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Observation of Spin Flip in 13C +24Mg Inelastic Scattering
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Evidence for spin-dependent interactions in heavy-ion reactions has been found in
the inelastic scattering of 35-MeV 1°C from the 1.368-MeV, 2* state in *’Mg. 7y rays
emitted perpendicular to the reaction plane have been measured and |m|-substate pop-
ulations deduced. At !3C scattering angles 0. ,, = 10° and 21°, probabilities for the
|m| =1 population (which is equivalent to spin flip) are found to be (1.7+0.5)% and less

than 0.8%, respectively.

Little is known about spin-dependent interac-
tions, and specifically the spin-orbit interaction,
between heavy ions. The values of the real spin-
orbit potential calculated by several authors!~3
within the folding-model framework vary by an
order of magnitude but do not exceed 0.5% of
the spin-independent real potential in the nuclear
surface region for '°C or !°F incident upon med-
ium-weight nuclei at few MeV per nucleon. On
the other hand, much stronger spin-orbit poten-
tials have been put forward*"® in order to fit,
within the framework of the distorted-wave Born
approximation (DWBA), the measured differen-
tial cross sections of transfer reactions involv-
ing '°F, *C, or N,

In this Letter we report direct evidence for a
spin-dependent interaction in the inelastic scat-
tering of °C by #**Mg, obtained by detection of
spin flip. The method, detection of ¥ rays emit-
ted perpendicular to the reaction plane, has been
established” in light-ion physics as an alternative
to studies of the analyzing power in polarized-ion
scattering [the heaviest ion for which the latter
method has been applied is °Li (Ref. 8)]. As was
shown by Bohr,® in a two-body reaction lead-
ing to pure parity states, symmetry about the
reaction plane restricts the allowed combinations
of the initial and final nuclear spin projections
along the scattering normal (which we choose as
quantization axis). In the case of the reaction
#Mg(13C,13C’)*Mg(2") with 3C (*3C’) spin projec-
tions m,, (m,/,'), Bohr’s theorem reads

explim(m,/,—m, ;") = exp{i mm},

where m is the spin projection of the 2* state of
24Mg. Thus, even values of m correspond to the
spin-nonflip processes and |m|=1 to spin-flip
processes in the projectile.

Since the 2* state decays to the 0% ground state,
the radiative transition must have |Aml=1m|. At
0, =0° (the direction of the scattering normal)
only the Im|=1 component has a nonvanishing
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v-ray intensity; so a measurement at that angle
is a sensitive measure of the spin-flip probabil-
ity. However, the finite solid angle of the y de-
tector also allows contributions from the other
Im| components. The probabilities P, of the
Im| components, normalized by P,+P, +P,=1,
may be determined by two measurements with a
cylindrical y detector positioned along the quan-
tization axis at two different distances from the
target. The basis of this simple procedure is
that (a) the detector symmetry results in inte-
gration over the azimuthal angle leaving the cor-
relation dependent only upon the population pa-
rameters, P,, and (b) the radiation patterns for
the Im| components differ strongly so the rela-
tive detection efficiency changes rapidly with the
detector distance to the target.

Isotopically enriched Mg targets of 40 to 70
ug/cm? thickness evaporated on thin '2C backings
were bombarded with a 35-MeV '3C beam from
the Brookhaven National Laboratory tandem
Van de Graaff facility. A 9-cm?® Si-detector was
used to detect the **C** inelastic-scattering pro-
ducts in the focal plane of the Brookhaven quad-
rupole—triple-dipole magnetic spectrometer.
This detector also provided the particle time
signal for the coincidence circuit. After each run
a large-area position-sensitive AE -F proportional
counter was moved into the same position in the
focal plane to ensure the unambiguous identifica-
tion of the inelastic **C®* and to determine the
13C elastic background under the **Mg(2*) peak.
Guided by the DWBA prediction of a steep, os-
cillatory increase of the spin-flip cross section
towards forward angles, rather small scatter-
ing angles, 6, =10° and 21° (6,,=6.3° and 13.4°),
were chosen for the coincidence measurements.
The scattering normal was defined within + 2,5°
at these angles by using narrow vertical-slit open-
ings of +1.5 and +3 mm, respectively, at the
entrance of the magnetic spectrograph. The hor-
izontal slit openings were set to +1.1°,
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The coincident y radiation was detected with
a 3-in. X 3-in. Nal detector (covered with a 0.8-
mm-thick lead and a 0.1-mm-thick copper ab-
sorber) positioned in the direction of the scat-
tering normal at various distances, d, from the
target (Table I). The experiment was divided
into several runs at alternating distances with
results at each distance consistent within the
statistical errors. Figure 1 shows the y-ray
spectrum, summed over five separate runs, for
d=14.6 cm before subtraction of random coinci-
dences (about 5% of the 1.37-MeV photopeak
yield). Calculated'®! photopeak efficiencies
1(d) for isotropic radiation agreed to within 5%
with in situ measurements with calibrated sourc-
es.

