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Analyzing powers and isotope ratios for the ""Agg, intermediate-mass fragment)
reaction at 200 MeV
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Analyzing powers and isotope ratios have been measured for ejectiles with Z ~ 7 emitted at forward
angles in the 200-MeV p+""Ag reaction. The observed analyzing powers are consistent with zero, and
thus do not provide evidence for a significant contribution from cluster knockout, or similar direct for-
mation mechanisms. Fragment kinetic-energy spectra above the Coulomb peak are compared with a
coalescence calculation. The isotopic composition of the elemental kinetic-energy spectra is found to
favor N/Z ~ 1 nuclei for fragment energies near the exit-channel Coulomb energy, whereas species with
N/Z ~ 1 are more abundant in the high-energy spectral tails. This behavior is consistent with the pre-
diction of an accreting source calculation.

I. INTRODUCTION

The emission of intermediate-mass fragments (IMF,
3 ~ Z ~ 15) from reactions induced by intermediate-
energy protons below about 1 GeV has been shown to
proceed via both statistical decay and fast, nonequilibri-
um mechanisms [1—3]. The equilibrated component of
the spectra is most apparent at backward emission angles
and can be well described by standard statistical decay
models [4—7], at least in a qualitative sense. In contrast,
nonequilibrium emission, which dominates the forward-
angle spectra, remains poorly understood [1—3]. These
ejectiles are characterized by rapidly rising cross sections
near zero degrees, suggesting formation on a very short
time scale. Further, spectra for ejectiles as heavy as neon
extend to momenta over two times the beam momentum.
By way of reference, this momentum corresponds ap-
proximately to a direct cluster knockout in which the in-
cident proton is scattered at 180', or, alternatively, to a
Coulomb repulsion energy for binary decay of two touch-
ing spheres in which the nuclear radius is given by
R =0.6A ' fm. While neither of these mechanisms
seems realistic, especially for heavy fragments such as ox-
ygen and neon, the comparison illustrates the difhculty in
attempting to account for these fast collective processes.

The question of time scales is an important one for un-
derstanding the mechanisms responsible for the emission
of nonequilibrium complex fragments from highly excited
nuclear matter. In principle, the use of transversely po-
larized beams and measurement of a finite analyzing
power associated with any portion of the fragment spec-
tra would provide support for a direct mechanism. Cal-
culations [8,9] have shown that direct cluster knockout at
intermediate energies should be accompanied by mean-
ingful analyzing powers for He ejectiles from medium-
mass target nuclei. Measurements of the reactions

Nb(p, He) at 65 MeV [10] and Zr(p, He) at 72 MeV
[11] have previously provided evidence for finite analyz-
ing powers for the most energetic component of the He

spectrum. At small angles, negative analyzing powers of
the order 3 (0)= —0.05—0. 1 were observed; with in-
creasing angle the analyzing powers increased systemati-
cally, becoming zero near 30 and reaching values of
3 (8)=0.2 at angles beyond 60'. In contrast, for low-

energy He ejectiles near the Coulomb barrier energy, the
analyzing-power results were consistent with zero at all
angles. A satisfactory fit to these data has been obtained
with the multistep direct reaction model of Tamura et al.
[12].

Green et al. [9] investigated ' He emission at angles
of 60' and greater in bombardments of a ""Ag target
with transversely polarized protons with energies of 237,
445, and 518 MeV. No statistically significant analyzing
powers were observed, leading the authors to conclude
that the observed yields at higher energies could not be
accounted for by a direct knockout mechanism. Howev-
er, since the measurements of Green et al. were per-
formed at angles of 60' or greater, the observed spectra
may be dominated by equilibrated emission, for which a
zero analyzing power would be expected.

