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gy to the next. This is consistent with a direct-
reaction model.

The agreement with the DWBA for a large num-
ber of observables is satisfactory, considering
the simplicity of the model. The fact that a first-
order calculation whose basic ingredient is a one-
channel optical potential gives a good account of
the excitation curves suggests that it is not nec-
essary to introduce additional ad koc resonant
amplitudes in order to fit the data, at least as far
as the gross structure is concerned. Rather, cor-
rections to the direct-reaction picture such as
explicitly including other strongly coupled chan-
nels (e.g. , the mutual excitation of both 2' states)
or the inclusion of L-dependent absorption will
probably be required to account for the details of
the alignment of the residual 2' state.

Summarizing, measurements dependent on the
alignment of the final state following inelastic ex-
citation of the first 2' state in "C are reasonably
well described over a wide energy range by a
simple DWBA calculation, which also reproduces
most of the gross structure observed in the total
cross section. The measurements clearly illus-
trate the value of magnetic-substate population
measurements for investigating the detailed pre-
dictions of nuclear-reaction models. Additional
experimental work is under way in our laboratory
to apply these techniques to other systems; in ad-
dition, we are presently investigating the refine-
ments to the DWBA referred to above in order to

improve the correspondence between theory and
experiment for the C + C system.
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The parallel- and transverse-momentum distributions have been measured for frag-
ments of Z~ 9 produced by the fragmentation of 0 at 90 and 120 MeV/nucleon. A strong
anisotropy is observed with o»= 200 Mev/c for all fragments, which can be explained
by considering the dispersion due to orbital deflection of the projectile prior to breakup.

The understanding of the reaction mechanism
in projectile fragmentation has been long sought
for. At relativistic energies with "C and 0
projectiles, both the abrasion-ablation calcula-
tions and models of projectile excitation followed

by statistical decay adequately describe the iso-
tope distributions. " Further, it has been point-
ed out that there is an exact formal degeneracy
between such models with regard to the fragment
momentum distributions. ' Recent data for a
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heavier projectile and lower energy (4'Ar, 213
MeV/nucleon) however, seem to favor a fast
abrasion stage from relative isotopic and ele-
mental yields. 4 We report here, in the first
heavy-fragment studies in the 100-MeV/nucleon
region, an apparent anisotropy between p, and p ~~.

Incorporating the dispersion due to orbital deflec-
tion of the "0projectile by the combined Coulomb-
nuclear field of the target with the usual disper-
sion due to the Fermi motion, we find good agree-
ment with the p ~ distributions. Although the
present data also support either the abrasion-
ablation model or the assumption of projectile
excitation followed by statistical decay far from
the target nucleus, better measurements at small-
er p, could discriminate between them and po-
tentially prove to be a new tool for probing the
interaction potential in the nuclear interior.

The average intensities and mid-target energies
of the Bevalac "0 beams were =5 x10'/pulse at
92.5+2 MeV/A and --10'/pulse at 117.5+2 MeV/A.
Beam focusing and phase space were determined
prior to each run by wire chambers at the target
position and 2. 5 m downstream, and during the
run the beam profile was monitored and recorded
pulse by pulse with the downstream wire chamber.
Targets of thicknesses up to 235 mg/cm' Al and
500 mg/cm2 Au were bombarded, and fragments
of Z = 3-9, A = 6-17 were detected in a multiele-
ment silicon-germanium telescope. Double-differ-
ential cross sections d'o/dQdF. were measured
for each isotope at each angle. The energy spec-
tra were narrow, essentially Gaussian, with a
mean energy downshifted by =10 MeV/A from
the beam velocity. The data have been corrected
for multiple scattering, beam phase space, and
longitudinal downshift in velocity due to the pro-
jectile-target interaction; the total contribution
of these corrections was 7-10. We fit the en-
ergy spectra and angular distributions assuming
a Gaussian distribution in both p „and p ~ in the
projectile frame of reference:

P(p) exp( p ii /2' ii' —p '/2' ') ~ (1)

The distributions of o~ II
as a function of frag-

ment mass I" are in good agreement with the
parabolic form o~~,

'= o,' I'(A E)/(A-1) expecte-d
from momentum conservation, and experimental-
ly observed at higher energies. "A and E are
the projectile and fragment atomic numbers, re-
spectively. At 92.5 MeV/A we find o, =80 MeV/c
for the Au target, and 86 MeV/c for the Al, in
good agreement with the value of 86 MeV/c found
at 2.1 GeV/A, averaged over many targets. '
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FIG. 1. Typical angular distributions for 60+&1,
i~0+Au at 92.5 MeV/A. The solid curves are the best
fit from Eq. (1); the dashed curves for o~ ~86 MeV/c.
The dotted curves result from folding the deflection
function with the momentum distribution due to the in-
trinsic nucleon motion; similarly for the fine lines, but
under the abrasion-ablation assumption.

