocity spectra of Li® emitted from copper, silver, and
gold at various angles to the beam. Histograms—experiment;
dashed curves—calculation. All normalized to same area.

along the velocity axis. This behavior is consistent with
the model that formed the basis of the calculation: a
fast nucleon cascade followed by evaporation on a
relatively slow time scale. Furthermore, the mean for-
ward velocity imparted to the nucleus during the fast
cascade is given by 1/V2 times the shift of the calculated
velocity spectrum between 135° and 45°. In units of
(MeV/amu)'/2 these velocities are 0.37, 0.30, and 0.19
for copper, silver, and gold, respectively (0.012, 0.010,
and 0.006 in units of ¢). The observed velocity distribu-
tions show a forward-backward shift of comparable
magnitude. However, the distributions are all broader at
the forward angles than at the backward angles sug-
gesting a contribution from another mechanism.

As a final comparison between experiment and calcu-
lation we list the cross sections for Li® emission in
Table III. The calculated values include contributions
from B3 fragments of 14, 7, and 19, for Cu, Ag, and Au,
respectively. These values are only approximate because
the emission of excited Li® and B8 fragments was not
properly treated and the emission of particle unstable
progenitors was neglected. The data in Table III indi-
cate that the calculation matches the trend with target
A shown by the experimental values, although it does
overestimate the latter by about a factor of 2. In view
of the above uncertainties this discrepancy should not
be taken very seriously.
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We conclude from this analysis that conventional
evaporation theory can account for some of the features
of Li® emission in high-energy interactions. These in-
clude the trend with target 4 of the integrated cross
sections, the approximate peak positions in the energy
spectra, and in some cases, the over-all shapes of the
energy spectra. The main shortcomings of the calcula-
tion lie in its failure to match the strong forward peaking
of the angular distribution and in its inability to account
for the emission of the highest energy fragments. These
are just the characteristics that lithiums formed as a
result of a fast fragmentation process might be expected
to have. These fragments, emitted in the course of the
knock-on cascade, might be expected to partake of the
energy and direction of motion of the incident proton.
The present comparison thus suggests that a significant
fraction of the Li® fragments is emitted as a result of a
fast fragmentation rather than a slower evaporation
process. Alternatively, the emission of light fragments
may take place by a mechanism intermediate between
these two extremes.

In a recent paper by Dostrovsky et al., evaporation
calculations were performed to compare with measured
relative cross sections for production of various light
fragments in high-energy reactions. The calculations,
with parameters very similar to those used here, re-
produced well the observed dependence on mass number
and neutron-to-proton ratio of the target. On the other
hand, we have shown here that the calculations are not
as successful for prediction of energy spectra and angu-
lar distribution of the fragments.?
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