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Enormous spin polarization in heavy-ion-induced one-nucleon transfer reactions
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We show a possible large spin polarization of nuclei produced by one-nucleon transfer reactions pre-
dicted by the direct reaction theory. We investigate its origins in terms of the magnetic-sub-state cross
sections by decomposing those into near-side and far-side components. The asymmetry of the particle-y
angular correlation followed by decay of the spin-polarized nucleus is also calculated.

PACS number(s): 24.70.+s, 24.50.+g, 25.70.Hi

I. INTRODUCTION

Studies of the spin polarization of reaction products
are less common compared with the analyzing power
measurements. One reason for this is the technical com-
plications of polarization measurement, and the other is
the existence of the polarization-asymmetry theorem.
However, the theorem does not apply to the case of spin
polarization of particles from non-ground-state nucleon-
transfer interactions. Measurements of the spin polariza-
tion in such cases are carried out by measuring the asym-
metric angular distribution of the correlated ejectile and
decay particle, such as «, S, ¥, and nucleons. The mea-
surements are, therefore, quite difficult but challenging
and are sometimes considered exotic experiments.

These are the reasons, whether or not the magnitude of
the polarization becomes large or small, why the dynam-
ics is so much less well studied in both experiment and
theory. Another reason to call such experiments exotic is
perhaps to stress the idea of using such polarized unstable
nuclei as the injectile (secondary) beams for the new reac-
tion experiments, which cannot be studied using the
stable nuclei as the projectile and targets. Therefore, it
would be extremely interesting and important if we could
find some case where the spin of the reaction products is
highly polarized and also know the dynamics providing
it.

In this paper we show some unique cases where a large
spin polarization of the reaction products may occur. We
also explain what the results of large spin polarization
are.

In the following, we first briefly review the past studies
of the spin polarization of unstable nuclei in both the ex-
perimental and theoretical works. Spin polarization of
2B produced through the reaction !'B(d,p)'?B was mea-
sured by Berlijin et al., and Pfeiffer and Madansky in
1967 [1] using coincidence measurements of the proton
and decaying B ray, and it is found to be about 5% for
the deuteron energies 0.8-3.2 MeV. In 1977 the same
2B polarization was measured by Sugimoto et al. [2]
through the heavy-ion reaction Mo(!*N, 2B)!%2Ru at
90-MeV incident energy. The polarization is about 30%
in the small Q-value region, and it rapidly decreases with
the increase of the Q value by changing the sign from
positive to negative. This result attracted theoretical at-
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tention, and several models interpreting the result were
proposed [3,4]. In Ref. [3] Ishihara et al. reported that
the frictional force alone was not able to account for the
whole feature of the Q-value dependence, but the semi-
classical description proposed by Brink [5], together with
consideration of the continuum final states, qualitatively
explains the observed sign and magnitude of polarization
only in the quasielastic region. As a more quantitative
treatment of this reaction, the exact finite-range (EFR)
distorted wave Born approximation (DWBA) calculation
that properly includes the continuum final states has been
performed by Udagawa and Tamura and gives an almost
complete interpretation of the quasielastic region [4].
Three other experiments calculating the ?B polarization
have been made in 1978-79 on the reactions [6]
1Mo('*N,!?B)!%2Ru at 200 MeV, '*’Au('°F, 2B)?™Bj at
186 MeV, and »?Th("*C,"?B)?** Pa at 149 MeV.

Recently the (1*N,!?B) reaction on *’Au at the 560-
MeYV incident energy was carried out by Asahi et al., and
polarization changing from +20 to —10% as the Q
value increases was observed [7]. The simple semiclassi-
cal [7] and semiquantal microscopic [8] calculations have
been made and both give a successful interpretation of
the results. In Ref. [8] Ohnishi, Maruyama, and Horiu-
chi show that the origin of the ejectile polarization can be
understood clearly by studying separately the near-side
and far-side contributions to the polarization.

In deep inelastic collisions, small (+25%) and large
(+80%) polarizations of the excited nuclei were reported
by Lauterbach et al. [9] and by Trautmann et al. [10] for
the collisions using different sets of nuclei and energies;
the polarization was deduced by measuring the circular
polarization of the deexcitation ¥ ray. The presence of
negative scattering angles (far-side trajectories) on the
basis of the frictional picture was found to be consistent
with the observed results [10].

