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Gamma-ray angular correlations have been measured for the damped reactions '2C(?88i,'2C)?8Si
between 6, ,, =120° and 160° for E_.,, =43.5 and 48 MeV. The spin alignments and density ma-
trices have been deduced from the observed angular distribution of the gamma rays for 2Si states in
—10<Q <0and —16<Q <0 MeV for E.,, =43.5 and 48 MeV, respectively, and for '?C(2{") state
in strongly damped region Q < —10 MeV. We find that the spin angular momenta of the nuclei are
poorly aligned with respect to the normal to the reaction plane and the density matrices for the
12C(2}) and ?Si states are almost diagonal with respect to the direction of motion of the outgoing
particle. We also find qualitatively similar behavior of the spin alignments for 28Si states in strongly
damped region. The measured density matrices and spin alignments are consistent with the picture
of formation of a long-lived dinuclear complex undergoing orbiting, bending, and wriggling
motions, but not with those obtained from statistical compound nucleus or sticking-model calcula-

tions.

I. INTRODUCTION

It has been suggested""?>? that damped reaction prod-
ucts at backward angles from the 28Si+'>C (Ref. 1),
0Ne+12C (Ref. 2), and %O + 2’Al (Ref. 3), reactions re-
sult from the formation of long-lived orbiting complexes.
This suggestion was originally made on the basis of the
observations that the total integrated damped binary
yields are much larger compared to the predictions of
compound nucleus calculations and follow a 1/sinf_
angular distribution near 180°. It was suggested that the
two nuclei instead of fusing form a dinuclear intermedi-
ate state in which they maintain their identities and then
break apart producing a large yield in the entrance chan-
nel compared to statistical model calculations. A con-
strained phase-space model with a dinuclear sticking-
model configuration has been developed by Shivakumar
et al.* This model, usually referred to as the equilibrated
orbiting model, successfully explains the observed large,
damped binary yields in several cases such as 28Si+!2C
(Ref. 4), and 2!Si+'“N (Ref. 5). Measurements of the
325+ 2%Mg (Ref. 6) and ¥Cl1+!2C (Ref. 7) systems show
smaller yields of !'2C and similar products. The
analysis®’ suggests that asymmetric fission is more suc-
cessful than the equilibrated orbiting model in accounting
for the yields of '?C and similar products. There has been
a controversy® ® in the literature regarding these two
models. Both models are statistical. The controversy is
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mainly focused on the calculation of absolute yields of
damped '?C and similar products. The statistical model
calculation for the yield of these heavy fragments is sensi-
tive to the level density parameter and to the optical
model parameters used to calculate transmission
coeflicients, critical angular momentum and spin distribu-
tion of the compound nucleus. However, despite the un-
certainties in compound nucleus calculations, it is clear
that the compound nucleus yield is dominant in some sys-
tems such as 32S+2*Mg and ¥Cl+ '2C, but orbiting yield
is dominant in some other systems, such as 28Si+!2C,
2*Mg+ 190, etc., because of observed very large yield in
these systems.

It should also be noted that the equilibrated orbiting
model does not incorporate the shape degree of freedom
of the two nuclei and the dinuclear dynamics of the inter-
mediate state. The main difference between the orbiting
picture and the statistical model is the assumption that,
in the orbiting picture, the reaction goes via a dinuclear
intermediate state rather than a compound nucleus. In
the orbiting picture, the shape degree of freedom never
equilibrates and the dinuclear dynamics of the intermedi-
ate state could be important. The equilibrated orbiting
model considers an orbiting picture assuming statistical
equilibrium. So, the equilibrated orbiting model fails to
explain several important nonstatistical features of the
orbiting reaction, which differentiates this reaction from
the compound nucleus reaction.
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The most important criteria of orbiting reaction are
the entrance-channel effects’ as observed in 2Si+!*C
versus 2*Mg— 10 reactions, very large yield and selective
population'® of natural parity states as observed in the
Mg+'2C reaction. The observation of entrance-
channel effects in the orbiting reaction cannot be ex-
plained by any statistical model, including the equilibrat-
ed orbiting model, and suggests that the shape degree of
freedom never equilibrates in these reactions. These ob-
servations point to the nonstatistical features associated
with the orbiting reaction. We also find that in systems
where orbiting has been seen, all the important cri-
teria®!® of orbiting reaction have been observed within
reasonably damped region —15<Q <0 MeV. The orbit-
ing reaction cannot be characterized by Q-value or I-
value windows only and the reasons for observing orbit-
ing in some light heavy ion systems and not in others
have not been fully understood yet.

