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Angular distributions of 'He particles from the three-neutron pickup reaction "C('He, 'He)' C have

been measured for transitions to the two lowest states of ' C, the J"= 0+ ground state and 3.35-MeV
J" = 2+ state. Observed anomalies in the shapes and magnitudes of these distributions cannot be

explained theoretically by zero-range distorted-wave Born-approximation calculations.

I. INTRODUCTION

The ('He, 'He) reaction has been used over the
past three years principally for the precise mea-
surement of masses of proton-rich nuclei in the
2s-1d shell. ' These nuclei, such as "Si, are the
T, =-—,

' member of isospin multiplets, and the re-
sulting masses have provided a test of the isobar-
ic multiplet mass equation. This reaction has
also been recently used to extend our knowledge
of proton-rich nuclei in the 1f,f, shell and also to
obtain the spectra of these nuclei. ' The extremely
small cross sections which have been measured
for the ('He, 'He) reaction have inhibited the mea-
surement of detailed angular distributions for
most targets. A partial angular distribution for
the "C('He, 'He)'C reaction measured earlier, '
together with some angular distribution data on
various targets, showed enough structure to make
a strong case that a direct-reaction mechanism
is principally involved in this reaction.

The present experiment is aimed at testing the
reaction mechanism by studying a case in which
both initial and final states are well known, the
"C('He, 'He)"C reaction. The initial interest was
inspired by a measurement of 'He spectra at 8»

=9'in which the yield to the J' =2', 3.35-MeV
level of "C was found to be about 40 times great-
er than the yield to the J' =0' ground state. This
ratio aroused theoretical curiosity and also led to
the present measurement of a more complete an-
gular distribution for this reaction.

II. EXPERIMENTAL METHOD

AND RESULTS

The "C('He, 'He)"C reaction was induced with

V0.3-MeV 'He from the Michigan State University
cyclotron. The reaction particles were detected
in an Enge split-pole spectrograph. The position
on the focal plane was measured in a detection
system consisting of a single-wire proportional
counter with —,

' -mil Kapton entrance and exit win-
dows. 4 A thin plastic scintillator mounted on a
photomultiplier tube was placed behind the pro-
portional counter and provided time-of-flight in-
formation and also some particle discrimination
based on the energy loss in the plastic scintillator.

A block diagram of the electronics used in the
experiment is shown in Fig. 1. The setting of the
various coincidence requirements is considerably
simplified by the use of partial coincidence re-
quirements. Thus the spectrum corresponding to
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the time of flight of the reaction particles from
the target to the plastic scintillator becomes
easily recognizable when it is gated by coin-
cident events from the proportional counter,
since the procedure eliminates most of the y-ray
pulses in the plastic. The setting of the time
window to select the rare '8e particles is facili-
tated by the presence of the far more numerous
tritons, which for the same magnetic rigidity
have the same time of flight. For particles other
than 'He, precalculations of the flight-time spec-
trum of various reaction particles makes it pos-
sible to set the window accurately, and in addition
reduces the confusion which results when the time
of flight is greater than a single cyclotron period.
Small changes in the time window were made dur-
ing the taking of the angular-distribution data to
take account of the rather large kinematic effects
and hence magnetic -field changes required. This
system in the focal plane of the spectrograph pro-
vides a high degree of particle discrimination and
in addition is virtually 100%%uq efficient.

The target consisted of a 0.2-mg jcm'-areal-
density self-supporting foil of carbon enriched to
90% in '~C. A beam current of 0.4 pA was used
and the solid angle was defined by 2'X2' slit
(1.2 msr). Two of the 'He spectra measured are
shown in Fig. 2, one for 8» =12'and the second
for 8» =24'. It is apparent from these spectra
that at 12 there is indeed a very small excitation
of the J'=0' ground state of ' C. It is worth not-
ing that in spite of the very small cross sections
the spectra include practically no bachground,

although a few counts between the peaks are pres-
ent which may be due to the (~He, BHe) reaction on
slight contaminations of heavier atoms in the tar-
get.