In 1979 the spin polarizations of the excited 37, 57,
and 6" states of *°Ne were measured by Pougheon et al.
[11] using the '>C-a angular correlation measurement of
the 1%0('%0,2C)*’Ne reaction. The magnitude changes
from 70 to 90 % as the '2C scattering angle changes from
10° to 40°. The polarization in this case corresponds to
that of the orbital angular momentum transferred to the
residual nucleus. The EFR-DWBA calculation repro-
duces the observed angular shape, but its magnitude is
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smaller by a factor of about 1.3 compared with the ob-
served results. The authors pointed out that a simple
friction model is not inconsistent with the observed po-
larization if such an extreme condition for the trajectory
is accepted that only one (near- or far-) side trajectory is
effective for the transfer reaction. However, the friction
model is, in general, too simple to predict the polariza-
tion of the residual nuclei excited in the discrete levels.
This conclusion is the same as Bond pointed out in Ref.
[12]. He also studied the heavy-ion polarization and Q-
value dependence of its sign using a semiclassical expres-
sion derived from the no-recoil DWBA amplitude [13].

The polarization produced by the spin-orbit distortion
has been estimated by Ellis [14] in the framework of the
no-recoil DWBA calculation for the *N(17%) as 30% in
the one-nucleon transfer *°Ca('3C,"N)¥K and for the
31p(1/2*) as 70% in the three-nucleon transfer
285i(19F, 190 )3!P* reactions, but no experimental measure-
ment has been reported yet.

In this paper, we describe some unique cases producing
a large spin polarization of the final nuclei produced by
the simple one-nucleon-transfer reactions to the discrete
final states. We predict those results by the exact-finite-
range DWBA calculations. A brief result has been re-
ported in Ref. [15]. We investigate the dynamics produc-
ing such a large polarization using the semiclassical
description based on the Brink’s matching condition [5].
We will emphasize in our semiclassical treatment that the
Brink’s condition should be carefully applied when we
discuss the matching conditions of the near- and far-side
cross sections. One of Brink’s conditions (for angular-
momentum matching) is equivalent to the picture used by
Asabhi et al. [7] in his interpretation of the polarization in
the fragmentation reactions, and it is also closely related
to the semiclassical treatment based on the no-recoil
DWBA given by Bond [13]. However, as was shown in
our previous paper [15], it is indispensable for some reac-
tions considered here to treat the recoil effect properly,
and in this case Brink’s other condition (for the linear
momentum matching) will be shown to play an important
role.

In Sec. II, we show our calculated polarization. The
dynamics producing such a polarization are investigated
in Sec. III, where near-side and far-side contributions are
treated separately and discussed using Brink’s matching
conditions, and in Sec. IV the total (near and far) polar-
ization is discussed in connection with the relative impor-
tance between the near-side and far-side contributions.
We will give the asymmetry of the particle-y angular
correlations emitted from the polarized nuclei in Sec. V.
Conclusions are presented in Sec. VI.

II. THE RESULTS OF THE PRESENT CALCULATIONS

First we show the results of the exact finite-range
DWBA calculation for several reactions in which a large
spin polarization of the final nuclei occurs. In Fig. 1(a)
we show our predictions for the case of two p,,—p;,,
transfer reactions:  2C(!3C,2C)*C(g.s.,1/27) at
E,,;, =140 MeV and 3*Fe('3C,2C)>°Fe*(0.41 MeV, 1/27)
at E;,, =60 MeV. The spin polarizations of the residual

nuclei among the k, Xk, direction are presented, where
k, (k,) is momentum vector of the projectile (ejectile), re-
spectively. We can see from Fig. 1(a) that (1) the magni-
tudes of the spin polarization are quite large in the two
reactions, (2) their signs are almost independent on the
scattering angles, and (3) they are completely reversed for
the same 1/27 residual states. We have chosen these two
reactions and incident energies in order to demonstrate
the dependence of the sign of polarization on the relative
balance between the incident energy and the Coulomb
barrier. We will study this later in detail.

