
VOLUME 35, NUMBER 15 PHYSICAL REVIEW LETTERS 13 OcTQBER 1975

Confirmation of the Predicted L Dependence in the Radial Form Factor for
Nucleus-Nucleus Inelastic Scattering
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The multipolarity Q) dependence of the inelastic form factor for heavy-ion-induced
excitations predicted by the folding model is confirmed in the analysis of the scatterirlg
of ~ N from ~~C and ~ 0 at 155 MeV. Agreement between the target deformation lengths
(PIR&) of these measurements and those from electromagnetic and proton experiments is
found when the strongly l, -dependent folding-model form factor is employed.

The main difference between the radial part of
collective inelastic form factors obtained by de-
forming the optical potential and those calculated
in a folding model by deforming the density di-
rectly is the intrinsic L dependence in the latter
model. " This L dependence is enhanced for
heavy ion projectiles. "

In the present note, we test the validity of the
L dependence predicted by the folding model by
extracting deformation lengths for different mul-
tipole transitions from heavy-ion inelastic data
and comparing them to values obtained with pro-
ton and electromagnetic probes. To this end it
is desirable to perform and analyze experiments
that (a) involve nuclei whose densities are well
known and where the collective strengths of the
target excited states of different L are reliably
known from electromagnetic and/or inelastic pro-
ton studies; and that (b) are performed at as high
an energy as possible so as to minimize the need
for corrections to the folding model.

A program of heavy-ion experiments already

in progress at the Texas A 5 M University cyclo-
tron provides results well suited for this test.
The elastic and inelastic scattering of "N from
"C and "0 at a nominal lab energy of 155 MeV
are selected and analyzed with the folding model
to demonstrate the validity of its predictions.
For comparison an analysis with Woods-Saxon
optical potentials and form factors is also pre-
sented.

The microscopic folding model we employ has
been described elsewhere. Its chief features
are that it (a) represents the leading term of a
systematic hole-line expansion for the nucleus-
nucleus interaction', (b) accounts for the fact
that the projectile and target nucleons are both
off shell; and (c) treats the projectile and target
on a symmetric footing. The resulting optical
potential V(r, E) is expressed as the convolution
of the target density p, and projectile density

p~ with the complex energy-dependent and den-
sity-dependent effective nucleon-nucleon interac-
tion g(Ã, E) [assumed localJ:

V(r, E) = JJd'r' d'r"
p~ (r')p, (r")g(r' —r" —r, E).

For the scattering Brueckner g matrix we have adopted a simple Ansatz:

g(R, E) = —2mb'[f (E)/MJ exp(-R'/r, ')(mr, ') ' ',

where M is the nucleon mass. We take x, to be
1.4 frn consistent with the range of the spin-iso-
spin-independent component of the t matrix at
medium energies. ' In the zero-density limit
f(E) is the experimental complex forward nucle-
on-nucleon scattering amplitude evaluated at the
relative velocity between a nucleon at rest in the

! projectile and a target nucleon at rest. The
many-body effects on f (E) (Fermi motion, off-
shell effects, and the Pauli principle) are then
treated in an average manner in a Fermi-gas
model. ' For simplicity we take a single total den-
sity (3'%%uq of saturation density) characteristic of
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the most important contributions to (1) for the pe-
ripheral reactions we consider here. This yields
f = 1.82+0.83i fm for a 155-MeV "N projectile
which is used for the calculations described be-
low.

The densities for "C, "N, and "0were select-
ed as follows. For "C we adopted the charge den-
sity of Friar and Negele' obtained by inverting
elastic -electron-scattering data. This density
was corrected for finite-proton-form-factor con-
tributions and then scaled to the total mass. For
"N, the depth of the state-dependent, single-par-
ticle potentials of Malaguti and Hodgson' were ad-
justed slightly to reproduce accurately the experi-I

mental binding energies in "N. The resulting
wave functions were squared and summed to yield
the density. A correction for spurious c.m. mo-
tion was applied according to the harmonic-oscil-
lator prescription. ' For "Q, we selected density-
dependent Hartree-Fock results of Negele' and
applied the e.m. correction. Thus, with the in-
gredients of V determined in advance there are
no free parameters in the model

Within this same microscopic approach, if we
invoke a macroscopic collective wave function
for the excited target states, we obtain'' the
total complex inelastic transition form factor
F~' of multipolarity L:

&~' (r) = p~R& &&' (x)Q„Y» (i') = p~R, Q„Jfd'r' d'r" Y»(k")p~(r')[ep, (r")/er "Jg(r' —r" —r, c). (2)
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FIG. 1. Heal parts of the potential, V, and intrinsic
radial form factor, I', as a function of radius.

In Fig. 1, we display the real part of V(r) and
the real part of the intrinsic form factor F~'(r)
predicted for "N-induced excitations of "Q at
154.3 MeV lab energy. Note especially the mag-
nitude difference between the L = 2 and L =3 in-
trinsic strengths from 7 to 8 fm, the important
surface region. Here, the folding model predicts
the I, = 2 intrinsic strength on the average to be
more than 6(P/p stronger than the I.= 3, corre-
sponding to a factor of more than 2.5 in cross
section. A slightly smaller difference is predict-
ed for the ' N+ "C reaction.