The results of our measurements are listed in
Table I in terms of the y yield per particle event,
Iy(d), obtained by dividing the number of coinci-
dent photopeak counts (see Fig. 1) by the particle
singles yield, which was recorded simultaneous-
ly. Note that the cross section and effective solid
angle for the particles cancel in this ratio. For
the 6 ,,.=10° measurements the values of 17/77
are displayed in Fig. 2, The effect of the radia-
tion patterns on the detection efficiency for each
Im| is also demonstrated; the dashed curves
give the calculated' photopeak efficiency 1,,(d)
normalized by n(d) for the Iml=0,1,2 components
of the E2, 1.368-MeV radiative transition. By
comparison, the measured values show the dom-
inance of the |ml|=2 component but also the pres-
ence of a small |m|=1 component which becomes
evident at large d. The measurements, performed
at three distances, correspond to a set of three
equations for two unknown parameters which have
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FIG. 1. y-ray coincidence spectrum atd = 14.6 cm
for a 13C scattering angle of 10° c.m. About 40% of
the counts in the E, =1.37-MeV peak originate from
spin-flip events.

been chosen as P, and P,:
Iy(d)=no(d)(1 _Pl -P2)+771(d)P1 +172(d)P .

A least-squares fit yields the P, values given in
Table I. The I y /m curve resulting from the fit is
shown in Fig. 2. We find an |m|=1 component of
1.7% at the more forward angle. At 21° the fit
yields P, and P, values consistent with zero. The
additional constraint P> 0 results in P, < 0.3%.
The |m|=2 component constitutes about 90% of
the cross section at both angles. As indicated by
the different statistical errors, the combination

TABLE I. Yield per particle event of 1.37-MeV v rays, I,, measured
along the scattering normal with a 3-in. X 3-in. Nal crystal (photopeak ef-
ficiency 1) at various distances d, from the target; deduced probabilities
P,, for the population of the **Mg(2*) |m| substates (P, = spin-flip probabil-
ity). The quoted values and errors are obtained from a least-squares fit.
Possible systematic errors are discussed in the text.

d Ui Py P, F,
Oc.m. (em) (%) 1031), (%) (%) %)
10° 4.6 1.41 4,90+ 0.26
7.5 0.75 1.45+0.14 } 1.67£0.52 4.2%+5.,5 94%5
14.6 0.27  0.262+0.024
21° 4.6 1.41 2.7+1.,5
9.6 0.52 0.60+0.24 } 0.50+0,73 -11+£21 111+ 20
24.6 0.11 0.018+0.016
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FIG. 2. Out-of-plane intensity of 2'Mg(2*) v rays
per particle event following inelastic !°C scattering at
Oc.m, = 10°, divided by the efficiency of the Nal detec-
tor for isotropic radiation. The dashed curves show
the calculated values of I, /1 for pure m-substate pop-
ulation of *Mg(2*). A fit to the data yields the full
curve corresponding to the probabilities of the ||
components given in Table I.

of distances chosen here makes our experiment
very sensitive to the |m|=1 component but much
less so to the m =0 component. For example, in
Fig. 1 about 40% of the photopeak yield is due

to Im|=1, although it constitutes only 1.7% of
the cross section.