Before we explain the dynamics providing these re-
sults, we present some cases. In Fig. 1(b), the p;,,—p,,
transition in the '2C('2C,'*C)!!C reaction at E,, =140
and 300 MeV is shown, where a large polarization of the
ejectile 13C is predicted. We have also calculated spin po-
larizations induced by various one-nucleon-transfer reac-
tions and found that in many cases final nuclei are to be
polarized largely.

The exact finite-range DWBA calculations were per-
formed using the computer code SATURN—MARS [16].
The distorting potentials reported in Refs. [17] and [18]
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FIG. 1. Calculated spin polarizations of the final nucleus
produced by the one-nucleon transfer reactions. (a) Spin polar-
izations of the residual nuclei produced by the two p,,,—p.,;
transfer reactions, '*C('*C,"’C)*C,, at Ej;,=140 MeV and
Fe(3C,"2C)*Fe*(1/27) at Ey,, =60 MeV, are compared. (b)
Spin polarizations of the ejectile produced by the p;,,—pi,
transfer reaction '2C('2C,'*C)"'C at E,, = 140 and 300 MeV are
shown.
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were used for the 2C(13C,'12C)13C and *C('?C,BC)!'C
reactions at 140 MeV and for the **Fe(!3C, 12C)*Fe* re-
action at 60 MeV, respectively. For the )C(12C,13C)!!C
reactions at 300 MeV, the potential set labeled 25A in
Ref. [19] were used. The distorted waves for the initial
and final channels were generated using the same distort-
ing potentials. The neutron-binding potentials are the
Woods-Saxon form with ry=1.25 fm, a =0.65 fm, and a
spin-orbit term of strength ¥V, , =8 MeV. The strength
of potential was determined to reproduce each experi-
mental separation energy. The potential obtained is used
as the transition interaction. The spectroscopic factors
for the carbon nucleus were taken from Cohen and
Kurath [20]; §=0.6132 for the 1p,,, state in 3C and
§=5.6989 for the 1p, , state in '>C. For the 2p, ,, state
in *>Fe we used S =0.59, which is deduced from the (d,p)
reaction in Ref. [21]. The elastic-transfer-mechanism
contribution to the C(13C,2C)!13C reaction is not in-
cluded in the calculation because we are interested in the
spin polarization arising from the nucleon-transfer mech-
anism, and anyway the elastic transfer effect is small for
the forward scattering angles [22].

In the following sections, we show that the origins of
the large polarization and its sign can be understood by
considering two aspects. In Sec. III we show the first
one, that is, a strong selectivity of the semiclassical path
through which the nucleon is transferred from the initial
bound state to the final one. In Sec. IV we will discuss
the second aspect, the preference of one of the classical
trajectories, near or far side.

III. THE CROSS SECTIONS
OF MAGNETIC SUB-STATE POPULATION
AND THEIR NEAR-SIDE AND FAR-SIDE COMPONENTS

In order to investigate the dynamics of such a large
spin polarization, it is very useful to express the spin po-
larization in terms of the magnetic sub-state population
cross sections. Indeed, decomposing those population
cross sections into the near-side and far-side components,
we can understand the mechanisms producing a large po-
larization by using a semiclassical picture based on
Brink’s matching condition [5]. In the following, we first
explain briefly the calculation methods needed for the
analyses in Sec. III A and then interpret the calculated
results in terms of Brink’s matching condition in Sec.
III B.

A. Calculation methods

1. Decomposition of the DWBA amplitude
into the near-side and far-side cormnponents

The reduced transition amplitude S is defined as usual
for the non-spin-orbit distortion case [23],

2(2]-%-1)”2

T,
MpMM 4 M
Isj

ImM, M,
X A (I 4M 4 julIgMp)Bg 7", (D)

where / and j are, respectively, the orbital and the total
angular-momentum transfers, and m and p are their z

component. s is the spin transfer. I, (M ,)and I (Mp)
are, respectively, the spins (their z components) of target
and residual nuclei, and M, and M, are the z component
of spins of projectile (I,) and ejectile (1), respectively.
When we define the z axis to be parallel to the k, and the
y axial to k, Xk,, where k, (k,) are, respectively, the
momentum vector of the projectile (ejectile), the reduced
amplitude may be represented in the form