In order to amplify these remarks we compare
the folding model with the conventional phenome-
nological method by selecting a Woods-Saxon po-
tential V»(r)= —(V, +i%,)/f1+exp[(r R)/a]}-
from the infinite class of potentials that agree in
strength and slope with V at the strong-absorp-

tion radius, ' 7.6 fm. The V~s chosen also yields
an intrinsic form factor Bv»/Br in agreement
with the folding-model 2' intrinsic form factor
at this same radius. The resulting parameters
are V, =33.2 MeV, 8,'=15.1 MeV, R, =5.92 fm,
and a=0.70 fm. The real parts of V» and Bv»/
Br are shown in Fig. 1. Similarly, we find for
"N-induced transitions of "C, V, = 24.9 MeV,
Wp 11 4 MeV, R, = 5.65 fm, and a = 0.70 fm.
Thus, we have performed no searches on the
parameters of either the folding or phenomeno-
logical models for the potential and in'"insic in-
elastic form factors.

A beam of ' N" ions at 155 MeV nominal ener-
gy from the Texas A f,: M University cyclotron
was used to bombard a 430-pg/cm' natural-car-
bon target and a gas cell target containing en-
riched "Q at a pressure of 100 Torr. Qutgoing
particles were detected in a solid-state counter
telescope. A more detailed description of the
experimental procedure will be given elsewhere. "
The overall energy resolution was typically 400
keV, due mainly to kinematic broadening (the
detector acceptance angle was between 0.2' and
0.5'), but was adequate to separate the peaks of
interest except for the 3 state in "Q where the
0' state at 6.06 MeV was not resolved. Yields
were extracted by shape filling, a procedure
which added about 5%%uo uncertainty to the inelastic
cross sections. The error in the absolute nor-
malization was estimated to be smaller than 1S/g.
However, results from several independent runs
showed that reproducibility was not better than
20%%uo. This is presumably due to difficulties in
adjusting the beam optics in the present system.
The absolute angle was determined to +0.3' by
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FIG. 2. Elastic and inelastic scattering cross sec-
tions for N+ 0 and 4N+ C. Note that 0 is sup-
pressed. Error bars indicate only the statistical er-
rors. The data have a +20% uncertainty in absolute
values which is resolved in the usual manner by nor-
malizing the measured to the calculated elastic cross
sections, This does not affect either the ~eEative elas-
tic and inelastic cross sections or the relative P& val-
ues. There are 5% random uncertainties as discussed
in the text. No corrections for finite angular accep-
tance or beam spot size have been applied.

a 0' measurement of the residual beam with the
ion source off.

In Fig. 2 we compare the folding-model pre-
diction with the data for the elastic scattering. "
The agreement in the details of the elastic angu-
lar distributions provides a test of the folding
model and its ingredients (densities and g matrix).
Note that & ~s gives equally satisfactory agree-
ment with the elastic data. Also shown in Fig. 2
are the inelastic cross sections evaluated in the
distorted-wave Born approximation" and scaled
to the data by the choice of p~R (meaning p~Ar or
p~R„depending on the model). The agreements
of the calculated shapes are generally good, but,
in detail, the more collective transitions (3 in
"0 and 2' in "C) fit better. There are some am-
biguous features in the fits to the other inelastic
angular distributions, but the overall rate of fall-
off is correctly reproduced. Shape difficulties
for these states have also been encountered in
phenomenological studies with n particles" and
heavy ions. " There are idnications of improve-
ment'" in angular shape for these less collec-
tive cases when a microscopic target transition
density is used in the folding model.

The central results of this effort are presented
in Table I. For all transitions the deformation
lengths extracted with the strongly L-dependent
folding-model form factor agree well with those
extracted from electromagnetic and inelastic pro-
tion studies. Additionally, the systematic diffi-
culties found in the Woods-Saxon analyses shown
in Table I are understood. In both experiments,
the Woods-Saxon analyses predict a much small-
er pQ, than the other measurements because of
the lack of L dependence in the Woods-Saxon in-
trinsic form factor.

*Present address: Physics Department, Iowa State

TABLE I. Deformation lengths p~R in fermis extracted from this data
with the L -dependent foMing model and the phenomenlogical Woods-
Saxon approach and compared with results of other experiments. Note
that R =1.2k~ ~ is assumed for electromagnetic PIR.

Nucleus
This work

Folding Woods-Saxon
Electromagnetic

and proton

16p

12+

2+

3
2+

3

0.90
2.1
1.6
1.5

0.67
1.2
1,3
0.72

0.86-0.88
2.0 -2.5
1.5 -1.8
1.1 -1.4

See Ref. 16. See Ref. 17.
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Saturation of the Gentle Bump Instability in a Random Plasma
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It is shown that as a result of density fluctuations, the phase velocity domain of the
gentle bump instability can be greatly broadened, leading to a different saturation of the
instability. A part of the beam is accelerated and the turbulence power at saturation is
lowered.

It has recently been pointed out that the growth
rate of a high-frequency instability can be modi-
fied by a nonresonant interaction with low-fre-
quency turbulence. "' This effect is qualitatively
similar' to the effect of density fluctuations on
the spatial growth of an instability. The following
investigation of the gentle bump instability in the
presence of random inhomogeneities describes
the saturation of this instability in the presence
of nonresonant low-f requency turbulence. The
saturation process presented here is different
from the saturation of the gentle bump instability
in the presence of a coherent ion fluctuation'
which allows a part of the beam energy to be ab-
sorbed by the main plasma.

I consider a one-dimensional plasma with a
density n(x) =8+5n(x) fluctuating around an aver-
age density K. A fast beam (with mean velocity
u»va„ the thermal velocity), satisfying the
O' Neil-Malmberg4 criterion for the kinetic beam-
plasma instability, is streaming from the point
x =0 towards positive x. Provided that the typi-
cal scale for the density fluctuation is much
greater than the typical wavelength of the insta-
bility, a given frequency (d is related to a local
wave number k(m, x) given by

(u = Q(k((u, x),n(x)),

where Q(k, n(x)) = [~~'(x) + Sk'va, ']'I' (Bohm-Gross
relation) depends on x only through n(x). With
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