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Differential cross sections for the production of Z =1, 2 particles are measured for 52, 100, and
147 MeV/nucleon ' O projectiles. The projectile energy and target-mass dependencies are examined
and compared with measurements in other projectile energy regimes. Central and peripheral col-
lisions are found to give comparable contributions to the light ion yields, with the dominant process
varying with the emission angle. The spectra are parametrized both in terms of a single heated,
moving source and as a sum of fragmentation and central collision sources, and velocity and tem-

perature parameters are presented. For composite particles, coalescence parameters and source ra-
dii are also extracted.

NUCLEAR REACTIONS Ni('60~, E=0.8, 1.6, 2.4 CJeV; Au(' Q~, E=1.6,
2.4, GeV; Al, Sn(' O~, E=1.6 CxeV; measured o(E,8) for X=p, d, t, He, He;

deduced model parameters.

I. INTRODUCTION

Large cross sections have been reported for the emission
of high energy light particles from heavy ion induced re-
actions using a variety of projectile masses and energies.
In this paper we report measurements of yields of Z=1,2
particles from reactions of 52, 100, and 147 MeV/nucleon
' G ions and a variety of targets. Most of the previously
reported measurements have concentrated on the projectile
energy regions (20 MeV/nucleon (Refs. 1—5) or )300
MeV/nucleon (Refs. 6 and 7), and only limited data have
been reported at medium projectile energies. ' Since the
systematics of inclusive spectra are possible indicators of
changes in the dominant reaction mechanisms, the present
studies were made to add to our knowledge of these pro-
cesses at intermediate projectile energies.

The comparison of data obtained under differing exper-
imental conditions can be made in several ways. Model
independent comparisons are difficult owing to the differ-
ences in spectral shapes at different bombarding energies
and are limited to gross features such as integral cross sec-
tions. Alternatively, the data can be fit with various
models and the parameters extracted from the fits can be
examined as a function of a given experimental quantity,
such as the projectile energy, to look for discontinuities
which may signal a change in the reaction process. One
such parametrization is in terms of emission by a heated
moving source. " Velocity and temperature parameters are
extracted from fits to the present data and compared with
those reported at other projectile energies. Another
model, which can be applied to composite particle
( H, H, . . .) spectra, is the coalescence model" in which
the spectrum of a particle of mass A is related to the 3th

power of the nucleon spectrum. The coalescence radii are
extracted and compared with values reported at other pro-
jectile energies.

The moving source and coalescence models are found to
be limited in their ability to fit all of the data at the pro-
jectile energies used in these studies. A model which in-
cludes both peripheral and central collision components,
with independent longitudinal and transverse momentum
widths, is found to provide good fits to most of the light
ion spectra.

II. EXPERIMENTAL DETAILS

The measurements were made on the low energy beam
line at the LBL Bevalac. Tune-up beams of 100
MeV/nucleon H and He were used to obtain detector en-
ergy calibrations prior to making measurements with ' 0
projectiles. The energies of the various beams were deter-
mined from the magnetic field setting of a beam analyzing
magnet located before the scattering chamber. The effec-
tive radius of curvature of this magnet was determined by
placing detectors into the He beam and using various ab-
sorbers to determine the beam energy. A value of 2.2350
m, obtained at a field setting of 1.323 T, was used for all
other projectile energy determinations. No data were
available concerning possible changes in the effective ra-
dius at different field settings, and it was assumed to be
constant.

The number of incident projectiles was measured by in-
tegrating the current from an ion chamber located on the
beam axis approximately 2 m beyond the target position.
This chamber was calibrated at each projectile energy by
placing a thin plastic scintillator in front of the chamber
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and counting the number of incident projectiles. This
technique could be applied up to beam intensities of
=4&(10 particles/spill before the scintillator began to
saturate. At higher intensities, the chamber was calibrat-
ed against the number of projectiles scattered into plastic
scintillators located off the beam axis. The uncertainty in
the ion chamber calibration, based on the spread in values
obtained at several different beam intensities, is estimated
to be +8%.

Eight detector telescopes were used in these measure-
ments, each consisting of a 1 mm thick silicon surface
barrier hE detector and a 12.7 cm long NaI(Tl) E detec-
tor. Four detectors were located outside the scattering
chamber, approximately 2 m from the target, at angles of
6, 12, 18, and 24 deg and subtended solid angles of
0.34—0.37 msr as defined by 3.8 cm i.d. X2.54 cm thick
Pb collimators. These telescopes were separated from the
vacuum chamber by a 0.013 cm thick Mylar window and
an =3 cm air gap, and the NaI detectors were covered by
a 0.0076 cm thick aluminum window. The four remain-
ing telescopes were located inside the scattering chamber
at 45, 85, 115, and 155 deg at a distance of =20 cm from
the target and used 1.59 cm i.d. )&2.54 cm thick Cu colli-
mators to give solid angles of 4.8—5.6 msr. The NaI
detectors used at these angles had entrance windows of
0.025 cm aluminum. The light ion energies accepted by
these detectors were limited on the low energy end by ab-
sorption in the ~R detector and windows, and on the high
energy end by the range of the particles. The energies
which could be detected with these telescopes were ap-
proximately 14—210 MeV ('H), 19—280 MeV (iH),
22—330 MeV ( H), 49—740 MeV ( He), and 55—840 MeV
( He). However, in many cases the spectra were distorted
at the lowest energies due to straggling in the b,E detector
and various windows, and in most of the data analyses
low energy cutoffs approximately 5 MeV higher than the
values listed were applied.