The situation with the distributions of o~~ is
rather different. An inspection of the angular dis-
tributions (see Fig. 1) reveals that they are signif-
icantly broader than expected from the Fermi
motion alone. The solid curves are the best fits
in cr» from Eq. (1); the dashed curves pertain
to o, = 86 MeV/c. Figure 2 shows the ensemble
of all transverse-momentum widths, which are
nearly all in excess of 200 MeV/c with an over-
all systematic increase with fragment mass.
This behavior is in sharp contrast with that at
1.05 and 2.1 GeV/A where o~ t~

= v» to within 10%%uo,

The origin of these surprisingly large widths
may be understood if one notes that the projectile
is subject to an orbital deflection due to its inter-
action with the target nucleus before fragmenta-
tion takes place. The large fragmentation cross
section implies that a wide range of impact pa-
rameters contributes to this process, and as dif-
ferent impact parameters lead to different de-
flection angles, the orbital deflection gives an
additional dispersion of the transverse momen-
tum. Clearly the additional contribution to the

841



VOLUME 43, NUMBER 12 PHYSICAL REVIEW LETTERS 17 SEPTEMBER 1979

(a)300—

200—

(b)

Sk

~l

width of @~~becomes more important the lower
the energy of the projectile. Upon extending the
derivations of Ref. 3 to include orbital deflection,
we find
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FIG. 2. Observed o~ for each isotope for (a) O+Al,
117.5 MeV/A; (b) 0+Au, 117.5 MeV/A; (c) aO+Al,
92.5 MeV/A; (d) taO+Au, 92.5 MeV/A. For (a)-(c), the
fitted curves are the best two-parameter fit (vt and v2
both unconstrained; values found in Table g; curves in
(d) are for at~78.9 MeV/c; values of a~ from 0 to 300
MeV/c to show the presumed evolution of v& as one
goes from the extreme relativistic case to lower ener-
gies where the orbital dispersion of the projectile be-
comes significant.

where v,'= —,
' (pz~') = va' is the usual term due to

the intrinsic nucleon motion, and v, ' = —,
' (p„~') is

the variance of transverse momentum of the pro-
jectile at the time of fragmentation.

The quality of the two-parameter fits, accord-
ing to Eq. (2) is evidently good. Table I contains
the summary of the fitted and calculated values
of v, . Fitting the expermental v»(F) according
to Eq. (2), we fix v', =80, 86 MeV/c. However,
when a, is also allowed to be a free parameter,
its value is equal within errors to o~II, convinc-
ing evidence that the functional form of Eq. (2)
contains the essential physics. In Fig. 2, (a)-(c)
show the best two-para. meter fit (v, not con-
strained; values in Table I); (d) shows the family
of curves corresponding to one value of v„and
values of v, ranging from 0 to 300 MeV/c.

Having thus understood the average behavior of
the widths, we seek a more detailed description
of the angular distributions. %e consider a sim-
ple model in which the projectile is first de-
flected through the Coulomb-nuclear potential and
subsequently fragments. The angular distribu-
tion of any fragment is obtained by folding the

TABLE I. Summary of the fitted parameters ot and cr2 of Eq. (2) to the
experimental o». These are compated with our calculated values of o2
for f~0.6 and R ~ra(A~ +A2 ~), r&~1.2 fm; a~0.6 fm and V tabulated.

Target
E 1 a b( 0)
(MeV/A)

og

(MeV/c)

exp t
O2

(Me V/c)
& theor
O2

(MeV/c) (MeV)

Al

Al

Au

92.5

92.5

117.5

117.5

80
86

79.6 + 2.].~
80
86

78.9 +3.3
80
86

88.1 + 2.2
80
86

80.3+3.7'

223.0 + 2.3
215.2 + 2.4
223.5 + 3.5
198.1+3.9
189.8 + 4.0
199.5 ~ 5.8
198.1 + 2.6
192.5+ 2.7
192.5 ~ 4.4
188.2 + 4.2
179.4 +4.3
187.8+ 6.7

197.2

193.6

174.9

169.6

60'