Systematic errors are a concern because they
could produce apparent spin flip. Misalignment
of the apparatus could allow a tilt of the scatter-
ing normal relative to the quantization axis of up
to 2.5°. For P,=0, P,=10%, and P,=90% a rota-
tion of the quantization axis yields a maximum
apparent P,’ of 0.3% with the most pessimistic
assumptions about the unmeasured phases. This
is considerably less than the measured value at
6..m.=10° By a similar argument the effect of
the finite solid angle used for particle detection
and of the relativistic transformation due to the
recoil velocity may be neglected. A 5% error
of the efficiency for y-ray detection at all dis-
tances has a negligible effect. A change of 7(4.6
cm) by + 5% with respect to the efficiency at the
other distances causes deviations of +0.2% for
P, and + 4% for P, and P, in the 6, =10° mea-
surements and negligible deviations in the 6
=21° measurements. Another possible system-
atic error which might produce excess y rays
along the scattering normal is the effect of hyper-
fine interactions upon the substate population of
the Mg 2* state. This effect is negligible for
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two reasons. First, most of the recoiling Mg
ions do not leave the target environment, and
second, for those that do, a very small effect is
produced even for a field of 4 MG acting over the
lifetime of 2 psec.

In an optical-model description of the inelastic
scattering process, the observed spin flip is
commonly attributed to a spin-orbit potential.

To determine the spin-independent optical poten-
tial we have separately measured the differential
cross section for the elastic and inelastic scat-
tering of °C by **Mg between 6, =7.5° and 50°,
If the relatively small effect of spin flip on these
cross sections is ignored, a good fit'? is obtained
with a Woods-Saxon nuclear potential in the en-
trance and exit channels, with parameters V=- 40
MeV, W=-19.1 MeV, R=1.165(24"/2+133) fm,
a=0.658 fm and the standard collective excitation
form factor composed of the Coulomb term and
the first-order approximation of the quadrupole
deformation of the nuclear potential given above.
The observed strong |m|=2 dominance is repro-
duced by these calculations. To make possible
spin flip a spin-orbit potential

Vidr)= =20 /mc)? Voo (1/r)df /ar )L «§

has been added to the spin-independent potential,
where f (r)={1+exp[(r -R)/a]} "*. The radius
and the diffuseness parameters for the spin-orbit
term are the same as those stated above., We
have not considered an1+T term acting on the
24Mg spin (I) in the exit channel nor a deformed
IS term in the form factor. To account for the
1.7% spin-flip probablllty observed at 6, =10°

a strength V. = 0.7 MeV is required for the
specific opt1cal potential above. The upper limit
of P, measured at 6., =21°is consistent with
this result as are upper limits obtained in earlier
spin-flip experiments'® with *C. For a *C +2*Mg
grazing collision with /,, =157 the spin-orbit
potential deduced from our experiment amounts
to 9% of the real potential at 7 = 1.5(24'/3+13/3)
fm,

Our deduced value for the spin-orbit potential
at the strong absorption radius is about a factor
of 4 smaller than the value proposed® to solve
the phasing problem'* of the *°Ca(*’C,*N)*K dif-
ferential cross section. However, it exceeds
predictions of folding-model calculations,'”2 also
performed for the '3C +*°Ca system, by an order
of magnitude or more. It remains to be seen
whether inclusion of exchange processes®® or a
proper wave function'® instead of the single-par-
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ticle model wave function may increase the fold-
ing-model value.
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It is shown that the fluctuation cross section for the generalized-exciton or nested-door-
way model can be obtained explicitly and exactly in the limit that doorways of successive
classes have very different widths, I',>> T, ,4, and that the doorways of a given class are
overlapping, I',>D,. The result is given in terms of experimentally observable quanti-
ties, and explicitly separates the compound and precompound contributions. It contains
the results of previous, more specialized, models as limiting cases.

An appealing example of a system whose reac-
tions exhibit precompound components is a mod-
el consisting of “nested doorways,” such as the
exciton model. This model assumes the doorway
resonances to be grouped into classes according
to their total widths, with I',=(T",,), the average
width in class n. The widths of these doorway
classes, assumed to be arranged in the sequence

T,>>T,»> seex>Ty, (1)

imply a corresponding sequence of time delays
(at),=7/T,, which fix the time scale of the vari-
ous components of the reaction, from the maxi-
mum delay %/T y of the compound-nucleus levels
down to 7/T, for the fastest of the precompound
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components,

Equation (1) defines a sequence (we might call
it a “well-nested” sequence) of classes of com-
pound-nucleus (z =N) and doorway (z < N) reso-
nances. If we assume that the levels of each
class are overlapping,

T'p>Dn, (2)

we find that the methods of Kawai, Kerman, and
McVoy* (KKM), originally employed to obtain the
fluctuation cross section in the absence of door-
ways, can immediately be extended to obtain the
exact expression for ( o) in the nested-doorway
model as well, without further approximation.
The result is obtained with great algebraic sim-
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