The energy calibrations were determined by placing
each detector into low intensity 100 MeV/nucleon H and
He beams. Suitable absorbers placed in front of the

detectors provided several calibration points for each pro-
jectile. The uncertainty in the energy calibration is es-
timated to be +1.5% except at the lowest measured ener-
gies, where window corrections become important.
Corrections for detector efficiency for H and He were
also obtained in these measurements by determining the
peak/tail ratios from the E vs &R spectra. Published re-
action losses for protons' and the present data for alpha
particles indicate that the efficiency (peak/total) can be
expressed to a good approximation by e= 1 —kE '
where E is the particle energy in MeV and k depends on
the Z and A of the detected particle. The data for deute-
rons were restricted to a narrow range of energies, so no
functional dependence could be obtained. %"e have as-
sumed that this same expression holds for A=2, 3 parti-
cles. The values of k for H and He were estimated by
assuming that the total reaction cross section is the same
as that for He and correcting for the particle range. The
measured losses and values of k used in these studies are
summarized in Table I.

Table II summarizes the projectile-target combinations

TABLE I. Measured losses due to nonelastic reactions in 12.7
cm long NaI(T1) detectors and deduced efficiency correction
factors. The detection efficiency is given by e= 1 —kE'45,
where E is the particle energy in MeV.

Measured
losses

Efficiency
correction

Particle

H

4He

(MeV)

185
200

50
100
200
400

tail
total
(%)

26
29.3
0.6
1.9
5.5

15.2

factors

Particle

H
H
He

4He

104Xk

1.18
1.36
1.06
0.309
0.253

III. RESULTS

Proton spectra resulting from the bombardment of Sn
with 100 MeV/nucleon ' 0 projectiles are displayed in
Fig. 1. At small angles, the cross sections are observed to
peak at energies close to E/A of the projectile, suggesting
peripheral fragmentation as the source of these particles.
As the emission angle increases, the fragmentation com-
ponent decreases in intensity, the spectra acquire an ap-
proximately exponential energy dependence characteristic
of thermal emission, and the angular distribution becomes
more isotropic. Momentum plots of the 6' proton spectra,
measured for the Ni target at the three different projectile
energies, are shown in Fig. 2. The solid lines are fits to

TABLE II. Summary of ' 0 projectile energy-target com-
binations and beam fluences used in the present studies.

E/A proj

(MeV)

51.8
100.1
100.1
100.1
100.1
147.0
147.0

Ni
Al
Ni
Sn
Au
Ni
Au

Q (e pc)
(+8%)

0.0411
0.0181
0.0873
0.0451
0.0575
0.0478
0.0714

used in these measurements. The targets were rolled foils
(natural abundance) 5 cm in diameter, with thicknesses
determined by weighing, of 26 (Al), 43 (Ni), 57 (Sn), and
55 (Au) mg/cin . Assuming that the targets have uniform
areal density, the uncertainty in the target thickness is es-
timated to be +2%. Background measurements were
made by using a blank target frame. It was found that at
6 the deuteron spectra, and to a lesser degree the proton
and triton spectra, contained a low energy background
coinponent of undetermined origin. This placed lower
limits of 100—150 MeV on the usable 6' data for these
particles.
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FIG. 1. Proton energy spectra from 1.6 GeV ' 0 on a Sn tar-
get. For E & 200 MeV, the spectra are distorted due to the finite
length of the detector. The error bars are due solely to counting
statistics. The lines are drawn to guide the eye.
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FIG. 2. Momentum distributions of protons from ' 0+ Ni
reactions. The curves are Gaussian distributions with means
(Po) and widths (o.) as indicated.
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FICx. 3. Differential cross sections for light ions emitted at 12 and 45 in Ni + ' 0 collisions at projectile energies at 51.8, 100, and
147 MeV/nucleon. The cross sections are plotted versus E/A of the light ion.
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TABLE III. Measured yields of light particles from 51.8, 100, and 147 MeV/nucleon ' 0 reactions.
The lower limits on the energy integrations are approximately 15 MeV ('H), 21 MeV ( H), 24 MeV ( H},
52 MeV ( He), and 60 MeV {He). The uncertainties introduced by the angular extrapolations are given.