ImM ImM, M
B - 2 as] Lbb aPLbb(COSG) (2)
where PL b are the associated Legendre functions and L,

and L, are, respectlvely, R{artlal waves for the initial and
final channels, and a:] L, L “ contain the geometrical fac-
tors and the overlap mtegrals. The decomposition of the
amplitude into near-side (V) and far-side (F) components

given by Fuller [24] is founded on writing PZ b

as a sum
of two terms,

PZ”(cosG)=Q£:"(_)(cose)—*—QZ”(H(cosG) . (3)
Here, the QIZ v are defined by
QZ”(i)(cosO):% Pf:b(cos())w_L%Qz:”(cosH) , 4)

b

M . .
where QLb are the associated Legendre functions of the

second kind. Then, near-side and far-side amplitudes are,
respectively, given by

ImM, M

Im +
grtoMe (N, F)= z ag i 0rt ™ (cosh) . (5)

2. The coordinate axes and spin-selection rules

The near-far decomposition presented in the last sec-
tion is defined in the coordinate system in which the z
axis is defined along the direction of k, and the y axis
along k, Xk,. However, we are now discussing the spin
polarizations and also the m sub-state populations with
respect to the direction of the normal to the reaction
plane. Therefore, it is convenient to rotate the coordi-
nate system to the one in which the z axis is taken to be
parallel to k, Xk, and the x and y axes lie in the reaction
plane (we take the x axis to lie along k,). Using rotation
matrices [25], £, we transform the reduced amplitudes
into the new coordinate system,

g™ (new)= 3 B"" MoMa old)
MM,
XDI*D " ) (6)
MM, MM, ’
whereuy=m+M,—M, and p’'=m'+M,—M,.
In the two coordinate systems, the same relation,
m=Mp—M,+M,—M, , (7)

should be satisfied, since in the heavy-ion reactions con-
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sidered here the spin-orbit distortions are not included.
In the DWBA formalism, the relation

m=m,—m, (®)

is implicitly included, where m, and m, are the z com-
ponents of the orbital angular momenta of the bound nu-
cleon before (/;) and after (I,) the transfer, respectively.
In the new coordinate system it is known [23] that the ad-
ditional selection rule,

m+1,+1,: even , 9)

must be satisfied.
B. Brink’s matching condition

In this section, we summarize the so-called Brink
matching condition [5] for heavy-ion transfer reactions,
with which we predict qualitatively the relative magni-
tudes among the m sub-state population cross sections as
they will be shown in the next section. Usually the condi-
tion is used to predict the relative population probabili-
ties among the final states with different spins, but we in-
tend to apply the condition so as to predict the relative
population probabilities among m sub-states with a cer-
tain spin. In Ref. [3] Ishihara et al. used the Brink con-
dition for this purpose for the ®Mo(*N, ?B)!?Ru reac-
tion at 90 MeV to interpret the observed polarization of
ejectile B for the small-Q-value region. It should be
noted that, in deriving the matching condition, the far-
side dominance of the reaction was implicitly assumed by
Brink [5]. The DWBA calculation done by Udagawa and
Tamura [4] shows a possibility that the reaction con-
sidered in Ref. [3] is near-side dominant. Therefore, the
work of Ref. [3] should be reinvestigated. In this work
also we should be careful about this point, since as we
will see later, we are discussing the near-side dominant
reaction as well as the far-side dominant reaction. We
apply a different matching condition for the near-side tra-
jectories.

The Brink matching condition is extended into a gen-
eral form including the case of a near-side trajectory.
The condition consists of three kinematics.