The gamma-ray angular correlation measurements in
orbiting reaction can also provide important information
about the reaction mechanism. The population of mag-

netic substates of '*C(2;7) and 2Si states for the
12¢(28s1,12C)?88i orbiting reaction at 6, ,, = 180° has been
measured.!! The observed selective population'! of the
m=0 magnetic substate with respect to the beam axis
agrees qualitatively with a simple dinuclear sticking mod-
el."'! On the other hand, according to this model!!
both of the nuclei should generally come out in excited
states, but the data show that most of the time '*C comes
out in its ground state (709%) and the entire excitation en-
ergy goes to 28Si. The observed division of excitation en-
ergy can be obtained from a constrained phase-space cal-
culation!! which assumes that only the m=0 magnetic
substate with respect to the beam axis is excited. Al-
though a constrained phase-space model with the di-
nuclear sticking-model configuration is adequate to ex-
plain the observed y-ray angular correlation at
0. . = 180° no test has been made of whether this model
can reproduce the y-ray angular correlation at different
angles. One expects complete alignment of fragment
spins with respect to the normal to the scattering plane
on the basis of the simple sticking model. From statisti-
cal model calculations, one also expects large alignment
of fragment spins with respect to the normal to the
scattering plane and the spin orientation of the emitted
fragments should be approximately cylindrically sym-
metric with respect to the normal to the reaction plane.

In this paper, we report a new particle—y-ray coin-
cidence measurement and discuss how the structure of
the orbiting complex influences the density matrices and
spin alignment parameters of '*C(2;") and 2%Si states as a
function of emission angle.

II. EXPERIMENTAL PROCEDURE

In this experiment, we studied the 28Si+'2C system at
E_ . =43.5 and 48 MeV using reverse kinematics. Natu-
ral carbon foils (150 ug/cm?) were bombarded by 8 pna
of 28Si beam from the HHIRF tandem accelerator at
E,,, =145 and 160 MeV. The carbon foil was placed at
the center of a cryogenically pumped spherical chamber
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of 17.78 cm radius. Three AE-E silicon detector tele-
scopes were placed in a horizontal plane at 0,,,=10°, 15°,
and 25° with circular apertures subtending half angles of
1.3°, 1.6° and 2°, respectively. The thicknesses of the AE
surface barrier detectors placed at 10°, 15°, 25° and 54.2,
52.3, 47.4 pum, respectively. The E detectors were about
500 um thick. These telescopes were used to identify car-
bon particles using energy and energy loss signals. The
thresholds of the AE detectors were raised high enough
to cut off all light particles including a particles.

The experiment was performed in the Oak Ridge Na-
tional Laboratory Spin Spectrometer.!> The chamber
was surrounded by 70 Nal detectors covering 94% of the
total solid angle. A lead plate about 0.64 cm thick was
placed in front of each Nal detector to absorb low-energy
v rays. We recorded event by event Nal energy signals,
timing signals between each Nal and each silicon E
detector, energy (E) and energy loss (AE) signals. Our
count rate was limited by the singles rate of the Nal
detectors and that of the most-forward-angle (10°) AE
detector. The count rates for the backward-angle Nal
detectors were about 23 kHz and those for the most-
forward-angle Nal detectors were about 55-60 kHz. The
AE solid-state detector placed at 10° had a singles count
rate of about 1 kHz. The relative efficiencies of the Nal
detectors as a function of energy were obtained by mea-
surements with y-ray sources. Absolute efficiencies at
4.44 MeV were obtained by bombardment of a carbon
target of known thickness with a 17 MeV proton beam
for a measured total number of protons, together with the
known differential y-ray cross section'® for production of
4.44 MeV v rays.

III. DATA ANALYSIS AND EXPERIMENTAL RESULTS

Figure 1 shows a typical AE-E spectrum for the tele-
scope at 0),,=10°. We can clearly identify the carbon
band from this spectrum. Figure 2 shows a typical time
spectrum in coincidence with the carbon particles. The
random coincidence background is small and the contri-
butions from the low-energy neutrons emitted by excited
283i are negligible. Figure 3 shows a singles carbon-
particle energy spectrum obtained at 6,,=10° at
E,,,=145 MeV. We gated on three different Q-value bins
—10<Q <0, —22<Q <—10,and —40<Q < —22 MeV
of the carbon band and corresponding time spectrum be-
tween 140 and 185 ns and obtained the pulse-height spec-
trum of each of the 70 Nal detectors in coincidence with
carbon particles detected at each particle telescope. In
order to improve the y-ray peak-to-background ratio, we
performed cluster summing of the Nal detectors. That
is, for each event, the Nal crystal that received the max-
imum energy was identified and its pulse height was
summed with those in all the adjacent crystals. Then the
second maximum pulse height was searched for and
again the energy deposited in the adjacent crystals were
added to the maximum. We looked for five such clusters
in each event, because the y multiplicity is not more than
five in the reaction being studied. We also subtracted out
the random coincidence background from each Nal spec-
trum. The background subtraction was less than 5% in
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FIG. 1. A typical two-dimensional spectrum of energy versus
energy loss in AE-E telescope detector placed at 6,,,= 10°.

all cases.