(E/A) p, ,
(MeV)

51.8
100

147

Target

Ni
Al
Ni
Sn
Au
Ni
Au

4.17+0.09
3.31+0.07
4.62+0.10
6.47+0.15
7.9+0.02
5.5+0.02
8.2+0.03

H

1.91+0.06
1.S7+0.06
2.04+0.06
3.30+0.07
3.98+0.09
2.23+0.06
3.91+0.15

0 (b)
H

0.80+0.02
0.59+0.02
0.87+0.03
1.56+0.03
1.89+0.03
0.86+0.04
1.75+0.08

He

0.63+0.02
0.56+0.04
0.71 +0.04
0.86+0.04
0.96+0.10
0.75 +0.06
0.90+0.12

4He

2.9+0.2
1.7+0.3
2.0+0.2
2.5+0.3
2.8+0.3
1.8+0.4
2.4+0.S

the data assuming momentum distributions of the form

exp[ (p —p—o) /2~ fj

with the values of po and o given in the figure, and the
data are seen to be reproduced quite well except at the
lowest momenta. The mean momenta (po) are found to be
approximately equal to the moments corresponding to the
projectile velocity and o. is found to have only a weak
dependence on the projectile energy. From similar plots
for the other detected particles, it is found that the width
for particles of mass A is given to a good approximation
by

o.g ——ooA (Aq —A )/(Aq —1),
where A~ is the projectile mass. This result is expected for
collisions in which the momentum transfer is small com-
pared to oo. ' The values of cro deduced from the present
small angle proton spectra, 70—80 MeV/c, are found to be
somewhat smaller than the value 85.1 MeV/c reported for
43 MeV/nucleon Ne projectiles. As noted in Ref. 13, if
the fragmentation is assumed to occur early in the col-
lision, then oo can be related to the Fermi momentum p~
of the nucleons in the projectile through the relation
oo——pF/5. Alternatively, if one assumes that emission
occurs after thermal equilibrium is attained, the width can
be related to the temperature by

2
Ap o.gT-

A(A~ —A) mN

where m~ is the nucleon mass. ' The present small angle
measurements give temperatures in the range 5—7 MeV,

or pF ——160—190 MeV/c. A possible explanation for the
small value for pF is discussed in Sec. IV.

Differential cross sections for various Z=1,2 particles
emitted in ' 0+ Ni collisions, plotted versus E/A of the
particle, are compared in Fig. 3. For all particles and all
three projectile energies, the general characteristics of the
spectra are as noted above for protons. There are several
interesting points to be seen in these spectra. For exam-
ple, at the IIower projectile energy the small angle proton
spectra peak at energies greater than E/A of the projectile.
Also, the beam energy dependence is not the same for the
various particles. For example, note the rapid decrease in
cross section for alpha particle emission and the increas-
ing disparity between H and He spectral shapes with in-
creasing projectile energy.

In Table Ill, the integrated cross sections are given for
particles having energies above the detector thresholds.
The extrapolations to 0' and 180 were guided by the re-
quirement that do/d8=0 at these angles. Most of the
uncertainty introduced by the angular extrapolations is
from the 0'—6' interval, and estimates are given in Table
III. In order to obtain integral cross sections, the energy
spectra were extrapolated to E=O by assuming that the
invariant cross section,

1 d 0

p dEdQ
is approximately constant and isotropic as p —+0. Values
determined in this way are given in Table IV. Compar-
ison of Tables III and IV shows that the contribution
from the low energy region can be quite substantial, par-
ticularly for Z=2 particles. However, comparison of

TABLE IV. Integral cross sections obtained by extrapolation of the measured spectra over all ener-
gies and angles. Uncertainties are estimated to be +15 fo.

E/A (proj)

51.8
100

Target

Ni
Al
Ni
Sn
Au
Ni
Au

5.83
3.92
5.72
8.20

10.2
6.71

10.6

H

2.69
1.96
2.79
4.59
5.75
2.78
4.85

cr (b)
H

1.19
0.85
1.15
2.28
3.08
1.11
2.48

'He

1.27
0.74
1.05
1.33
1.5S
1.03
1.30

'He

5.5
2.4
3.3
5.2
6.6
2.8
4.9
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FIG. 4. Integral cross sections for Z=1,2 particles from
' Q + Ni (the present studies) and we+ Cu (Ref. 7) reactions.

02

~o

values obtained for several different choices of shapes for
the low energy spectra leads to the conclusion that the er-
ror in the extrapolated portion of the integral cross section
is not more than +25%. This would contribute an uncer-
tainty of +10—15% in the integral cross sections. These
values are plotted in Fig. 4 and are compared with cross
sections reported for 400 and 800 MeV/nucleon Ne on
Cu. While the proton and deuteron yields are found to in-
crease with increasing projectile energy, the yields of A =3
and 4 fragments decrease. This general behavior has been
noted previously and reproduced in part by a fireball cal-
culation. "

The target mass dependence of light ion emission was
examined at IOO MeV/nucleon projectile energy. These
results have been reported previously' but are included
here for completeness. The proton differential cross sec-
tions, integrated over proton energies above the detector
lower limit, are plotted in Fig. 5. At small angles, the
cross sections are observed to increase approximately as
A,'„I„.This is consistent with the behavior one would ex-
pect for reactions occurring on the periphery of the target
nucleus. Thus, "peripheral fragmentation" appears to
dominate at small emission angles. As the angle is in-
creased, the target mass dependence approaches A~,~„,
suggesting that central collisions become dominant at an-
gles greater than about 45 deg.

