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Observation of 12C cluster transfer by angular correlation measurements
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Angular correlations between deuterons and alphas in the reaction C( N, d) Mg'(a) Ne(g. s.)
at beam energies of 30, 33, 36, and 42 MeV have been used to investigate the reaction mechanism.
Evidence for possible C cluster transfer to the 13.45 MeV 6+ state in Mg is presented. The
transfer of C(2+) clusters seems to be the dominant process. In addition to the correlation
measurements, deuteron angular distributions were measured at 33 and 42 MeV and an excitation
function at a lab angle of 8' was obtained between 30 MeV and 45 MeV in 3 MeV steps. The
angular correlations, deuteron angular distributions, and the excitation function were fitted using
the finite range distorted wave Born approximation (FRDWBA) and the Hauser-Feshbach formalism
of compound nucleus formation.

PACS number(s): 25.70.Hi, 25.70.Gh, 24.60.Dr

I. INTRODUCTION

It has long been generally accepted that compound nu-
cleus formation [1,2] is the dominant reaction mechanism
in heavy-ion reactions which involve the rearrangement of
many nucleons, such as in the ~2C(~4N, d) reaction [3—6),
even though some possible multinucleon transfers were
proposed [7]. Angular distribution and excitation func-
tion measurements were used to obtain various nuclear
parameters, such as nuclear temperature, level density,
critical angular momenta, etc. , in the &amework of the
Hauser-Feshbach modeL However, it has been shown by
Artemov et al. [8] that angular distributions of multinu-
cleon transfer reactions are rather insensitive to the reac-
tion mechanism (statistical and direct reaction models)
and therefore such studies may be of limited use in distin-
guishing between them. Angular correlation techniques
[9] have previously been used to study 12 nucleon transfer
to the 13.45 MeV 6+ state of Mg in the C+ N sys-
tem [10,11], but conHicting conclusions about the reac-
tion mechanism were arrived at in these two experiments.
Representatives from the two groups collaborated on the
current work, and a consensus has been reached.

If the deuterons in the reaction ~2C(~4N, d)24Mg are
detected at 0' with respect to the beam axis and the

Mg nucleus decays to spin zero fission fragments, then
the projections of all orbital angular momenta along the
beam direction vanish and the spin projection of the
residual 4Mg can only ass»me the values m = 0, +1, and
+2. The population parameters p(m) can be determined
experimentally by studying the decay of Mg into the

spinless n nucleus and the ground state of Ne, which
accounts for roughly 25'%%uo of the total decay strength.
Compound nucleus formation and ~2C(2+) cluster trans-
fer can populate all these magnetic substates while in the

C(g.s.) cluster transfer only the m = 0 substate can be
populated (under the assumption that the rather weak
spin-orbit interaction is negligible). For compound nu-
cleus formation, the population of spin projections can
be calculated from the Hauser-Feshbach formalism [12].
Recent calculations [13] of compound nucleus formation
using the Hauser-Feshbach formalism with various cou-
plings of spins have generated results that depend only
slightly on the choice of model parameters as well as the
incident beam energy, with p(0):p(1):p(2)= 0.4:0.4:0.2.
Contributions from a direct ~2C(g.s.) transfer would in-
crease the p(0) population parameter. The population
parameters for 2C(2+) transfer are calculated within the
framework of the finite range distorted wave Born ap-
proximation (FRDWBA) [14,15] (see Sec. III). These
calculations show that for ~2C(2+) direct transfer the
values of p(m) have substantial dependence on the N
beam energy if more than one value of the orbital angular
momentum contributes. This kind of behavior has been
observed in our recent measurements, and it is in sharp
contrast to that of compound nucleus formation and to
direct C(g.s.) transfer, where the values of p(m) are
stable over a wide range of the beam energy. Angular
correlation measurements are therefore a powerful tool
in distinguishing between these reaction mechanisms.

II. EXPERIMENT

'Current address: Wayne State University, Detroit, MI
48202.