Let us discuss the observed y-ray and particle spectra.
Figures 4—6 show examples of Nal spectra in coincidence
with carbon particles detected at 6;,,=15° at E ;, =43.5
MeV for —10<Q <0, —22<Q <—10, and
—40< Q < —22 MeV, respectively. At all angles we ob-
serve Doppler-shifted 1.78 and 2.84 MeV y-ray lines
from the 27-0" and 47-2" transitions in 2%Si, 1.34 MeV
y rays from 27-0" transitions in **Mg and 4.44 MeV y
rays from '>C (21-O™) transitions. The spectra show a
peak corresponding to decay of the first excited state of
2*Mg (1.34 MeV). This peak becomes visible at high exci-
tation energies, and presumably arises from the cooling
down of **Mg formed from unbound 2%Si. The large
Doppler shift of the 4.44 MeV y rays indicates that they
are mostly coming from the 2%-0" transition in the fast
moving >C. The observations of comparable yields at
6=174°, 88°, 102.3° for both 4.44 and 1.78 MeV y rays
imply rather poor spin alignments for both >C(27) and
28Si(2 ™) states, in disagreement with the simple dinuclear
sticking model>!! for which the expectation would be

100000

10000

FWHM =3.5 ns

1000 f

COUNTS

100

10 1 1 1 1 1 1 1 1 1
100 120 140 160 180 200 220 240 260 280 300

TIME (ns)

FIG. 2. A typical coincidence time spectrum between E
detector at 6,,,=10° and a Nal detector.
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FIG. 3. Singles carbon energy spectrum at 6,,=10° at

E\ =145 MeV.

that the yield at 6=288° should be a factor of 7 larger than
the yield at 6=174°. Figure 7 shows a singles carbon-
particle energy spectrum obtained at 6,,=10° at
E,, =160 MeV. We gated on three different Q-value bins
—16<Q0 <0, —26<Q <—16, —44<Q < —26 MeV of
the carbon band and performed similar analyses. Figures
8—10 show examples of Nal spectra in coincidence with
carbon particles detected at 0,,,=15° at E_,, =48 MeV
for —16<Q <0, —26<Q < —16, —44<Q < —26 MeV,
respectively. We make similar observations of poor spin
alignment for '>C(2") and 8Si(2%) states at E,,, =160
MeV also.

A complete study of the y-ray angular correlation has
been done. The y-ray angular correlation function can
be written as'*

W(0,¢)=73 3 [4m/(2k +1)]'t;,(J)R, Y;,(6,8) ,
kK q

(1)
where 6, ¢ are polar and azimuthal angles of the direc-

tion of emission of the y rays, Y;, is the spherical har-
monic function, R, is the radiation parameter, f;, is the
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FIG. 4. Coincidence Nal spectra for the reaction 28Si+ !2C at
E_ .. =43.5 MeV and —10<Q <0 MeV at 6,,,=15°, ¢,,=0".
Polar and azimuthal angles are measured in a coordinate frame
whose Z axis is normal to the reaction plane and X axis is along
the beam direction.
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FIG. 5. Coincidence Nal spectra for the reaction 28Si+ 'C at
E . =435 MeV and —22<Q <—10 MeV at 6,,=15°,

$1.,=0°. Polar and azimuthal angles are measured in a coordi-
nate frame whose Z axis is normal to the reaction plane and X
axis is along the beam direction.
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FIG. 6. Coincidence Nal spectra for the reaction 2!Si+ '?C at
E. ., =435 MeV and —40<Q <—22 MeV at 6,=15
¢1.5=0°. Polar and azimuthal angles are measured in a coordi-
nate frame whose Z axis is normal to the reaction plane and X
axis is along the beam direction.
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FIG. 7. Singles carbon energy spectrum at 6,,=10° at
E,, =160 MeV.
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FIG. 8. Coincidence Nal spectra for the reaction 2*Si+!*C at
E., =480 MeV and —16<Q <0 MeV at 6,,,=15°, ¢,,=0".
Polar and azimuthal angles are measured in a coordinate frame
whose Z axis is normal to the reaction plane and X axis is along
the beam direction.
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FIG. 9. Coincidence Nal spectra for the reaction 28Si+!2C at
E ., =480 MeV and —26<Q <—16 MeV at 0,,=15°,
1., =0°. Polar and azimuthal angles are measured in a coordi-
nate frame whose Z axis is normal to the reaction plane and X
axis is along the beam direction.
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FIG. 10. Coincidence Nal spectra for the reaction 2#Si+ '2C
at E.,, =48.0 MeV and —44<Q < —26 MeV at 0,,=15°,
¢1.5=0°. Polar and azimuthal angles are measured in a coordi-
nate frame whose Z axis is normal to the reaction plane and X
axis is along the beam direction.
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polarization tensor, and J is the spin of the emitting nu-
cleus. We obtain values of the radiation parameter R,
from the tabulations in Ref. 15. We now choose a coordi-
nate frame whose Z axis is along the direction of motion
of the nucleus emitting ¥ rays and whose Y axis is normal
to the reaction plane and consider y-ray emission from
the 2*-0% transition. Then considering!* symmetry
properties of the polarization tensor and the conservation
of parity we find nine independent elements of the polar-
ization tensor (fg,%50,2215%225240>841,2425843,244). These
elements must be real numbers.!* The elements of the
density matrix p are given by the expression'*

Pom =3 3 tig (DL I,m',—m/k,g)(—=1)'™" . (2)
k g

We used the 4.44 and 1.78 MeV y-ray yields from the
Nal detectors of the Spin Spectrometer to determine the
nine elements of each of the corresponding polarization
tensors by fitting them with Eq. (1), after taking into ac-
count the finite solid angle of the Nal detectors and the
Doppler shifts. The energy resolution was poor in ten of
the Nal detectors, so only 60 Nal detectors were used in
our analysis. The attenuation'® due to the hyperfine in-
teraction has been estimated to be (2—-3)% and we did not
correct for it. Subsequently, the elements of the density
matrices of 2C(2") and 8Si(2%) states were determined
by using Eq. (2). Then the matrices were rotated to a
coordinate frame whose Z axis is along the normal to the
reaction plane defined by the beam axis and the direction
of motion of the scattered carbon particle. The spin
alignment parameter with respect to the Z axis is
defined!” as