The integral cross sections for the various detected par-
ticles, from Table III, are plotted in Fig. 6. Since these
values are dominated by the sm.aller angles, an approxi-
mately At'„z„dependence is obtained for all particles.
However, the deuteron and triton yields are observed to

I I I I I I II I

200
01

10 50 100
TARGET MASS

FIG. 5. Differential cross sections for emission of protons
with energies &20 MeV at various laboratory angles, plotted as
a function of the target mass. The solid and dashed lines show
the slopes expected for A' ' and A target mass dependences,
respectively.

50020

increase more rapidly between Ni and Sn. Such a depen-
dence on X/Z of the target is consistent with predictions
of the coalescence model discussed in Sec. IV. Proton in-
tegral cross sections, from Table IV, are plotted in Fig. 7
and compared with those obtained using 400-, 800-, and
2100-MeV/nucleon Ne projectiles. The target mass
dependence is observed to change with increasing projec-
tile energy and suggests that central collisions and
nucleon-nucleon interactions may dominate at higher pro-
jectile energies.

IV. DATA ANALYSIS

A. Single thermal source

As a first step in analyses of these results, and to pro-
vide a common basis for comparison with measurements
at other projectile energies, we attempt to describe the
light ion spectra in terms of thermal emission from a
heated moving source. The expressions and fitting pro-
cedures are identical to those used at lower projectile ener-
gies. The "source" is described by temperature (T) and
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velocity, relative to the projectile velocity, (V, /V&„j) ob-
tained by fitting the data with the expression

d 0
dQ dE

=K+EL E~ exp( Eg IT), — (l)
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FIG. 6. Light ion emission cross sections, integrated over an-
gle and energies above the detector thresholds, for Z=1,2 parti-
cles from 100 MeV/nucelon ' 0 on various targets. The dashed
lines show the slope for an A' target mass dependence for
comparison.
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FIG. 8. Fits to proton spectra using a heated moving source.
The dashed curve is the 12' spectrum calculated using parame-
ters obtained from fitting the data at 8)24'.
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TABLE V. Projectile energy dependence of heated moving
source parameters from fitting ' 0+ Ni data.

(E/~ )p,o,

51.8 MeV/nucleon

Detected V /Vp j T (MeV)

H
H
He

'He

0.60
0.58
0.63
0.68
0.66

11.1
14.8
13.8
15.4
14.8

3.4
0.72
0.30
0.16
0.80

where EL and Ez are the particle energies in the labora-
tory and source rest frames, respectively. Since the data
suggest that peripheral fragmentation dominates the small
angle spectra, the present fits were restricted to angles
&24'. In Fig. 8, fits are shown for proton spectra mea-

I

200
I I I I III I I I I

10 50 100
TARGET MASS

FICx. 7. Integral cross sections for protons from ' G (the
present studies) and Ne (Ref. 7) on various targets. Dashed
lines show the slopes expected for various target mass depen-
dences.

100 MeV/nucleon

147 MeV/nucleon

H
H
He

4He

1H
2H
3H

He
4He

0.54
0.50
0.52
0.56
0.48

0.51
0.46
0.47
0.50
0.43

17.2
22.6
21.4
25.2
21.9

22.0
28.4
28.1

32.3
31.0

1.25
0.33
0.12
0.053
0.13

0.84
0.22
0.067
0.029
0.048
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sured at 100 MeV/nucleon. The spectral shapes are seen
to be reproduced quite well, but the drop in cross section
between 24' and 45 is too small. This is probably due to
the presence of a fragmentation contribution to the 24'
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FIG. 10. Moving source velocity and temperature parameters
as a function of angle for 100 MeV/nucleon ' 0 + Ni~'H + X.

FICx. 9. Velocity and temperature parameters obtained by fit-

ting proton data, from '~C and ' 0 bombardment of Ni at vari-

ous projectile energies, with a single heated, moving source. The
values for E/A ~ 50 MeV/nucleon are from the present studies,

while the lower energy values are from Ref. 5.

~o'
200 1000600

P(Mey/c)
FICr. 11. Comparison of coalescence model predictions with

measured deuteron spectra from ' 0 + Ni reactions at 100
MeV/nucleon.

data, but restricting the fits to 8)45' was found to cause
only minor changes in the "best fit" parameters. Included
in Fig. 8 are the measured 12 spectrum and the 12 spec-
trum calculated using the parameters obtained from fit-
ting the larger angles. Clearly, the rapid increase in cross
section at small angles is not consistent with this simple
model.