One of the greatest difficulties in a correlation experi-
ment using a heavy-ion reaction is to obtain coincidence
data with adequate statistics for a process with a small
cross section, with the additional constraint of having
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to use a thin target to obtain good energy resolution
for the observed particles. In our correlation measure-
ments of the C( N, d) Mg reaction, a 30 pg/cm self-
supporting C target was bombarded with N beams of
30, 33, 36, aad 42 MeV &om the University of Pennsylva-
nia Tandem Van de Graaff Accelerator. The deuterons at
0' were momentum analyzed in a double focusing mag-
netic spectrometer with an acceptance angle of +3.5'
in the horizontal plane and +1.8' in the vertical plane.
They were detected with a 10 cmx2. 5 cm double sided
position sensitive silicon detector placed in. the focal
plane which was covered with a 42 mg/cm Ta foil to
stop beam particles that otherwise may strike the detec-
tor. The magnetic spectrometer was also used to measure
deuteron angular distributions at 33 and 42 MeV &om
8~ b ——0' to 24 in 4' steps and the excitation function
&om 30 to 45 MeV in 3 MeV steps for 8~ b ——8 . The
momentum analyzed particles were identified by their en-
ergy and position on the focal plane detector, which was
related to the excitation energy of the residual ~4Mg nu-
cleus. Examples of energy and position spectra for the
spectrometer centered at 0' are shown in Figs. 1 and 2,
respectively.

The a particles &om the decay Mg~ Ne+o. were
detected by two 5 cmx1.7 cm silicon detectors, each di-
vided into 25 strips, one on either side of the beam. To
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FIG. 2. Position spectra for deuterons from the position
sensitive detector in the focal plane of the magnetic spec-
trometer in coincidence with o. particles for beam energies of
(a) 33 MeV and (b) 42 MeV. The peaks are labeled with their
excitation energy in MeV and with J values of known states
in Mg.
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FIG. 1. Energy spectra from the position sensitive detec-
tor in the focal plane of the magnetic spectrometer at 0 for

C+ N at beam energies of (a) 33 MeV and (b) 42 MeV.
The peaks are labeled by particle types. For a beam energy
of 33 MeV, the deuterons are fully stopped in the detector,
while at 42 MeV they are not fully stopped, which accounts
for the shift to the left in the deuteron energy between 33 and
42 MeV.

extend the measurements to smaller angles, the target
was moved &om the center of the scattering chamber to
a position 5 cm upstream along the beam direction. The
total angle coverage of the position sensitive detectors
extended &om laboratory angles of 8.5' to 70' (l3' to
120' in the center of mass for the 33 MeV beam energy).
At the small angle setting, the a detectors were covered
with a 9 mg/cm Ni foil at 33 MeV and a 10.7 mg jcmz
Ni foil at 42 MeV to stop elastically scattered beam par-
ticles. The relative solid angles of the strips of the a
detector were determined Rom a calibration with an a
source placed ia the two target positions. The average
angle was calculated for each strip. Because of the rectan-
gular shape of the strips, this average angle is somewhat
larger than the center angle of a strip in the reaction
plane. This correction varies betweea 0 and 2' from the
largest to the smallest angle. Random coincidences were
typically at a level of less than 10'Fo of the counts in the
13.45 MeV 6+ peak, and the d-a angular correlation was
calculated for the background on one side of the peak
and subtracted &om the d-o; angular correlation for the
13.45 MeV 6+ peak.

For some recent runs, an annular detector subdivided
into ten segments was provided by the Kurchatov In-
stitute of Atomic Energy of Russia. Each annulus had a
width of 2 mm aad was separated &om adjacent segments
with 1 mm wide inactive masks. The annular detector
covered an angle range from 4.6 to 19.3 in the labo-
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ratory system (from 7' to 34' in the center of mass for
33 MeV) and had a solid angle 2—3 times larger than the
rectangular position sensitive detector. It was used to
obtain small-angle correlation data at beam energies of
30, 33, 36, and 42 MeV.

A great deal of attention has been paid to the ability
of the experimental setup to detect l = 6 minima in the
angular correlations. The entire apparatus was subjected
to a test experiment. The ~2C(~2C, cr)2oNe(6+, excitation
energy=8. 78 MeV) reaction was used for this purpose.
The o. decay for this state is pure l = 6, m = 0. An
extremely thin C target was used to minimize contam-
ination from known nearby levels. The measured angular
correlation was best fit using the Legendre polynomials
l = 6 and 1 with 97% l = 6 and 3% l = 1, which suggests
that amplitude attenuation is not a major effect. For each
strip in the position sensitive detector, the range of the
center of mass angle varied by up to a few degrees from
the average value. This variation is very small compared
to the angular size of the oscillations in the angular cor-
relation for any l = 6 spherical harmonic, and therefore
folding of the calculated cross sections was not necessary.
As is discussed in Ref. [11],the deuteron has a low center
of mass energy and angular momentum, at most l = 4.
For such low spins, the correction for deuterons slightly
off 0' is negligible.