33 m?p,,, —J(J+1)
m

P.. J(2J—1)

The spin alignment parameter is conserved for stretched
E2 transitions. Particle emission and nonstretched tran-
sitions tend to decrease P,,. In —10<Q <0 MeV, *Si is
predominantly (90%) excited to 61, 4T, and 2™ states as
shown in Fig. 3. These states decay by stretched E2 cas-
cades that preserve the alignment. So in —10<Q <0
MeV, the spin alignments of the 28Si(2 ") state as obtained
from the angular distribution of 1.78 MeV y rays and
those of the original parent states of 28Si should be about
the same. We measured the angular distribution of 4.44
MeV y rays to determine the spin alignment and density
matrices of the 2C(2") state. All states of '>C above 4.44
MeV are particle unbound and decay predominantly by
particle emission. We find by use of CASCADE statistical
model'® calculation that the ratio of cross sections for po-
pulating the '2C(7.564 MeV) and the '2C(4.44 MeV) state
is only 3% for the reactions being studied, and the proba-
bility of populating higher-lying states in '’C is even
smaller. However, the ?C(27") state might be excited by
the following sequential decay:

285i+12c_>24Mg*+160*_>24Mg*+12c(2+)+4He ,
if the '°0O is excited to at least 16—17 MeV. In the

—22<Q < —10 MeV region, such a process is very un-
likely to happen according to the CASCADE model calcu-

lations and present and previous'! measurements. In Fig.

11, we show P,, (Z axis normal to the reaction plane) of
the >C(2%) state in —22<Q <—10 MeV and the
288i(2 1) state in —10<Q <0 MeV as a function of emis-
sion angle of the carbon particle at E_,, =43.5 MeV. In
Fig. 12, we show P,, for '2C(2%) and 2%Si2*) states in
—16<Q <0 and —26<Q <—16 MeV as a function of
emission angle of the carbon particle at E_ =48 MeV.
The values and variations of P,, as a function of emission
angle are similar for the two bombarding energies. Error
estimates were obtained by adding in quadrature the er-
ror in determining the area under the peak and the error
in the relative gamma detector efficiencies. As a check,
we also determined the magnetic substate population py;
of the 28Si(2%) state for —3<Q <—0.6 MeV using a
coordinate system whose Z axis is normal to the reaction
plane. We find that p,; is consistent with zero within the
statistical uncertainties, as required by the conservation
of parity and rotational invariance. We also obtained
small spin alignments (0.15) for 28Si(2%) and *Mg(2™*)
states for Q < —15 MeV. However it is difficult to inter-
pret the spin alignment of the original parent state in
these Q-value bins because of nonstretched transitions
and particle emissions. In Fig. 13, we show that the
values of P,, for ?C(2*) drop to about 0.1+0.05 for
—40<Q < —22and —44<Q < —26 MeV for both bom-
barding energies.
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FIG. 11. The spin alignment parameter of 1.78 MeV vy rays
for —10<Q <0 MeV and of 4.44 MeV ¥ rays for —22<Q —10
MeV at E_,, =43.5 MeV. The solid curves and dashed lines
are statistical and dinuclear orbiting model calculations, respec-
tively, as explained in the text.
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FIG. 12. The spin alignment parameter of 1.78 MeV ¥ rays
for —16 <Q <0 MeV and of 4.44 MeV y rays for —26<Q —16
MeV at E_,, =48.0 MeV. The solid curves and dashed lines
are statistical and dinculear orbiting model calculations, respec-
tively, as explained in the text.

We now discuss the off-diagonal elements of the densi-
ty matrices. For this purpose, we choose a coordinate
frame whose Z axis is along the direction of the nucleus
emitting ¥ rays and whose Y axis is normal to the reac-
tion plane. Let Zg and Z. denote the directions of
motion of 28Si and !C nuclei, respectively. In Table I, we
show the deduced density matrix of the '2C (27) state for
0.m =145 in the range —22<Q <—10 MeV at
E. ., =43.5 MeV. We find that the density matrix is al-
most diagonal with respect to the direction of motion of
the particle. This means that the spin orientation of the

FIG. 13. The spin alignment parameter of 4.44 MeV 2C(2%-
O") y rays for —40<Q < —22 MeV at E,,, =43.5 MeV and
444 MevV “C*-0") y rays for —44<Q —26 MeV at
E. . =48.0 MeV. The solid curves and dashed lines are statisti-
cal and dinuclear orbiting model calculations, respectively, as
explained in the text.

2C(27) state is cylindrically symmetric with respect to its
direction. Table I also shows the density matrix of the
?8i(2") state for 6, =148° in the range —10<Q <0
MeV at E_ . =43.5 MeV. The orientation of the 28Si(2 ")
state is also found to be approximately cylindrically sym-
metric with respect to its direction of motion. Since the
*%8i(2™) state is mostly populated by stretched E2 transi-
tions in the —10 < Q <0 MeV region, the orientations of
the parent **Si states are also approximately cylindrically
symmetric with respect to the direction of motion of the
28Si ion. Similar behavior of the density matrix was

TABLE 1. Density matrices for '2C(2{") and #Si(2;") states.