The experimental results for the angular distri-
butions are shown in Fig. 3. Both the J' =0'
ground-state and J"=2+ first-excited-state angu-
lar distributions show the rather marked struc-
ture which characterizes a direct reaction (or
perhaps a direct surface reaction) process. It is
indeed puzzling to see the degree of dissimilarity
in the two angular distributions, especially since
one would expect, in a simple picture, to see the
same L transfer for both transitions. Before we
discuss the theory and attempt to explain these
unusual data, we note that the peak differential
cross section of 3.5 pb/sr in the angular distri-
bution for the transition to the J"=2' ' C state
represents the largest cross section we have mea-
sured for the (SHe, 'He) reaction in our investiga-
tions of this reaction on targets from carbon to
lead.

III. THEORY

In an effort to understand the mechanisms of the
present reaction, standard distorted-wave Born-
approximation (DWBA) calculations were made
assuming a direct one-step process and using the
zero-range approximation. The procedure for
computing cross sections under these assumptions
is well described in review articles, ' so only a
brief description is given below. However, the
method used here for computing the radial over-
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FIG. 1. Block diagram of the electronics used in the detection and identification of the He particles in the focal plane
of the magnetic spectrograph.
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FIG. 3. Angular distributions of He particles for the
3C(3He, eHe) C reaction to the 0+ and 2+ states of

The solid lines are drawn through the experimental data.

laps in the three-nucleon-transfer form factor is
different from that commonly used, and is there-
fore described in some detail.

If we denote the present reaction by A. (a, b)B,
the transition amplitude can be written as

T~-Jl dP, dP, P (k~, r,)q+(k„r,)

x ~r dye'„'(r„f, )V F„~„"(r„r„r,)g'„'(r„f,),

where g and (' are the scattering waves of the
outgoing 'He and incoming 'He nuclei, respective-
ly, and g'~, (P~, (,) and P" (r„g,) are their corre-
sponding internal wave functions. The quantity
F ~@~+„(r„r„r,) is the nuclear overlap of the tar-
get and residual nucleus, V is the interaction po-
tential between the incoming projectile and the
three transferred neutrons, and g represents all
nucleon coordinates other than the center-of-mass
positions of 'He and He (i.e., r, and r~). The nu-
clear overlap is given in terms of the three-nu-

TABLE I. Quantities needed for computing transition strengths to the J"=0 and 2 states in ~DC.

Final state
in ~OC

J~T

Quantum numbers
of transferred

neutrons
J T N

Transfer
orbital

momentum
I

Overlap
integral
Ars, «)

Spectroscopic amplitudes
Cohen Hauge

and and
Ku rath Maripuu

0 1
3
2

3

Y

g(r)

g (&)

g(&)

-1.187

+0.807

+0.277

-1.261

+1.520

-1.209

+0.958

+0.084

-1.488

+1.816
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cleon spectroscopic amplitude S~~~ by

y &a&a(p~ p~ p)
=Q C(JJ Z„;'MM M„)S„rp„(r„r,r ),

where gT is the spin-isospin of the three trans-
ferred neutrons. The three-nucleon wave func-
tion g~~r is constructed from the jj-coupled shell-
model functions as

4~v(&x &. &s)

=(&1 &2 &3I(P3/2) ~Ti (Pi/2) JTiJ™)
where N is the number of nucleons in the p,~2

shell. Since aQ the three transferred particles
are neutrons, we find that there are only five
possible antisymmetric wave functions. These
are uniquely specified by N and J, and a,re listed
in Table I. Angular momentum conservation only
aQows J =& transfer to the J"=0' ground state
in "C; we see from the table that there is only
one such function. The remaining four functions
can contribute only to the J"=2' excited state.