(1) The matching condition for the linear momenta of
the participating particles is as follows:

Ak=kgt =t 2 L0 (10
FR, TR, )
(+ for the near-side and — for the far-side trajectory, re-
spectively), where k, is the wave number of the projectile
per nucleon in the laboratory system, and R and R, are,
respectively, the radii of projectile (target) and residual
(outgoing) nucleus for the stripping (pickup) reaction.
The restriction |Ak|=0 is equivalent to the requirement
that the x component (x axis|k,) of the linear momenta
of the transferred neutron should be almost conserved.
(2) The matching condition for the total angular
momentum is

AL=m2_m1 + {%ko(Rl_R2)+Q(R1+R2)/(ﬁv)} 2'«0,
(11)

where Q is the reaction Q value and v is the velocity of
projectile in the laboratory system. The condition
|AL| =0 is equivalent to the classical conservation low of
the total angular momenta of the whole system; the first
two terms in Eq. (11) represent the difference between an-
gular momenta of the bound neutron in the initial and
the final channel, and the third term is the change of the
relative angular momentum of the two interacting nuclei.
Further, the requirement that the transition probability is
largest when the neutron is near the reaction plane leads
us to the third condition.

(3)l,+m: even, I,+m,: even, (12)

where /; and [/, are the orbital angular momenta of the
neutron in the initial and final bound states. These condi-
tions have been shown to follow from the distorted-wave
Born theory by Gross [26]. He has derived them by using
the three-dimensional time-dependent JWKB approxima-
tion for distorted waves.
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FIG. 2. The cross sections of the magnetic sub-state popula-
tion for the spin states of the residual nucleus '*C in the
2¢(BC,2C)BC, . reaction at Ey,, =140 MeV are shown in (a),
and their near-side and far-side components are shown in (b)
and (c), respectively.
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C. The calculated m sub-state cross sections and applications
of Brink’s matching conditions

1. p;/;2—p,; transition

In Fig. 2, we show the calculated m sub-state popula-
tion cross sections for the spin state of the residual nu-
cleus 1*C for the 2C(13C,2C)!*C(g.s.,1/27) reaction at
E,,=140 in Fig. 2(a). Their decompositions into the
near-side and far-side components are shown in Figs. 2(b)
and 2(c). The results of the **Fe(!3C, 12C)**Fe*(1/27) re-
action at E|,, =60 MeV are shown in Fig. 3. We can see
from Figs. 2(a) and 3(a) that, as expected from the polar-
izations shown in Fig. 1(a), the m sub-state cross sections
o(Mg=+1/2) and o(Mp=-—1/2) show large
differences in magnitude. That is to say,

o(Mg=+1/2)>0(My=—1/2) for a '>C target
(13a)

and, in contrast,
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FIG. 3. The cross sections of magnetic sub-state population
for the reaction *Fe('3C,'?C)*Fe*(1/27; E, =0.41 MeV) reac-
tion at E},;, =60 MeV are shown in (a), and their near-side and
far-side components are shown in (b) and (c), respectively.

o(Mg=+1/2)<o(Mz=—1/2) for a **Fe target .
B B
(13b)

These relations are almost independent on scattering an-
gles, except for very forward angles. Figures 2(b), 2(c),
3(b), and 3(c) show one of the most remarkable features
on the relative magnitudes of m sub-state cross sections.
That is to say, as can be seen from Figs. 2(b) and 3(b), in
the near side the cross section for My=—1/2 is about
1-3 orders of magnitude larger than that for Mz =+1/2
in the whole angular range. In contrast, Figs. 2(c) and
3(c) show that this relation in magnitudes of the cross
sections for Mz ==+1/2 is completely reversed in the far-
side trajectory. Then, we found the interesting feature,
which is common in the two reactions, i.e.,

o(Mp=+1/2)<o(Mz=—1/2) for the near side ,
(14a)

o(Mp=+1/2)>0(Mg=—1/2) for the far side .
(14b)

In the following, we show that dynamics producing these
features can be interpreted by use of Brink’s matching
conditions mentioned in Sec. III B.

First we note that, since the spins I, and I, are both 0
in the reactions considered here, Eq. (7) can be written as

m=My—M, . (15)

Because /; and [/, are both 1 and [ takes O and 1, we get,
from Eq. (9)

m =0 (16)

for both / =0 and 1.

Now we interpret the possible combinations of m,, m,,
M,, and My with the semiclassical paths through which
the nucleon is transferred and to which we apply Brink’s
matching conditions. Using Egs. (8), (15), and (16), and
considering condition (3) of Eq. (12), we get the two com-
binations in each near-side and far-side trajectory, which
are shown in Table I. In this table, the z components of

total angular momenta of the bound nucleon, m iy and

m; , are shown in the parentheses right after the corre-

sponding z components of the orbital angular momenta.