Observation Statistical model® Dinuclear model®

2C ) #sif) ° ) *ceih
Poo=0.27+0.02 0.29+0.019 0.31 0.29
p11=0.281£0.013 0.231+0.011 0.235 0.24
P2, =0.08+0.02 0.13+0.014 0.11 0.11
Po1=0.014%0.012 0.005+0.017 0.012 0
Poz= —0.019£0.011 —0.028+0.01 —0.102 —0.013
p12=0.018+0.013 —0.027+0.011 0.022 0
p1—1=—0.017£0.015 —0.05+0.01 —0.132 —0.041
p1-2=0.0071+0.01 —0.007+0.009 0.0062 0
P2->,=0.004+0.012 0.012+0.011 0.0095 0.0015

*Zc as Z axis, —22<Q < —10MeV, 0, , =145°, E_,, =43.5 MeV.

°Zg as Z axis, —10<Q <O MeV, 0, ., = 148", E, ., =43.5 MeV.
‘Zc as Z axis, —22<Q <10MeV, E_,, =43.5 MeV.
4Orbiting, bending and wriggling modes, Z. as Z axis.
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found at other scattering angles and at the other energy.
Table II shows the deduced density matrix of '2C(27)
state for 6., =139.2° in the range —40<Q < —22 MeV
at E ., =43.5 MeV and for 6., =138.2° in the range
—44<Q <—26 MeV at E__, =48 MeV. We still find
symmetry around the direction of motion of the carbon
particle. However p,, along the direction of motion of
2C has increased and so the value of the spin alignment
parameter has decreased. We obtained the )C(27) yield
by integrating over the 4.44 MeV y rays and measuring
the efficiency of detecting 4.44 MeV y rays in the Spin
Spectrometer. Table III shows the ratios of yields of
2c@2t) to ’C(g.s.) integrated over Q < —10 MeV at
E . =435 MeV and Q< —15 MeV at E_, =48 MeV.
Error estimates were obtained by adding in quadrature
the error in determining the total number of 4.44 MeV y
rays and the error in determining the absolute efficiency
of detecting 4.44 MeV y rays in the Spin Spectrometer.
The error in determining the absolute detection efficiency
comes from the uncertainties in determining the target
thickness, the total number of incident particles on the
target and the uncertainties in the known y-ray cross sec-
tion.

IV. DISCUSSION AND COMPARISON
WITH MODELS

We have measured the spin alignments and density ma-
trices of 2%Si and '?C nuclei by measuring the 28Si2*-0")
and '>C(27-0%) transitions in coincidence with carbon
particle. We obtain the values of spin alignments around
0.25 for 288i(2™) state in —15<Q <0 MeV and those of
around 0.15 for 28Si(2™) and 2*Mg(2™") states in strongly
damped regions Q < —15 MeV. In this reaction, 28Si is
initially produced with high spin and large excitation en-
ergy and then decays predominantly to 2%Si2*) or
2%Mg(2%) states. In strongly damped region Q < —15
MeV, we cannot identify, from our carbon spectrum, the
individual 28Si states decaying to 28Si(2*) or **Mg(2™)
states and also do not know about their complete decay
schemes. The observation of somewhat smaller spin
alignments of 288i(2%) and **Mg(2*) states in strongly
damped regions is most likely the result of particle emis-
sion and nonstretched transitions from parent 23Si states.
Qualitatively speaking, we do not find any strong varia-
tion of spin alignments with Q value. The observation of
poor spin alignment in all Q-value regions suggests that
similar reaction mechanism is dominant in those Q-value

TABLE II. Density matrices for 2C(2") state for large Q-
value bins.

Observation Dinuclear model®

llc(2+ )a 12c(2+)b lZC(2+)
Poo=0.215+0.024 0.23£0.020 0.29
p11=0.25+0.014 0.22+0.012 0.24
p22,=0.1410.02 0.16+0.015 0.11
Ppor= —0.005+0.013 —0.007+0.012 0
Po2= —0.0025+0.011 —0.005+0.010 —0.013
p12= —0.0011+0.013 —0.0095+0.012 0
p1-1=—0.037+0.016 —0.033+0.014 —0.041
p1-2=0.0051+0.0097 0.023+0.013 0
p2—2=0.027+0.016 0.023+0.0094 0.0015

*Zc as Z axis, —40<Q < —22 MeV, 0., =139.2°, E_,, =43.5
MeV.

®Zc as Z axis, —44<Q < —26 MeV, 6., =138.2°, E.,, =48
MeV.