III. FINITE RANGE DWBA CALCULATIONS

A total of eight angular correlations in the
FRDWBA formalism were calculated using the computer
code DwUcKs [16], one for each of the possible angu-
lar momentum configurations of the direct C transfer
relevant to the current work. Two states of the trans-
ferred C nucleus were considered: the C ground state

C(g.s.) and the lowest lying 2+ state ~2C(2+).
In the transfer of ~2C(g.s.), the orbital angular mo-

mentum of the ~2C(g.s.)~2C(g. s.) cluster is l = 6,
while for the ~2C(2+) transfer the orbital momentum
can take one of three values, l = 4, 6, 8, which yields
a total of four combinations of the intrinsic C spin
and the orbital angular momentum. For each of these
four combinations, the angular correlation was calculated
for the two configurations of the ~2C and deuteron cou-
pling in the N projectile: L = 0 and 2 relative orbital
momentum. The strengths of the two relative orbital
momentum states were taken from Cohen-Kurath two-
particle coefficients of fractional parentage (CFPs) [17]
and were 0.596:—0.122 for ~2C(g.s.)d, and 0.389:0.807
for C(2+) d for (L = 0, 2), respectively. The final

angular correlation is an incoherent sum of all different l

transfers for the two C clusters.
The structure of the J=6+ state in Mg at 13.45 MeV

of excitation is not well known, and therefore the relative
strength of ~ C(g.s.)I8I C(g.s.) and C(g.s.) C(2+)
was left as an adjustable parameter.

Optical model parameters used in the calculations are
listed in Table I. An upper limit of integration length,
R „=15 fm, and a maximum number of partial waves,
L „=25, were used. The optical model parameters
were based on calculations done in Refs. [1,3,4], but the
well depths were modified slightly in the current work.

IV. RESULTS AND DISCUSSION

Angular correlations for the ~2C(~4N, da)2oNe(g. s.) re-
action proceeding through 24Mg'(6+, 13.45 MeV) as the
intermediate state, for deuterons measured at 0', are
shown in Fig. 3 for two beam energies. Fits indicated in
the figure are incoherent sums of spherical harmonics,

= P(0) IV,'I' + P(1)I&,'I'+ P(2) IV,'

The experimental population parameters are obtained
kom best-fit matrix inversions. The experiment shows
different behavior for the two beam energies of 33 and
42 MeV. This difference is refiected in the population
parameters for the best fits which are summarized in Ta-
ble II. Also plotted in Table II are the calculated pop-
ulation parameters for direct ~2C(2+) transfer and for
compound nucleus formation (see below). Forward angle
data were obtained with the annular detector at two ad-
ditional beam energies, 30 and 36 MeV. They are shown
together with best fits in Fig. 4. They also support the
observation that the shape of the correlation is changing
rapidly as a function of beam energy.

The statistical model substate population parameters
are taken &om calculations which were published in
Ref. [8]. These calculations cannot reproduce such rapid
changes with beam energy. In order to explore the abil-
ity of FRDWBA calculations to reproduce such a strong
energy dependence of the population parameters and an-
gular correlations, we have performed calculations at six
different beam energies in 3 MeV steps between 30 and
45 MeV. We simplified the calculations by only includ-
ing the transfer of ~2C(2+) clusters and neglecting the
contributions from C(g.s.) cluster transfer. Justifica-
tion for this approximation comes &om the fact that in
the ground state wave function of N the configuration

C(2+) d is about 10 times more probable than that of

TABLE I. Optical model parameters applied in the calculations. R = ROA~ for Mg+d and
' C+d;R=Ro(A. +A ) for C+ Nand C+ C.

Channel
»g+~4N

Mg+d
12/+12/

V (MeV)
100

109.5

RoR (fm)
1.19
1.35
1.17
2.18

aR (fm)
0.48
0.86
0.75
0.825

W (MeV)
27.4

7
0
0

Roi (fm)
1.26
1.45

aI (fm)
0.26
0.681

Roc (fm)
1.24
1.4
1.4
1.4
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TABLE II. Population parameters from different fits for d-o, angular correlation function.

P(m)
P(0)
P(1)
P(2)

Best fit
33 MeV

0.47+0.04
0.26+0.02
0.26+0.03

3.27

42 MeV
0.19+0.04
0.55+0.02
0.26+0.04

1.15

FRDWBA
33 MeV 42 MeV

0.33 0.38
0.26 0.46
0.41 0.16

Statistical model
33 MeV 42 MeV

0.39 0.39
0.36 0.36
0.25 0.25
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~2C(g.s.)sd, as well as that the magnetic substate pop-
ulation parameter P(0) is below the compound nucleus
value at 42 MeV, which suggests a weak contribution
from ~zC(g.s.) transfer. The results of the calculations
are shown in Fig. 5 and summarized in Table III (the
results for 33 and 42 MeV have been included in Table
II under the column labeled "FRDWBA"). The qualita-
tive changes in the angular correlation as a function of
beam energy are well reproduced by these calculations.
The fact that FRDWBA calculations can reproduce these
changes while the statistical model is unable to do so con-
stitutes strong evidence for the importance of the direct
process in this reaction.