For the reactions considered here, m; =M, and

m j2=M - If we assume that the p,,, bound state can be
described semiclassically as the state in which the intrin-
sic spin of the bound nucleon points in the opposite direc-
tion to its orbital angular momentum, we can associate
these combinations with semiclassical paths depicted in
Fig. 4 because the intrinsic spin of the transferred nu-
cleon does not flip during transfer within our spin-
independent interactions.

Then we evaluate |Ak| and |AL| numerically. The
values obtained are shown in the last four columns in
Table I. We can see from the table that |AL|’s are equal
for all the paths in each reaction. On the other hand,
|Ak| for the path N2 is very small compared to that for
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FIG. 4. The semiclassical paths through which one nucleon
is transferred in the p,,, —p,,, stripping reaction. These paths
correspond to the transitions given in Table I.

the path N1 in the near-side trajectory, which means that
the transfer probability through the semiclassical path la-
beled N2 are to be much larger than that through N1 in
the near-side trajectory. This is true for the two reac-
tions. The transition, which corresponds to the semiclas-
sical nucleon transfer through the path N2 leaves the re-
sidual nucleus '3C in its spin state of Mz =—1/2. Conse-
quently, the population for My = —1/2 dominates the
near-side cross section. As to the far-side trajectory,
since |Ak| for F1 are much smaller than those for F2 in
both reactions, the cross section for Mz =+1/2 becomes
dominant. Now, we understand origin of the characteris-
tic features shown in Figs. 2(b), 2(c), 3(b), and 3(c); the
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near-side cross section is dominated by the population
Mp=—1/2 and the far side by the population
My=+1/2.

As explained above, these results are caused from the
matching condition for only the linear momentum of the
transferred neutron. Therefore, this result is independent
of the Q value. The effect arising from the Ak matching
condition are called the TGV (Transfer a Grande Vitesse)
effect by Von Oertzen [27]. With the effect, he has ex-
plained a spin selectivity and an exponential decrease of
the cross section with respect to the incident energy in
the range E/A=30-90 MeV for the heavy-ion one-
nucleon transfer reactions. Further, in terms of the
DWBA amplitude, such a large difference in magnitude
between m sub-state cross sections arises from the strong
constructive or destructive interferences between ampli-
tudes for angular momentum transfer / =0 and 1 [15],
that is, the amplitudes for the natural and unnatural pari-
ty transitions. In other words, within the no-recoil ap-
proximation the spin polarization does not occur in the
Di,,—D1,, transfer. This situation is similar to that re-
ported by Udagawa and Tamura in Ref. [4] for the
1000 (14N, 12B)12Ru reaction at 90 MeV, where the
exact-finite range DWBA calculation properly including
the continuous final states have been performed. It is
worthwhile to note that since the results shown above are
caused by the kinematical reason, they can be a general
feature for the p, , —p, ,, transfer reaction.

2. p3;;—>DP1,; transition

We show in Fig. 5(a) the calculated m-substrate cross
sections for the spin-state of the ejectile 'C of the
2¢(12¢, BC)!IC reaction at E,;, =140 MeV and in Fig.
5(b) their near-side and in (c) their far-side components.
As we can see in the figures, the differences in magnitudes
between the cross sections for M, ==*1/2 in each trajec-
tory are again very large, and we found the relations

oM,=+1/2)<o(M,=—1/2) for near side ,
o(My=+1/2)>0(M,=—1/2) for far side .

(17a)
(17b)

The dynamics producing the difference in magnitudes is
also due to the kinematical matching condition as will be
discussed below.