¢Z: as Z axis.

regions. In strongly damped region, we have not deter-
mined quantitatively the spin alignments and density ma-
trices of the parent 2%Si states from 2%Si(2*-0") and
2Mg(27-07) transitions because of our lack of knowledge
of complete decay schemes and identification of the
parent states. So we discuss about the spin alignments
and density matrices of 288i(2") state in —15<Q <0
MeV where we can infer about the spin alignments and
properties of density matrices of the parent 28Si state
from our measurements. We also find from Ref. 9 that
for *Mg+!%0 system, the integrated yield in
—8.5<Q <0 MeV follows the same 1/sinf,_,, angular
distribution as the more strongly damped yield does and
also there is strong entrance-channel effect in the less
damped regions. As we discussed earlier, the main cri-
teria of orbiting reaction are large yield, entrance-channel
effect and selection of natural parity states in addition to
long life time. All these criteria are satisfied in less
damped regions also. We also discuss about the spin
alignments and density matrices of '>C(2™) state in
strongly damped regions because there is very small
probability (< 1%) that this state is populated by the de-
cay of excited °0 in the —30<Q <0 MeV region and
about (30-50)% of the reaction yield goes to '2C(2%)
state as shown in Table III. In the following sections, we
compare our observations of spin alignments, density ma-
trices and ratios of yields of 2C(2%) to 12C(g.s.) integrated

TABLE III. Ratio of yields of 2C(2™") to '*C(g.s.).

Laboratory Laboratory

energy angle Statistical

(MeV) (deg) 2c@*)/2C(gs.) model
145 10 0.560.085
145 15 0.60+0.09 0.944
145 25 0.56+0.085
160 10 0.94+0.15
160 15 0.87+0.13 1.24
160 25 0.87+0.13
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over various excitation ranges of 2%Si in strongly damped
region and those of 2Si states in less damped region with
the corresponding predictions of the statistical model, the
sticking model, and a simple dinuclear orbiting model.

A. Statistical model

In Figs. 11 and 12, the solid curves are the predictions
of a compound-nuclear statistical model. We assume that
12C and #8Si form a compound nucleus and consider emis-
sion of 2C from the compound nucleus. Let J, Sg;, S, S
and [/ be total angular momentum, silicon spin, carbon
spin, channel spin, and orbital angular momentum, re-
spectively. Let m;, mg;, mc, mg, and m; be their respec-
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tive magnetic substates with respect to the normal to the
scattering plane. Although the compound nucleus will be
formed with a broad spin distribution, the contribution to
the carbon yield comes from a few partial waves near the
critical angular momentum (J_; =23% at E_  =43.5
MeV, J . =25% at E_,, =48 MeV). We obtain the fol-
lowing expression for the density matrix using the
Hauser-Feshbach formalism'® for a specific value of J and
Ssi- When the carbon particle is detected at an angle
0. ,, with respect to the beam axis, then the elements of
the density matrix for the '2C(2™) state in a coordinate
frame whose Z axis is normal to the scattering plane and
X axis along the beam direction is given by

pmom.=3 3 3 3 3 (Sc,Ssi.mc,mg|S,mg ) (S, L,m,m;|J,m;)
S 1 mg

si My my

x <SSiSC?mSi,mc'ls’ms"ml'i']’m.l’ > TI(E)exp{Z[a(Ec.m. - VC _Erot]l/z}

m
X Yl,m, ?’Qc‘m‘ Yla,kml’

Here a is the level density parameter, V' is the Coulomb
barrier, E_ , is the incident center-of-mass energy, and
E_ is the total rotational energy. 7 is the transmission
coefficient of '*C for orbital angular momentum / and exit
channel kinetic energy €. We obtained values of 7 by us-
ing an optical model potential.?® The normalization was
obtained by multiplying the calculated density matrix by
(trp)”'. A similar expression was used for 23Si states
also. The two curves in Fig. 11 were calculated for
J =214, 23#, and Sg; = 8% for '*C and Sg; =67 for 2Si. In
Fig. 12, we show calculations for J=23%, 25%, and
Sg; =8% for °C and J =214, 23#4, and Sg; =64 for 2%Si at
E_ . =48 MeV. The total rotational energy for E,,, was
calculated by assuming a prolate ellipsoidal shape?! for
the excited 2*Si and a spherical 2C nucleus touching each
other, so that the major axis of ?!Si is along the line join-
ing the centers of two nuclei. The statistical model code
CASCADE!8 predicts that most of the contributions to the
carbon yield come from J >23% at E_, =43.5 MeV and
J>25% for E_,, =48 MeV. So a weighted average over
different values of J will significantly increase P,, and
worsen the already poor agreement with the experimental
data. A weighted average over the distribution of Sg; ob-
tained from CASCADE code calculations increases P,, by
approximately 10%.

We conclude that the statistical model calculation pre-
dicts much higher alignment than observed. Variation of
the level density parameter and the shape of the nuclei
within reasonable limits do not change this conclusion.
In Fig. 13, the solid lines show the predictions of statisti-
cal model calculations for P,, of the 2)C(2™") state for
J =23#%, 21#4, and Sg;=8% at E_, =43.5 MeV. We also
show statistical model calculations for J =234, 25%, and
S5;=8% at E_._ =48 MeV. Again we find large

v

E’ec.m.

3

L
¥ym, | 520 | Yom,r | 520

f

discrepancies between statistical model calculations and
observations.