The parameters extracted from fitting the various
Z= 1,2 particle spectra from '60+ Ni are summarized in
Table V. In general, the ratio of source to projectile veloc-
ities shows little dependence on either fragment mass or
projectile energy. However, the temperature increases
substantially with increasing projectile energy, and is also
somewhat larger for composite particles than for protons.
The projectile energy dependence of the velocity and tem-
perature parameters extracted from the proton data can be
compared with similar fits made to data obtained in simi-
lar studies using lower energy ' C projectiles. These pa-
rameters are plotted in Fig. 9 and are found to have a re-
rnarkably smooth behavior for projectile energies from 7.5
to 147 MeV/nucleon. The straight line drawn through
the temperature points is given by T=0.79(E/A) ~3 MeV,
which is in reasonable agreement with the trend noted'
for projectile energies up to 800 MeV/nucleon. The target
mass dependence is found to be rather weak, the velocity
decreasing and the temperature increasing by about 10%
in going from aluminum to gold. In order to obtain some
feeling for the sensitivity of these parameters to the angu-
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coalescence model" has been used to fit the spectra of
composite particles emitted in relativistic heavy ion col-
lisions in terms of the measured proton spectra. In this
model, the cross section for a particle of mass A is given
by the 2th power of the proton cross section:

=o
1 do. 1 do
p dEdQ p dEO (2)

CV0

E

bc'
450

0

e 24

The coalescence parameter CA is given by '
—3 A —1

4~~a A(2S+1)
N!Z~ 3m o.z- 2A

Xp+NT
Z +ZT

(3)

where, X, Z, and A refer to the detected particle (of spin
S); Xz and Zz refer to the projectile; NT and ZT refer to
the target nuclei; Pp is the coalescence radius in momen-
tum space; oz- is the total reaction cross section; and m is
the nucleon mass. We use the same expression for err as
was used in Ref. 7, namely

crT(fm )=m(1.29} IAp +AT

—[1—0.028 min(A&, AT)] I (4)

10
300

I I

500 700 900 600 1000 &400 &800
P (MeV/c)

The coalescence radius can be further related to the
volume ( V) and radius (R) of the emitting source using a
thermal model' ' in which

FIG. 12. Coalescence model fits to light particle spectra from
' 0+ Ni reactions. (a) Deuteron spectra at 51.8 MeV/nucleon.
(b) Alpha particle spectra at 100 MeV/nucleon.

lar range of the input data, fits were made to pairs of pro-
ton spectra at adjacent angles (6' and 12', 12' and 18', etc.},
and the values obtained are shown in Fig. 10. The "aver-
age" values for 8)24' are included for coinparison. It is
apparent that the parameters can be strongly influenced
by the choice of angles used in the fitting procedure.

B. Coalescence model

For the case of composite particle emission ( H- He),
one can assume preexisting structures in the projectile, as
implied in the discussion above, or a mechanism can be
devised in which the composite particles are formed from
the appropriate nucleons released in the collision. The

3hV=(Zowie ' )'i ' = —' R
4mP p

As in Ref. 7, the binding energy Eo is assumed to be much
smaller than kT, so that the radius can be approximated
by

(X!Z!)'"'"-" .
Pp

In Fig. 11 we compare the measured deuteron spectra
from 100 MeV/nucleon ' 0 on Ni with those predicted by
the square of the measured proton spectra. The fits are
found to be quite good for 8 & 24' but the predicted cross
sections are too large at smaller angles, which could imply
that protons released in a peripheral collision have less op-
portunity to interact with other nucleons to form compos-
ite particles.

Similar plots were made for other particles and the
predicted spectra were normalized to the high energy re-

TABLE VI. Coalescence model parameters for light composite particles emitted in reactions between ' 0 and various targets.

E /A przj

(MeV/nucleon)

51.8
100

147

Ni
Al
Ni
Sn
Au
Ni
Au

1.7
5.3
3.2
2.6
2.0
49
3.5

Target Czb
H

Pp

75
99
92
90
87

106
104

6.4
4.8
5.2
5.3
5.5
4.5
4.6

2
25
13
6
3

23
13

R (fm) Cgb

3H8

Pp

95
131
129
118
111
142
142

4.5
3.2
3.3
3.6
3.8
3.0
3.0

2.5
16
7.8
3.8
2.5

12
6.2

R (fm) Cg

He
I'p

100
122
120
115
115
129
133

4.3
3.5
3.5
3.7
3.7
3.3
3.2

12
120
72
17
9

200
60

R (fm) Cg

130
151
158
143
142
177
176

3.2
2.7
2.6
2.8
2.9
2.3
2.3

4He'

Pp R (fm)

'Values are rough estimates only owing to poor fit.
C~ is from a visual fit of the coalescence model predictions to the measured spectra at 0 & 24, in units of (mb/MeV sr)'
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FICr. 13. Coalescence model radius parameters from compos-
ite light ions from ' 0 and Ne induced reactions. Values ob-
tained for the present data are compared with those from 20
MeV/nucleon ' Q + U data of Ref. 15 and 400—2100
MeU/nucleon Ne on Cu and Pb from Ref. 7.