In the present experiment we have sought to investi-
gate the possible importance of direct one-step mecha-
nisms to the complex fragment yields at very forward an-
gles, using a transversely polarized beam of 200-MeV
protons. The experiment was designed to measure
analyzing powers for isotopically separated ejectiles from
H to N, and charge-identified fragments up to Mg. The
fragment spectra are compared with a coalescence model
based on experimental proton spectra. These data also
permit comparison of the spectra and yields for individu-
al isotopes which make up the total charge distribution
for a given element. Previous studies have shown that
the spectral shapes for a given element vary with the
N/Z ratio of the ejectile [13]. This has led to the sugges-
tion that isotope ratios may provide useful insights into
the formation mechanism [14]. The isotope ratios ob-
served in these studies are examined in the context of an
accreting-source calculation [15].
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II. EXPERIMENTAL PROCEDURES

The experiment was conducted at the Indiana Univer-
sity Cyclotron Facility with a 200-MeV polarized proton
beam of average intensity 15—30 nA and spot size 2
mm in diameter. The average transverse polarization
(typically 74%) was reversed at 25-s intervals and moni-
tored by a beam-line polarimeter. High-purity silver tar-
gets of thicknesses 1.22 and 1.62 mg/cm were bombard-
ed in a 162-cm-diam scattering chamber, and were alter-
nated during the experiment to minimize any e6'ects of
carbon buildup. Runs with a blank-target frame and a
carbon target were performed to evaluate possible con-
tamination of the spectra from beam halo and/or light-
element impurities in the target. From the spectra in Fig.
1 it is clear that such contaminants are small.

Measurements for He ejectiles and intermediate-mass
fragments (IMP, 3 ~ Z 5 12) were performed with a pair
of particle-identification/time-of-flight telescopes, each
consisting of an axial-field gas-ionization chamber operat-
ed at 20 Torr of CF4 gas, foLlowed by two silicon surface-
barrier detectors of thicknesses 90 pm and 1 mm, respec-
tively, and a 5-mm lithium-drifted-silicon detector. Time
of Aight was measured with respect to the beam RF,
which provided a timing resolution of -300 ps. The two
telescopes were placed symmetrically at +9 ' with respect
to the beam axis in one experiment and +15 in another.
Each detector telescope subtended a solid angle of 4.11
msr, as defined by a brass collimator of internal diameter

17.9 mm. Light charged particles (H and He) were stud-
ied separately with a telescope consisting of a 1-mm sil-
icon detector followed by a 127-mm NaI crystal. A brass
collimator of internal diameter 174 mm defined a solid
angle of 1.77 msr.

All signals were processed via standard NIM and
CAMAC electronics modules. Because ~90% of the
events were H and He ions, a light-ion rejection circuit
was set up in hardware to veto these events for the IMF
studies. Light-ion data were taken in separate runs with
this circuit removed. Data were acquired on a VAX
11/750 computer using the xsYS data-acquisition pro-
gram [16]. Electronic and computer deadtimes were
monitored with a randomly triggered pulser system and
were accounted for in the data analysis. Replay was also
performed with the xsYS program.

III. RESULTS AND DISCUSSION

Energy spectra for Z =3—6 fragments detected at 15
are shown in Fig. 1. Spectra at 9 are similar in shape,
with somewhat higher cross sections. Since the data in
both telescopes were found to be identical within statis-
tics, they are combined here for cross-section purposes.
The spectra are Maxwellian in shape for the lower-Z
fragments, evolving to nearly Gaussian-shaped distribu-
tions for higher Z values. Examination of the high-
energy tails of the IMF spectra leads to an observation
seen only in light-ion-induced reactions at forward an-
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FIG. ]. Kinetic-energy spectra of IMF's, as indicated on figure, for the 200-MeV p+""Ag reaction at an emission angle of 15 .
Solid line is the result of a coalescence fit to experimental proton spectra, using parameters listed in Table I.
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gles; i.e., the spectra extend up to momenta correspond-
ing to over two times that of the beam. Based on
Coulomb repulsion arguments for binary decay, this cor-
responds to a charge separation of about 5 fm (ra =0.6
fm) for the fragment and residual nucleus, as compared
to a value of 10 fm for two touching spheres based on
fission systematics. Thus, simple Coulomb repulsion
seems an unlikely mechanism to explain these high-
energy events. Alternatively, one could account for these
energetic complex fragments in terms of a very fast one-
step mechanism; e.g. , a direct pickup reaction, or cluster
knockout with the projectile scattered near 180'.