To evaluate the overlap integral inside the
square brackets of Eq. (1), we first make the
zero-range approximation, 7,= P, . The overlay
integral then factors into three separate terms,
each containing three integrals over the coordi-
nate space of a transferred particle. We also
assume that the 'He wave function can be ex-
pressed in terms of the 'He wave function with
the three extra neutrons in shell-model orbits
about the 'He,

In this expression g~/H2, is the SHe internal wave
function, P„, are single-particle wave functions,
9 is the antisymmetrization operator, and the
brackets denote spin and orbital angular momen-
tum coupling. The angular dependence of the over-
lap integral can be made explicit by coupling the
transferred nucleons to the 'He spins. We there-
fore redefine the overlap integral as

With the angular dependence specified by the
coupling, we can determine the radial overlap,
g~~ (r), by carrying out the nine integrations at
only one angle. It was convenient to evaluate the
integrals by rotating the yrojectile to the g axis,
and using the m representation for the shell-mod-
el functions of Eqs. (2) and (4). We find, as ex-
pected, that only natural-parity transitions (i.e.,
L = I or L =3) are possible, as shown in Table I.
'Upon performing the three "g -coordinate" inte-
grations with the LS-coupled 'He wave function of
Eq. (4), we furthermore find that all radial over
1aps have the same functional dependence on the
projectile coordinate, and that the L =3 overlay
is identically zero. This is shown explicitly in
column 4 of Table I. Under such circumstances,
the calculated cross sections mill have, unlike the
data of Fig. 3, the same angular dependence, with
a ratio depending only on the spectroscopic ampli-
tudes (provided one neglects spin-orbit terms in
the 'He and 'He optical potential). The theoretical
ratio of the cross sections is found to be

(6)

where the factor & comes from a statistical
(2Z+ 1) ' dependence of the cross section on the
square of the form factor. It arises when one
sums over M„and M~, as can be seen from the
Clebsch-Gordan coefficient in Eq. (2).

The spectroscopic amplitudes mere computed
for three representative sets of shell-model wave
functions, using routines for one- and two-parti-
cle spectroscopic amplitudes in conjunction with
the Oak Ridge shell-model code. ' The resulting
numbers are given in the last three columns of
Table I. Note that the amplitudes from the "jj-
coupling limit" are quite different from the other
two more realistic calculations. The theoretical
value' of R can be computed directly from Eq. (6)
and Table I to be 0.41V and 0.3VI for the shell-
model states of Cohen and Kurath, ' and Hauge and
Maripuu, ' respectively. From Fig. 3, we see im-
mediately that there is a large discrepancy be-
tween experiment and theory. In fact, the exyeri-
mental ratio of integrated cross section for an-
gles up to 8, =45 is A=4.5, which is an order of
magnitude larger than theory.

This variance can possibly be attributed to the
approximations made in evaluating the integrals
of Eq. (1). If higher-order corrections are includ-
ed, we mould expect only the J =2' cross section
to change significantly; the J' =0' cross section
should retain its "zero-range" shape because it
proceeds through only one channel (c.f. Table I).
For this reason we compare only the data for the
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ing radial overlap is shown by the solid curve in
Fig. 4(a).

The cross sections in Fig. 4(b) were computed
by numerically inserting the two radial overlaps
into the zero-range DWBA code DWUCK of Kunz.
Rather than varying the optical-model 'He and 'He
parameters to obtain agreement with experiment,
these parameters were taken from previous ex-
periments of 'He elastic scattering on "Al,"and

(d, 'Li) reactions on several 1p shell nuclei. "
The parameters used, of course, have consider-
able uncertainty. However, reasonable variations
of these parameters were considered and found to
produce only minor changes in the cross-section
shapes. As expected, the Woods-Saxon overlap
yieMs results in much better agreement than does
the oscillator approximation.