gions of the measured 24', 45', and 85' spectra to extract
coalescence parameters. The quality of the fits was some-
what poorer for the lowest projectile energy (S1.8
MeV/nucleon) and, also, the model does not work as well
at the lower composite particle energies, particularly for
alpha particles, where the predicted cross sections are
found to be considerably smaller than the measured
values. These features are illustrated in Fig. 12 for deute-
rons at S1.8 MeV/nucleon projectiles and for alpha parti-
cles at 100 MeV/nucleon. This is not surprising since
other processes, such as emission of preformed compos-
ites, are expected to contribute to the low energy part of
the spectra. Even though the fits are not as impressive as
those reported at higher projectile energies, the Cz's ex-
tracted from these data are believed to be useable, within a
factor of 2, for comparison purposes. The values of Cz,
Po and 8 are summarized in Table VI, and in Fig. 13 ra-
dius parameters R from the present mesurements are com-
pared with those reported in the reactions U(' 0, fission
+ LI) (where LI denotes light ion) at 20 MeV/nucleon

(Ref. 1S) and NaF, Cu, Pb(Ne, LI) at 400, 800, and 2100
MeV/nucleon. The radius of the interaction region is
seen to decrease from a value comparable to the sum of
the combined target and projectile radii at 20
MeV/nucleon to a value approximately equal to the pro-
jectile radius at higher projectile energies. It is also ap-
parent that the values become signficantly smaller as the

mass of the emitted particle is increased, although the
differences become less pronounced above 400
MeV/nucleon.

C. Two component model

Both the heated moving source and coalescence models
are found to be capable of fitting the experimental data
over selected angular and energy regions, and the parame-
ters extracted from these fits may provide some interest-
ing insights into the reaction mechanisms contributing to
light ion emission. However, neither model is able to
reproduce the present data over the complete range of
ejectile emission angles or energies. As noted in Sec. III,
the data suggest that the reactions involved can be roughly
divided into two catergories: (1) fragmentation of the pro-
jectile on the periphery of the target nucleus resulting in
beam velocity particles concentrated at small angles and
(2) central collisions characterized by a source having a
velocity about half that of the incident projectiles. A
parametrization was employed which includes both com-
ponents, ' and the invariant cross section is expressed as a
sum of the two contributions,

1 do.
=Fc(it )+&~(p), (7)

p dEdQ
where the subscripts C and F indicate the central collision
and fragmentation contributions, respectively. Each com-
ponent is described in terms of a momentum distribution.
The momentum distribution of the (projectile) fragmenta-
tion component arises from the nucleonic Fermi motion.
It is roughly isotropic in the projectile frame and can be
adequately described by a Gaussian distribution. On the
other hand, the momentum distribution of the central
component depends on the initial momentum distribution,
the degree of thermalization, and the impact parameter
averaging. It need not be isotropic in its source frame and
it need not have the shape of a Gaussian distribution. The
deviations from isotropy, as indicated by the difference in
the longitudinal and transverse momentum distributions,
may be a measure of the departure from thermal equilibri-
um. In our analysis, the non-Gaussian nature of the cen-
tral component shows up readily in the experimental data,
especially in the higher energy collisions. It manifests it-
self in flat momentum distributions for 8&24' at the
smaller momentum region. There, the momentum distri-
butions decrease with angle only in a slow manner, much
slower than what one obtains for a Gaussian distribution.
The nonisotropy can only be obtained by allowing dif-
ferent widths in the longitudinal and transverse directions.
Accordingly, we analyze the central collision component
in terms of a "Fermi-Dirac" momentum distribution
given by"

—1

CX

2 2
Pcz PrFc( piab) =Ac 1+exp z

—+-
2o cz 20cz.

(8)

FF(pi,b) =A+exp
2

PI'z

20 yz
2

2
PT

2 (9)

where the widths o.cz and ocz. are allowed to vary in-
dependently. The fragmentation component is taken to be
a Gaussian distribution of the form
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TABLE VII. Parameters obtained by fitting light ion inclusive spectra with a two component model having independent longitudi-

nal and transverse momentum widths as described in the text. Integral cross sections for the central (ere) and fragmentation (aF) con-
tributions are also given.