A possible signature for the existence of direct one-step
processes would be the observation of finite analyzing
powers for reactions induced by polarized beams. Here,
the analyzing power A~(H, E) is given by

Ay(O, E)=(1IP)[N(T) —&(1)]I[&(1')+~(l)], (1)

where X( $) [X(i, )] is the number of fragments emitted
during reactions induced by protons with spins aligned
parallel [antiparallel] to the polarization axis, and P is the
average transverse polarization of the beam. Previous
calculations [8,9] have indicated that significant analyz-
ing powers might be present for the direct knockout of

' He ejectiles in the p+""Ag reaction at intermediate
energies. Careen et al. [9] failed to observe such an effect
at angles greater than 60' in studies with 237—518-MeV

polarized protons. The present study was designed to in-
vestigate the analyzing-power dependence at very for-
ward angles and to extend the database to IMF spectra as
well.

Analyzing powers as a function of observed fragment
energy are shown in Fig. 2 (at 9') and Fig. 3 (at 15') for
several ejectiles. At 9, aH ejectiles with the exception of
protons yield analyzing powers consistent with zero,
within statistics. For protons, the measured analyzing
powers are similar to those reported in previous (p,p )

studies at forward angles [10,17]: i.e. , for low-energy pro-
tons the analyzing powers are approximately zero; in the
continuum region values of A (8)=0. 1 —0.2 are observed,
and for the highest energies large A (8) values are found,
presumably associated with specific spectroscopic states
that are unresolved in this experiment. The data at 15
in Fig. 3 are consistent with zero analyzing power for all
fragment energies. The same is true near the Coulomb
peaks and for the high-energy tails of the spectra ob-
served at 9 . For Li-C fragments in the energy region
from 40 to 70 MeV, there appears to be possible evidence
for a small positive analyzing power, A(8)=0. 1. How-
ever, since these very forward spectra contained some
pileup events, it is hard to make a convincing case that
this observation is evidence for a positive analyzing
power. Thus, unless both angles selected for these studies
correspond to points where A (0)=0, the measured
values of the fragment spectra and analyzing powers do
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not provide convincing evidence for a one-step direct
pickup or cluster knockout reaction mechanism as a
significant contributor to the complex fragment yields,
even at very forward angles. This result is consistent
with the earlier conclusions of Ref. [9].

In an eff'ort to examine possible alternative mechanisms
for the formation of highly energetic complex fragments,
the coalescence model [18,19] has been applied to the en-
ergy spectra at 15'. Experimental proton spectra have
been used as input to this model for both the proton and
neutron distributions; the fits are shown in Fig. 1 as solid
lines. Below proton energies of 5 —6 MeV the proton
spectra are not well defined, thus limiting the fit below a
value of E/A =5 MeV. The coalescence momentum Po
which parametrizes this model was determined with a
chi-squared minimization routine to provide a best fit to
the data. From the value of Po, the interaction zone ra-
dius was calculated as in Ref. [19]; these results are
presented in Table I. The coalescence momentum
( —240 —280 MeV/c) is found to increase systematically
with ejectile mass, while the reverse trend is observed for
the interaction zone radius ( —1.95—1.70 fm). The calcu-
lation fits the tails of the IMF spectra rather well, yield-
ing interaction zone radii of about 2 fm, much smaller
than the radius of the composite systems. In the frame-
work of this model, the results for the source radii are
consistent with a mechanism in which the incident pro-

TABLE I. Coalescence and interaction zone radii.