The discrepancies with the statistical model extend
also to off-diagonal elements of the density matrix. Using
Eq. (3), we find that the statistical model predicts that the
density matrix will be almost diagonal with respect to the
normal to the reaction plane. To compare with the ex-
perimental results, we rotate the calculated density ma-
trix to a coordinate frame where Z is the Z axis and the
Y axis is normal to the reaction plane. The rotated densi-
ty matrix has significant off-diagonal terms (py,,p; ;) as
shown in the third column of Table I, in disagreement
with our observations. The calculations shown in Table I
have been performed for J =237%. We also find large off-
diagonal elements pg,—_0.068, p,_;=—0.085 for the
12C(27) state even for J =21#. Table III shows the calcu-
lated ratios of !2C(2%) to !’C(g.s.) integrated over
Q0 <—10and Q < —16 MeV. We find that the statistical
model predicts considerably larger ratios than observed.

Recent measurements by Sanders et al.??> have also
shown no evidence of any strong spin alignment of the
2C fragments in 2*Mg(*?S, >C)*Ti fully damped reac-
tion. Although the authors claim that the absence of spin
alignment implies statistical equilibrium, we find that
large spin alignment can occur in statistical model calcu-
lations. The spin alignment parameter depends on the
angle of emission of '2C and its value drops sharply near
the beam axis, independent of the reaction mechanism,
because the values of spherical harmonics become smaller
near the beam axis. In Ref. 22, most of the alignment
data came from the measurements done at small angles.?’
So the absence of the spin alignment of the >C(2™") state
in the 32S-|-24Mg system does not necessarily imply sta-
tistical equilibration.
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B. Sticking model.

The simple dinuclear sticking model"!! predicts that
the spin alignment parameter P,, (Z axis normal to the
reaction plane) is equal to unity, independent of angle.
The sticking model also predicts!' that '2C(27) state
should be almost always excited. These predictions
disagree with our observations.

C. Dinuclear orbiting model

Let us consider a simple picture of two nuclei connect-
ed by a narrow neck living long compared to the damp-
ing time of their relative motion. The twisting motion?*
between them will be small compared to bending?* and
wriggling®* modes because of the assumption of a narrow
neck.?® If we assume that bending and wriggling modes
dominate because of the structure of the orbiting com-
plex and sum incoherently over different orientations of
the spin angular momentum vectors lying randomly in a
plane perpendicular to the body-fixed symmetry axis,
then the density matrix of '2C(2%) with respect to the
body-fixed symmetry axis is given by

p00=0.375, p11=p_1_1=0.25 N
Pra=p—2_,=0.0625 , @)

POI=P0=P12=P1—1=P2—2=p1—2=0.

In the body-fixed frame, the dinuclear system breaks
along the symmetry axis. Here the Coulomb energy
Vo=18.1 MeV and orbital energy V,=I1(l +1)/2I,=6.2
MeV for I =124, where I is the moment of inertia of the
relative motion. So in a space-fixed frame, the trajectory
of emitted 2c will be rotated by
+tan”}(V;/V )% =130° with respect to the body-fixed
symmetry axis. We rotate the density matrix Eq. (4) by
+30° and take an average. The results, shown in the last
column of Table I, are in better agreement with the ex-
perimental data than are the statistical model calcula-
tions as shown by the small off-diagonal (pg,,p;—) ele-
ments. A similar analysis for the 2%Si state also predicts
approximate symmetry of 28Si states with respect to the
direction of motion of 2Si. We also obtain alignment pa-
rameters of 0.24 and 0.25 (as shown by dashed line in
Figs. 11 and 12), with respect to the normal to the reac-
tion plane for '2C(2") and ?%Si states, in agreement with
our observation.

Our simple classical dinuclear model does not predict
any variation of alignment parameter and density matrix
with the angle of emission of carbon particles. This mod-
el is not quantitatively valid near 6, ,, =180°, where we
expect significant variation of alignment parameter and
elements of density matrix with the angle of emission of
carbon particles. However, this model qualitatively
agrees with the observed y-ray angular correlation at
6. m. = 180° because, according to this model, the spin an-
gular momentum vectors will lie in a plane perpendicular
to the beam axis when !*C is detected at 6, =180°, in
agreement with observation.!! Table II shows that in the
more inelastic Q-value bin —40<Q < —22 MeV, the
measured value of p,, along the direction of motion is

larger than expected from dinuclear orbiting model cal-
culations. As a result, we see in Fig. 13 that P,, is small-
er (0.1%0.05) than expected from the dinuclear orbiting
calculation, as shown by dashed lines. This can be under-
stood because the angular momentum misalignment
along the body-fixed symmetry axis (twisting mode) in-
creases as the Q value decreases and therefore p,, along
the direction of motion increases and the alignment pa-
rameter is reduced. Also, some of the excited carbon par-
ticles in this bin can come from '®0O and so will be less
aligned.

Table III shows the disagreement between the calculat-
ed ratios from statistical model and measured ratios of
yields of the '>C(2") to 2C(g.s.). The lower values of
2c@2%)/12C(g.s.) qualitatively supports the dinuclear or-
biting picture, where the nonexcitation of the twisting
mode will lower the ratio compared to statistical model
calculations.

D. Application of orbiting model to other observables

Let us consider the consequences of our modified orbit-
ing picture on the observables other than y-ray angular
correlation.