85b

85

Two-parameter fit; o~ unconstrained.
& determined to reproduce the angular distributions at 92.5 MeV/A.
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projectile angular distribution from the classical
deflection function, |)(b), with the fragment mo-
mentum distribution due to the Fermi motion.
The nuclear potential is taken to be of the Woods-
Saxon form with radius parameter F0=1.2 fm,
diffusivity a = 0.6 fm, and a well depth to be deter-
mined. Both point charge and parabolic Coulomb
potentials were used in the nuclear interior and
the main difference appears to be at small angles
for which no experimental data points are avail-
able. The only other input to the calculation is
the fraction of the total cross section which ap-
pears as fragmentation, f= a fpgg/ogog This value,
0.6+0.1 for both targets, ' defines the range in
impact parameter (b„R) over which the deflec-
tion function operates in a sharp-cutoff represen-
tation. Here R is the sum of target and projec-
tile radii, R = x,(A, ' '+A, '~'). In terms of the de-
flection function the variance 0,' is given by 0,'

„'f~ N(b) sin2t)(b)db, and N(b) = 2b/(R2 —b,2)

is the weighting factor for the impact parameter.
Implicit in the calculation is the assumption that
the dispersion is principally refractive, or dy-
namic, rather than quantal; in the 100-MeV/A
region, this can be shown to be reasonably satis-
fied,

The comparison of the experimental angular
distributions with those resulting from the folding
procedure (dotted line, Fig. 1) indicate that the
shape of the angular distribution can be well re-
produced by choosing a potential well depth of 65
MeV for the Al target and 85 MeV for Au, which
are within the range of depths determined from
optical-model analyses. Two aspects of these cal-
culations deserve comment. The first is that for
the larger fragment masses, the angular distribu-
tions are predicted to peak at a nonzero angle.
Second, we observe that, while our choice of po-
tentials reproduces the average falloff of the data
with angle, the calculated angular distributions
are slightly wider for the lighter fragments and
narrower for the heavier fragments.

To examine to what degree this behavior may
be due to an impact-parameter dependence of the
final fragment mass, we have alternatively per-
formed these calculations assuming an abrasion-
ablation mechanism. Thus instead of the entire
range of impact parameters (b„R) contributing
equally to the calculated dispersion for all I',
weighted only by N(b), we now posit that the pro-
duction of a fragment of mass I' is associated
with a mean impact parameter b~. The b~'s are
calculated in the "clean-cut" geometry, and for
each I' the integration over impact parameters is

weighted further by a realistic smearing function, '
of Gaussian form with full width 2 fm and mean
b„. These calculations for the Au target are
depicted by the fine line in Fig. 1. Although sev-
eral difficult questions are left unaddressed in
this simple approach, it is clear that such an
impact-parameter dependence would manifest it-
self most strikingly near O'. On the other hand
both the abrasion-ablation model and that of pro-
jectile excitation followed by decay far from the
nuclear field of the target seem not to differ sub-
stantially in the tails of the angular distribution.

In summary, the large a~~ observed in the frag-
mentation of "0 in the vicinity of 100 MeV/A are
well described by incorporating the dispersion
due to orbital deflection of the projectile prior to
fragmentation along with Fermi motion. The
orbital dispersion is larger at 92.5 MeV/A than
at 117.5 MeV/A as expected, and both experi-
ment and theory diminish by the same ratio. The
calculations (nonrelativistic) for the case of "0
+Au at 400 MeV/A predict o, = 89 MeV/c, sug-
gesting that by 1.05 GeV/A the orbital dispersion
term will have vanished entirely, and isotropy
recovered. While present data cannot distinguish
between excitation followed by decay far from the
target, and abrasion-ablation mechanisms, meas-
urements into 0 will be of greatest utility for
reaction dynamics, and such measurements may
prove to be a useful tool in probing the nucleus-
nucleus potential for deep incursions of the tar-
get and projectile.
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ly scattered & at low energy from a pair of iso-
topes, one of which has reasonably mell-estab-
lished neutron and proton density distributions.
We measured the ratio of the differential cross
sections for the pair since both systematic er-
rors in the data and uncertainties in the theory
cancel to a large extent, In the low-energy re-
gion the & n elastic-scattering amplitude is much
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Differential elastic cross-section ratios and absolute cross sections have been measur-
ed for ' ''3C at 29.2-and 49.5-MeV averege & energy and for ' '' 0 at 29.2 MeV. Rarge
telescopes detected the scattered pions. The ratio data were compared with different op-
tical-potential calculations to extract neutron radii of 2.35+ 0.03 fm for '3C and 2.81+ 0.03
fm for ' 0, relative to the neutron radii of ~ C (2.31) and 0 (2.60), respectively. Our
studies indicate little sensitivity to the optical model used.

A long-standing question of nuclear structure
concerns the neutron density distribution which
is not nearly as well known as the proton distri-
bution. Various methods have been applied but
there are still major discrepancies between the
results obtained by different techniques. ' Here
we consider a new method that involves the meas-
urement of the angular distributions of elastical-
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