A final attempt to improve the theory was made
by using the following more realistic 'He wave
function' ' '4

I I I I I l I I I

IO 20 50 40 SO
c.m. SCATTERING ANGLE (deg)

FIG. 4. (a), (b) The theoretical radial overlaps and
cross sections are shown for the ground J' =0+ state
in C. The solid and dashed curves correspond to us-
ing Woods-Saxon and harmonic-oscillator single-parti-
cle wave functions, respectively.

ground state of "C with distorted-wave calcula-
tions. If the single-particle w'ave functions are
assumed to be oscillator functions, the radiak
overlap of Eq. (5) can be determined analytically
as

3 J'
g(r) =Nrexp =(

I 2

where N is a normalization constant, and b, and

b, are the harmonic-oscillator size parameters
for 'He and ' C, respectively. The dashed curve
in Fig. 4(a) shows the radial overlap when we

choose the size parameter to be I.V fm for both
nuclei. We also evaluated the overlap using wave
functions of a Woods-Saxon well with diffuseness
a =0.65 fm, and radius R, =1.5 and 1.4 fm for 'He
and "C, respectively. (These parameters are
similar to those of other works in the 1p shell. ")
The well depth V, was then chosen so that the ei-
genenergies were consistent with the observed
neutron separation energies in carbon and helium.
The particular energies used were 0.50 Me7 and
21.06 MeV for the 1s and 1p orbitals in He, and
12.37 Mev for the 1p orbitals in "C. The result-

x(0 95[~ p ]L 0's o-030[y y jL 1's 1}.

For this case, the radial overlaps are found to be
nonzero for all five three-particle amplitudes,
and consequently an I.=3 term does contribute to
the J"=2' cross section. A detailedcalculation,
however, shows that the corresponding changes
in the cross section are quite small.

Thus these zero-range DWBA calculations ex-
plain, at most, only the yield to the ground state
in "C. From Eq. (6), we see that our failure to
predict the relative magnitude of the J' =2' cross
section cannot be due to our lack of knowledge
about the He and He optical potentials. Also, a
careful analysis of the spectroscopic amplitude to
the J' = 0' state reveals that this discrepancy is
not caused by "accidental" cancellation of eigen-
vector components in "C and "C.

IV. CONCLUSIONS

The "C('He, 'He)"C reaction, in spite of its
very weak cross section, appears to have angular
distributions characteristic of direct surface re-
actions. However, the ratio of the yield to the
ground and first excited states of ' C and the dif-
ference in the shapes of the angular distributions
cannot be explained by simple DWBA zero-range
theory even when reasonably realistic wave func-
tions are used. It is probable that multiple step
processes and other second-order effects are
very important. The apparent selectivity of the



2256 KASHY, BENENSON, PROCTOR, HAUGE, AND BERTSCH

reaction is then probably not a nuclear structure
effect, but rather a facet of the reaction mecha-
nism. Future studies of the ('He, 'He) reaction
on targets of "Mg and '4C will be useful in ans-
wering the questions posed by the present experi-
ment.
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We consider a projectile scattering elastically from a system of finite-mass constituents via a separable

microscopic interaction. In order to reduce the situation to a solvable problem, several standard

assumptions are necessary. The validity of these assumptions can be checked in a given model problem.

The optical potential is identified by comparing the multiple scattering series we obtain with that

obtained in the equivalent one-body problem. The optical potential explicitly exhibits the effects of the

Fermi motion and finite mass of the target particles and is a generalization of an optical potential

obtained earlier. Our results are in a form suitable for application to intermediate energy projectile
many-body target scattering.

I. INTRODUCTION

The concept of the optical potential has been ex-
tremely useful for reducing the complexities of
the many-body elastic scattering problem to the
simplicity of the equivalent one-body problem. Op-
tical potentials not only provide a convenient way
of describing elastic scattering but yield valuable
input, in the form of distorted waves, for current-
ly fashionable approaches to inelastic scattering
and reaction processes such as the distorted-
wave Born approximation. Qf course one wishes

to understand the relationship between the optical
potential and the more elementary interactions be-
tween the (perhaps complex) projectile and the in-
dividual constituents of the target. In this way,
for example, one may limit the geometrical forms
adopted for the optical potential whose parameters
are to be obtained by fitting to a given experiment.
In addition, by studying microscopic theories of
the optical potential one gains some insight into
(1) the limits of validity of the concept and (2) the
dependence of the optical potential on the energy
of the projectile and the detailed characteristics