Fragment

'Li
'Li
'Li
Be

'Be
"Be
10B

11B
12C

P (MeVyc)

242
256
247
243
260
265
267
279
280

R (fm)

1.95
1.80
1.85
1.91
1.80
1.84
1.70
1.67
1.72

da(Z)/d 0 ~ Z (2)

ton interacts with only a localized region of the target nu-
clear matter density before emission of complex frag-
ments occurs.

Values for the energy-integrated cross sections are
shown in Fig. 4 and tabulated in Table II for Z =3—12
fragments detected at 15'. These results are in general
agreement with those obtained by Green et al. [2] at 210
MeV at an emission angle of 20'. The data can be fit us-
ing a power law:
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TABLE II. IMF energy-integrated cross sections.

Fragment

Li
Be
8
C
N
0
F

Ne
Na
Mg

do. /dQ (pb/sr)

360+25
70+5
35+3
22+2

5.9+0.4
3.2+0.3
1.4+0.2
1.3+0.2

0.74+0.08
0.66+0.07

yielding a value of ~=4.7 for a fit from Z =3 to 10. This
forward-angle value is somewhat larger than the values of
~=4.0 for the angle-integrated charge distribution be-
cause nonequilibrium emission dominates the cross sec-
tion at 15 . Equilibrium emission exhibits distinctly
smaller r values [3], thus lowering the average value for
the sum of the two components.

The isotopic composition of elemental IMF yields may
also possess important information concerning the reac-
tion mechanism [14]. An equilibrated system should
preferentially emit fragments which reAect both the X/Z
ratio of the composite system and the most energetically
favored pathway for decay. This should be independent
of fragment kinetic energy. For the p+Ag system the
X/Z ratio is X/Z=1. 27; thus, the primary fragment
yields should favor neutron-excess isotopes. On the other
hand, nonequilibrium IMF formation may be more
strongly influenced by the projectile nucleon(s), leading to
species with X/Z ratios closer to unity. Without some
knowledge of the excitation energies of the primary frag-
ments, it is difBcult to assess the inAuence of particle de-
cay on the observed spectra. Nevertheless, to first order,
one would expect a general trend that would favor
neutron-excess species for equilibrated emission and
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Isotope ratios, defined here as the yield of a given iso-

tope to the total elemental yield, are presented as a func-
tion of IMF kinetic energy for Z =3 —7 fragments in Fig.
5, and are consistent with the above predictions. For
fragment energies near the Coulomb peak, beta-stable
and neutron-excess isotopes are the most abundant
species, consistent with a picture in which at least partial
equilibration has been achieved prior to IMF emission.
In general, the yield pattern follows Q-value systematics;
the one major exception is for the beryllium isotopes,
where Be is anomalously high. As the fragment energy
increases, the probability for emitting isotopes with
X/Z «1 grows in importance, especially for Z =3—5
fragments. Thus, the most neutron-deficient isotopes of a
given element appear to be identified with the nonequili-
brium component of the fragment yields. Similar behav-
ior has been seen in heavy-ion-induced reactions
[14,20,21] and has been interpreted in terms of different
emission mechanisms being dominant in different parts of
the spectra.

In Fig. 5 the observed isotopic ratios are compared
with the predictions of an accreting-source model [15,22].
The parameters of the model —accretion rate„Fermi en-
ergy, and source size —were fixed by requiring a fit to the
elemental differential cross-section distribution at the an-
gle of observation. This comparison is shown in Fig. 4
for an accretion rate of 2.0 nucleons/(fm/c), a Fermi en-
ergy of 22 MeV and an initial source size of eight nu-
cleons. The results of the calculation are relatively in-
sensitive to accretion rate and source size; for example,
an accretion rate of 4.0 nucleon/(fm/c) and source size of
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FIG. 5. Ratio of individual isotopic yields to total element
yield for Li, Be, 8, C, and N fragments observed at 15 ' as a
function of IMF energy. Lines are the result of an accreting-
source calculations [13],as identified in the figure. Nuclides are
identified by key at upper right.
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four nucleons yields similar predictions. The Fermi ener-

gy is more sensitive; an increased Fermi energy produces
a llatter charge distribution (lower r values). In the com-
parison shown in Fig. 5, no attempt has been made to ac-
count for sequential decay of excited fragments heavier
than Li; i.e., we compare theory directly with experi-
mental data.