E/A p„,

51.8
100

147

Target

Ni
Al
Ni
Sn
Au
Ni
Au

0.065
0.069
0.092
0.080
0.100
0.088
0.109

100
145
147
133
140
168
164

106
125
128
125
126
142
148

1.8
1.1
1.1
1.8
1.7
0.97
1.1

UC ~Uproj

Protons
0.49
0.54
0.52
0.50
0.47
0.54
0.49

2.69
2.98
4.25
6.13
7.56
5.23
7.36

0.29
0.25
0.32
0.30
0.32
0.44
0.43

73
69
69
75
74
64
70

76
64
65
70
73
60
70

UF /Vprzj

1.0
1.0
1.0
1.0
1.0
1.0
1.0

2.09
1.15
1.56
1.82
2.08
1.66
2.41

51.8
100

147

Ni
Al
Ni
Sn
Au
Ni
Au

0.039
0.024
0.036
0.039
0.056
0.018
0.045

182
242
242
240
244
272
263

151
189
190
188
194
215
193

1.2
0.5
0.3
1.1
0.77
0.98
0.3

Deuterons
0.49
0.58
0.53
0.49
0.50
0.50
0.43

1.68
1.45
2.05
3.36
4.02
2.02
2.86

0.058
0.076
0.070
0.107
0.097
0.073
0.120

103
111
119
119
117
107
119

112
99

112
105
114
113
106

1.0
1.0
1.0
1.0
1.0
0.86
0.88

0.62
0.69
0.89
1.16
1.22
0.83
1.32

51.8
100
147

Ni
Ni
Ni

0.0046
0.0065
0.0013

254
244
256

225
245
246

0.26
0.06
2.1

He
0.59
0.65
0.60

0.26
0.40
0.35

0.022
0.030
0.028

144
128
141

147
133
145

0.96
0.98
0.92

0.38
0.39
0.46

51.8
100

147

Ni
Al
Ni
Sn
Au
Ni
Au

0.035
0.0086
0.011
0.014
0.016
0.0023
0.0023

259
260
266
262
263
279
304

225
240
256
249
253
251
243

0.57
0.23
0.47
0.04
0.39
1.5
1.9

Alphas
0.62
0.71
0.65
0.70
0.67
0.68
0.67

1.66
0.42
0.66
0.72
0.88
0.30
0.45

0.11
0.12
0.11
0.094
0.11
0.091
0.16

134
131
134
142
139
151
115

154
135
147
157
156
148
143

0.96
0.95
0.95
0.95
0.95
0.92
0.93

1.45
1.23
1.30
1.39
1.51
1.26
1.62

These "sources" are assumed to move along the beam
direction with velocities Pc and PF, respectively. Thus,
the longitudinal and transverse momenta in the source rest
frames are related to the laboratory momentum, p~,b, by
the Lorentz transformation, e.g.,

NFL VF tiulabcos8 —PFE l

and pT ——p&,qsinO. The least squares method was used to
simultaneously fit the spectra from 6' to 115' for various
projectile-target-ejectile combinations, and the resulting
parameters are listed in Table VII. The H spectra were
not analyzed since the particle energies exceeded the detec-
tor limits in many cases. Also, for He only the Ni target
data were fitted since only the normalization factors Ac
and AF displayed a significant dependence on target mass.
For the large angle spectra, one expects that there are sub-
stantial contributions from the target fragmentation pro-
cess. A three component model, including target frag-
mentation, would be a reasonable model to use, but would
introduce additional parameters beyond those in the two
component model. In using the two component model to
fit the data, we assign lesser weights to the data points in
the backward angles.

The final valoes of the parameters were undoubtedly in-

fluenced by the choice of initial values used in the search
and, in particular, the velocities of the two components
determine their behavior to a large extent. Typical start-
ing values were uc /u~„,=0.5 and uF/u~„, = 1.0. It should
be noted that the values of u~/u~„, for deuterons at 147
MeV/nucleon may be in error since the energies of the
particles in the fragmentation peak exceeded the upper
limit of the detectors and, therefore, the high energy end
of the spectra may be distorted.

Fits to the proton, deuteron, He, and alpha particle
spectra from 100 MeV/nucleon ' 0+ Ni are shown by
the solid curves in Figs. 14, 1S, 16, and 17, respectively.
The spectra of lighter particles can be fitted quite well
over the entire range of the data; however, the He and al-
pha particle yields observed at 0& 24' are not reproduced.
This discrepancy becomes more pronounced with increas-
ing projectile energy and target mass and may indicate
that target fragmentation is becoming more important in
this range of bombarding energies.

The fragmentation widths, oFz and oFT, are found to
be relatively insensitive to either the target mass or the
projectile energy, and for a given projectile-target com-
bination oFz -or~. This is consistent with the conjecture
that the fragmentation component involves small momen-
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FICs. 14. Fits to proton spectra from ' 0 + Ni at 100
MeV/nucleon using a parameterization which includes both cen-
tral and peripheral components as described in the text. The ar-
row indicates the momentum corresponding to the projectile
velocity.

300 700

turn transfers and is therefore described primarily by the
momentum distribution of nucleons in the incident projec-
tile. Using the expression given in Sec. III and averaging
over values of oFz and oFr for each particle, we obtain
cro 69+5 M——eV/c for protons and era 80+5——MeV/c for
A =2—4. The latter value is in good agreement with that
obtained in studies of heavier fragments. ' ' It is not
clear whether or not the smaller value obtained for pro-
tons is significant, but it could indicate that the fragmen-
tation process leading to nucleon emission is different
from that for composite particles.

A closer examination of o~z and o+T reveals several
small but persistent trends in these parameters. For exam-
ple, the values for protons show a systematic increase with
increasing target mass or decreasing projectile energy. It
is also interesting that o~T &oyez for alpha particles. A
similar result has been reported for heavier fragments and
ascribed to an increase in the transverse width owing to
orbital dispersion. ' Another possible explanation is an
unequal reduction of the widths. For example, substantial
reductions from the independent particle values,
oo ——p~/5, were obtained by including Pauli correlations. '

However, it is not yet known if these correlations would

)0
200 400 600 800 )OOQ $200

P{Map/c )

FIG. 15. Same as Fig. 14 but for deuterons.

produce the observed anisotropy in the momentum distri-
bution.