1. Angular distribution

If 7 is the mean lifetime and o the angular velocity of
the dinuclear system, then the angular distribution of a
decaying product from such a system is given by

do _ const

do  sinf
We see from the above equation that if 7>>27 /w, the an-
gular distribution has the form 1/sin6. This result is not

affected by the assumption of a narrow neck between the
two nuclei.

{exp(—60/wT1)+exp[— (27— 0)/w7]} .

2. Large yield and entrance-channel effect

The large yields of carbon and oxygen particles from
the 8Si + '2C reaction has been explained before by us-
ing the equilibrated orbiting model.* This model is a con-
strained phase-space model with the dinuclear sticking-
model configuration. We find from the present work that
this configuration should be replaced by a dinuclear
configuration in which the two nuclei are connected by a
narrow neck undergoing mainly orbiting, bending and
wriggling motions. Qualitatively speaking, the observed
large yields and entrance-channel effects are natural
consequences of the assumed dinuclear configuration con-
nected by a narrow neck in which the shape degree of
freedom does not equilibrate. However we still do not
have a quantitative model to understand the large yields
and entrance-channel effects in some systems®> and the
lack of those effects in other systems.%’

3. Selective population of natural parity states

The observed selective population of natural parity
states in the >*Mg + !2C reaction'® also supports the di-
nuclear reaction mechanism. In compound nucleus reac-
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tions, both natural and unnatural parity transitions are
allowed. Orbiting is probably a multistep direct-reaction
process. Austern and Blair?’ have shown that in the mul-
tistep direct-reaction processes involving projectiles with
zero-spin, final states having only natural parities are
selected if the following conditions are satisfied.

(a) The collective coordinates of the system vary very
slowly in the intermediate states so that the transition
amplitude from the initial nuclear state to the final nu-
clear state does not depend explicitly on the collective
coordinates of the system. As a result the relevant
Green’s function is independent of the nuclear Hamil-
tonian involving collective coordinates of the system.

(b) The displacement operator of collective deforma-
tions of the nuclear surface commutes with the Green’s
function so that the interactions can be combined to give
only one spherical harmonic of a single argument.
Austern and Blair?’ have shown that this is a reasonable
assumption for strongly absorbed projectiles which have
short wavelength.

If we consider the formation of a long-lived dinuclear
intermediate state where the two nuclei are connected by
a narrow neck, then the collective coordinates should
vary slowly and the above conditions are satisfied approx-
imately.

V. CONCLUSION

We have made the first measurements of density ma-
trices of '2C and 23Si states produced in the 2Si + '*C re-
action and found that the density matrices are diagonal
with respect to their directions of motion. The deter-
mination of the complete density matrix is the most
powerful and completely model-independent way to
determine the symmetry axis of the spin distribution. A
Hauser-Feshbach calculation fails to account for the
data. Our observation is consistent with the picture of a
long-lived dinuclear system connected by such a narrow
neck that orbiting, bending, and wriggling motions are
the dominant spin carrying modes. The y-ray angular
correlation observed when '2C is detected at backward
angles is consistent with this dinuclear orbiting picture.
Both the Hauser-Feshbach calculation and the equilibrat-
ed orbiting model predict a large alignment parameter
normal to the reaction plane and approximate cylindrical
symmetry of the spin angular momentum vectors with
respect to the normal to the reaction plane, in disagree-
ment with observations. However, it cannot be ruled out
that the observations of large yields, entrance-channel
effect, selective population of natural parity states, y-ray
angular correlation at 6, =180° and the observed spin
alignment parameters and density matrices distribution

may result from the complicated dynamical processes of
fusion and fission of the .compound nucleus. Ritzka et
al.?® have shown from the measurement of in-plane angu-
lar distribution that for 2°Ne+!®®Er system at
E_.. =241.3 MeV, the spin distribution is symmetric
with respect to the exit-channel orbital angular momen-
tum for deep inelastic region. We think that the reaction
mechanism and symmetry of the spin distribution
changes for heavier systems and at higher bombarding
energy may come closer to the predictions of a compound
nuclear reaction mechanism.

In conclusion, the present modified orbiting model is in
qualitative agreement with all observations performed on
similar systems. The concept of orbiting is a classical
macroscopic concept. We have not yet understood orbit-
ing from a more fundamental point of view. In principle,
one should do coupled-channel and time-dependent
Hartree-Fock calculations to find out how far the classi-
cal concept of orbiting can be supported. However in
this large Q-value region, where almost a continuum of
states is contributing, it has not been possible to perform
any such calculations. Sanders et al.?® explained the
backward-angle yields of the 2*Mg (10 ,!2C)?® Si(g.s.) and
Mg (1%0 ,'2C) 28Si(27") reactions by putting in reso-
nances in distorted-wave Born approximation calcula-
tions and discussed their observations in terms of nuclear
molecular resonances. We think that nuclear molecular
resonances are responsible for the large back angle yields
of highly excited states also. However, in large Q-value
regions, it becomes increasingly more difficult to perform
such resonance analysis. So for the purpose of studying
the gross features of the reactions integrated over large
Q-value bins, we consider it justified to try to understand
the reaction mechanism by using the classical orbiting
picture rather than using nuclear molecular resonance
description. Such a picture has its limitations, but at
present we at least have a qualitative understanding of
the reaction mechanism.
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