As observed in Fig. 5, the model qualitatively repro-
duces the trends observed in the data for Z =3—5 frag-
ments. For heavier fragments the preference for the
growth of neutron-deficient ejectiles in the high-energy
tails of the spectra is much less pronounced. This may in
part be due to the fact that with increasing atomic num-
ber, the ratio of equilibrated to nonequilibrated IMFs in-
creases [3], thus favoring N )Z fragments.

These isotope effects are similar to those for the reac-
tion E/A =60 MeV ' N+""Ag [20,21]; a typical com-
parison for Be and C fragments is shown in Fig. 6. Both
reaction systems display similar behavior, suggesting a
possible common formation mechanism for nonequilibri-
um IMF s in both heavy- and light-ion-induced reactions.
These data also demonstrate that analysis of elemental
spectra in terms of slope temperatures involves significant
averaging. For example, a Maxwellian fit to the Be spec-
tra in Fig. 1 yields values of T = 13+0.5 MeV for Be and
T=9.5+0.5 MeV for ' Be. Similar effects are present in
isotopically resolved IMF spectra obtained with ' N pro-
jectiles as well [21].

IV. CONCLUSIONS

Previous studies of the p +""Ag reaction between 161
and 480 MeV have shown that both equilibrium and
nonequilibrium mechanisms are needed to explain IMF
emission [1—3]. The equilibrium component can be ex-
plained in terms of statistical decay, but the physics of
the nonequilibrium component is not well understood.
The major goal of this study was to explore IMF forma-
tion at very forward angles (9' and 15') where nonequili-
brium emission is dominant.

To search for evidence of a direct one-step reaction
mechanism, the effect of beam polarization on the 200-
Me V p +""Ag reaction was examined. Analyzing
powers were measured, but did not yield convincing evi-
dence to support an IMF formation mechanism involving
quasifree knockout or similar direct processes. Thus, we
conclude that nonequilibrium complex fragment emission
proceeds via a reaction mechanism in which the projec-
tile undergoes multiple collisions with the nucleons in the
target nucleus, and a direct one-step reaction mechanism
does not contribute significantly to the IMF yields.

The energy spectra were fit with a coalescence model
which provides a good description of the high-energy
tails of the IMF spectra. An interaction zone radius was
extracted and found to be slightly less than 2 fm for the
fragments modeled. This implies a source size smaller
than the compound nucleus, and thus supports a local-
ized nonequilibrium emission mechanism.

Isotope ratios for lighter Z fragments (Z =3—5) sug-
gest that difFerent components of the energy spectra may
arise from difFerent mechanisms. For fragment energies
near the Coulomb barrier, equilibrated emission is indi-
cated by a preference for isotope ratios with X/Z ~ 1, as
expected on the basis of decay energetics and the X/Z
composition of the composite system. At higher energies,
a nonequilibrated mechanism is reAected by isotope ratios
weighted more heavily toward neutron-deficient prod-
ucts. For higher Z fragments, the isotope ratios are
essentially independent of energy, an efFect that is most
likely due to the greater importance of the longer interac-
tion times required to emit these fragments.

In summary, these results support a nonequilibrium re-
action mechanism for the emission of energetic IMFs at
very forward angles. The analyzing-power data, howev-
er, do not provide evidence for a direct cluster knockout,
or similar, one-step reaction mechanism.
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