The most obvious difference between the fragmentation
and central collision parameters is the much larger
momentum widths obtained for the central component.
These values are typically twice those for the fragmenta-
tion component and, at least for protons and deuterons,
the central collision widths are more sensitive to the pro-
jectile energy. As noted earlier, for thermal emission the
widths can be related to the temperature of the source.
Using the expression given in Sec. III, the values of ocT
are found to give temperatures which, in most cases, are
comparable to those extracted in the single moving source
fits. This is reasonable since the latter were restricted to
larger angles where the transverse width should be the
controlling factor. However, there are appreciable aniso-
tropies in the momentum distributions which can be inter-
preted as an indication that the central "source" is not an
equilibrated system of nucleons. Thus the use of the rela-
tion between momentum width and temperature, and
indeed the entire concept of "source temperature, " is ques-
tionable. Finally, the non-Gaussian nature of the proton
distributions is indicated by the presence of large values of
a. This "Fermi-Dirac" type of momentum distribution
may have its origin in the initial momentum distributions
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FIG. 16. Same as Fig. 13 but for 'He. The 115' data are off
scale.

FIG. 17. Same as Fig. 14 but for alpha particles. The 115'
data are off scale.

of nucleons of the two colliding nuclei.
Included in Table VII are integral cross sections for the

central collision (ac) are fragmentation (oF) components
obtained by integration of the fitted expressions. For pro-
tons and deuterons, their sums are in good agreement with
the values obtained by extrapolation of the experimental
data (Table IV), and in most cases the central term ac-
counts for approximately 75% of the yield. The situation
is quite different for alpha particles where, with the excep-
tion of the 51.8 MeV/nucleon data, the central component
is much smaller than the fragmentation, and the sums ac-
count for only 36% (Au target) to 69% (Al target) of the
measured yields. The agreement could probably be im-
proved by increasing the weight of the large angle ()45')
data, but at the expense of poorer fits at the smaller an-
gles. As mentioned above, we prefer to attribute at least a
part of this difference to the neglect of fragmentation of
the excited target nuclei.

These studies have examined the influence of target
mass and projectile energy on light ion (A &4) inclusive
spectra at intermediate projectile energies (50—150
MeV/nucleon). At small angles large cross sections are
measured for particles having velocities close to that of

the projectile. At these angles the cross sections are ob-
served to have a relatively weak (=A' ) dependence on
the size of the target nucleus. As the emission angle in-
creases, the spectra become more nearly exponential in
shape and the cross sections display a greater sensitivity to
the target mass (=A ~ ). These characteristics suggest
that the light ion emission process can be roughly divided
into two major components, which are referred to as
"peripheral fragmentation" and "central collisions. " For
deuterons and tritons there are, in addition to the gross
dependence on target mass, finer details which may indi-
cate that target neutron contributions are important in the
formation of these particles.

The projectile energy dependence is found to be quite
different for the various particles. When the cross sec-
tions measured in these studies are compared with those
reported at higher projectile energies it is found that while
the proton yields increase dramatically with increasing
projectile energy, composite particle yields either change
very little ( H, H, He) or decrease rapidly ( He).

Three "models" were employed to analyze the data and
to provide parameters which can serve as bases for com-
parisons with other measurements. A commonly used
parametrization of light particle spectra involving emis-
sion from a heated, moving source was tried but, because
of the dual character exhibited by the present data, only a
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limited angular range could be fitted with a given set of
parameters. However, resonable fits were obtained by re-
stricting the angular range to 0)24 and the velocity and
temperature parameters were compared with those report-
ed at lower projectile energies. The smooth increase in
temperature and the nearly constant source/projectile
velocity ratio suggest there are no abrupt changes in the
nature of the central collision part of the light ion emis-
sion process for projectile energies from 7.5 to 147
MeV/nucleon.

The coalescence model was applied to the composite
particle spectra and the resulting radius parameters were
compared with those reported at projectile energies of 20
and 400—2100 MeV/nucleon. The size of the interaction
region is found to decrease as the projectile energy in-
creases from 20 to about 200 MeV/nucleon and then to
remain nearly constant, at a value comparable to the size
of the projectile, at higher energies. In these studies, this
model is found to have two major defects: overprediction
of the fragmentation part of the spectra and underpredic-
tion of the low energy alpha particle yields.

In the third model, " it is assumed that the light ion
emission process can be approximated by the sum of two
contributions: peripheral fragmentation and central col-
lisions. Each component is described by a momentum dis-
tribution having independent longitudinal and transverse

widths. This formulation provides good fits to the data
for all but the alpha particles. The poor fits to the low en-
ergy part of the alpha particle spectra is tentatively attri-
buted to the neglect of target fragmentation. The longitu-
dinal and transverse widths obtained for the fragmenta-
tion component are nearly equal and suggest that the frag-
mentation process is governed primarily by the Fermi
momentum of the projectile, although other effects may
be indicated by the alpha particle data. The momentum
distributions obtained for the central collision component
are anisotropic and non-Gaussian, implying that thermal
equilibrium is not achieved at the time of emission. In-
tegration of the two components of the fitted curves pro-
vides an estimate of their relative contributions. For pro-
tons and deuterons, the central collision term accounts for
about 75%%uo of the integral cross section.
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