Figure 6 shows the cross section measurements for the
~2C(~4N, d)24Mg reaction for beam energies from 30 to
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45 MeV for ei b(deuteron) of 8'. Our setup was not ide-
ally suited for this measurement because the Faraday cup
for beam charge integration had to be placed inside the
rather small scattering chamber and it was therefore too
small to assure complete charge collection. The 10—15%
errors are mainly due to uncertainties in the integrated
beam intensity. The solid curve is a FRDWBA calcu-
lation, again neglecting the transfer of a C cluster in
the ground state. The calculated cross sections are ex-
tremely sensitive to the depth of the imaginary poten-
tial. A decrease in the depth of the imaginary poten-
tial for entrance and exit channels of a few MeV results
in an increase of the calculated cross sections of 10—50
times without much in6uence on the population parame-
ters p(m). Statistical model calculations of the excitation
function are also shown in Fig. 6 and give results with an
absolute magnitude at least a factor of 10 smaller than
the measured cross section and show a rapid fallofF above
35 MeV, and they are consistent with previous calcula-
tions of the Hauser-Feshbach cross section for this state
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FIG. 3. d-cx angular correlations for the C( N, d) Mg
(excitation energy= 13.45 MeV, J = 6+) reaction at beam
energies of (a) 33 MeV and (b) 42 MeV. Curves corresponding
to the best-fit, FRDWBA, and statistical model calculations
are indicated in the figures. The circle symbol indicates data
taken with the annular detector and the diamond data taken
with the position sensitive strip detectors.
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FIG. 4. d nangular correla-tions for the C( N, d) Mg
(excitation energy=13. 45 MeV, J = 6+) reaction at beam
energies of (a) 30 MeV and (b) 36 MeV. Dashed curves indi-
cate the best fit.
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TABLE III. Population parameters from FRDWRDWBA calculations.

2553

P(m)
P(0)
P(1)
P(2)

30 MeV
0.31
0.28
0.41

33 MeV
0.33
0.26
0.41

36 MeV
0.37
0.38
0.24

39 MeV
0.38
0.44
0.18

42 MeV
0.38
0.46
0.16

45 MeV
0.34
0.42
0.25

1.0

c, 08

0.6

CJ
N

0.44
Q

in Refs. [3,8].
D t n angular distributions measured at 33 aneu eron

on theM V h wn in Fig. 7. Calculations based on ee are s own'
for ~2C&2+FRDWBA with equal strength of l = 4, 6, 8 for

transfer and without ~2C(g.s.) transfer show rather good
agreement. Their shapes are rather insensitive to the
parameters in our calculations. Statistical model calcu-
lations produce angular distributions of similar shape in
this angle range.
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FIG. 5. Angular correlation functions &om the DWUhe DWUCK5
calculations or af C~~2+&~transfer where l, the orbital angu-

all three possible values, namely, l = 4, 6, 8, each
'

qeach with e ual
strength and without any contribution from &g. .&

~ ~

C& .s.& trans-
fer. The corresponding population parameeters are listed in
Table III.

V. CONCLUSIONS
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FIG. 7. Deuteron angular distributions for beam energies
of (s) 33 MeV snd (b) 42 MeV. The dashed curves repre-
sent DWUCK calculations without C(g.s.) transfer, snd the
dot-dashed curves represent the predicted angular distribu-
tion cross sections for compound nucleus formation.
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now exists evidence of 12 nucleon direct transfer, one of
the largest number of nucleons transferred in a direct re-
action observed to date. This could suggest the presence
of quasimolecular configurations of C|3 C in the 13.45
MeV state in 24Mg. Although the angular correlation
measurements were conducted with deuterons detected
at 0, we have gained insight about the relative contribu-
tions kom different C cluster states in the direct trans-
fer. Fits to the angular correlations with FRDWBA cal-
culations imply the dominance of ~2C(2+) transfer in the
reaction mechanism and the possible existence of selec-
tivity of orbital angular momentum in the process, which
is closely related to the structure of the state in Mg.
Further investigation of the ~2C(~4N, d) reaction with off
0' angular correlation measurements and a search for

other quasimolecular states in Mg may provide more
parameter independent information on both the reaction
mechanism and the structure of these states.
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