Since I, and I, are both O in this reaction, we can
write Eq. (7) as

TABLE 1. The possible combinations of z components of the projectile spin (I, ), the residual spin
(Ig), and the orbital angular momentum (/; and /,) for the transition p,,,—p;,,. N1, etc., indicate the
paths defined in Fig. 4. In the last four columns the values obtained by the Brink’s matching conditions

are shown.
IZC( 13C, lZC) 54Fe( 13C, IZC)
Path m (m,—l)—>m2 (mjz) M, My |Ak| |AL| |AK| |AL|
Near side
N1 +1(+1/2)—>+1(+1/2) +1/2 +1/2 1.4 0.0 1.0 1.1
N2 —1(—1/2)>—1(—1/2) —1/2 —1/2 0.03 0.0 0.08 1.1
Far side
F1 +1(+1/2)>+1(+1/2) +1/2 +1/2 0.03 0.0 0.08 1.1
F2 —1(—1/2)»>—1(—1/2) —1/2 —1/2 1.4 0.0 1.0 1.1
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FIG. 5. The cross sections of magnetic sub-state population
of the ejectile spin state in the 2C('?C,3C)''C reaction at
E,,, =140 MeV are shown in (a), and their near-side and far-side
components are shown in (b) and (c), respectively.

m=My+M, . (18)
From Eq. (9), we get
m=0,%2 (19)

because /, and /, are equal to 1, and in the present transi-
tion / takes 1 and 2. Using Egs. (8), (18), and (19), four
possible combinations of m;, m,, M,, and My are ob-
tained in each trajectory, which are given in Table II. In
this reaction, m j, = "Mp and m iy =M,. The popula-
tions of M, = +1/2 are given by the sum of the contribu-
tions from N1 and N2 in the near side and from F1 and
F2 in the far side, and the population of M, =—1/2 is
given by those from N3 and N4 in the near side and F3
and F4 in the far side. We associate these combinations
with the semiclassical paths to which we apply the
matching conditions, where we assume the p;,, states,
with their z components m i of the total angular momen-

tum j, being +3/2 (+1/2), as states in which spin of the
bound nucleon is parallel (antiparallel) to the orbital an-
gular momentum /,, which is depicted in Fig. 6.

We show, in Table II, the values of |Ak| and |AL]| for
each path, and we show the cross sections corresponding
to the N1-N4 in Fig. 7(a) and F1-F4 in Fig. 7(b). We
can see from the values for the paths N2 and N3 in Table
II that, while |Ak|’s are 0.7 for both, |AL | are 0.6 for N3
and 4.6 for N2; then, between these two paths, the
transfer probability through the N3 is to be larger com-
pared to that through the N2. We can also see that the
transfer probability through the N4 should become larger
than that through the N1 because of the relative magni-
tudes of |Ak|. (|AL|’s for N4 and N1 are equal to each
other.) Therefore, we can qualitatively understand the
results shown in Fig. 7(a) that the cross sections labeled
N3 (dotted curve) and N4 (dot-dashed curve) are much
larger than those labeled N1 (solid curve) and N2 (dashed
curve). Since N3 and N4 both leave the ejectile '3C in the
m sub-state My = —1/2, we get the results that the popu-
lation Mz = —1/2 dominates the near-side cross section

TABLE II. The possible combinations of z components of the ejectile spin (I, ), the residual spin (1),
and the orbital angular momentum (/, and /,) for the transition p;,,—p,,,. N1, etc., indicate the
paths defined in Fig. 6. In the last four columns the values obtained by the Brink’s matching conditions

are shown.

Path m my (m; )—m; (m;) M, My |Ak| |AL]
Near side

N1 0 +1(+1/2)—>+1(+1/2) +1/2 —1/2 1.4 2.6

N2 +2 —1(—=3/2)->+1(+1/2) +1/2 +3/2 0.7 4.6

N3 -2 +1(+3/2)>—1(—1/2) —1/2 —3/2 0.7 0.6

N4 0 ~U=1/2)—>—1(—1/2) —1/2 +1/2 0.06 2.6
Far side

F1 0 +1(+1/2)—>+1(+1/2) +1/2 —-1/2 0.06 2.6

F2 +2 —1(—3/2)>+1(+1/2) +1/2 +3/2 0.7 0.6

F3 -2 +1(+3/2)>—1(—1/2) —1/2 —3/2 0.7 4.6

F4 0 —U(—1/2)—>—1(—1/2) —1/2 +1/2 1.4 2.6
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FIG. 6. The semiclassical paths through which one nucleon
is transferred in the p;,,—p,,, pick-up reaction. These paths
correspond to the transitions given in Table II.
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FIG. 7. The cross sections corresponding to the various
paths in the near-side (a) and the far-side (b) trajectories. The
meaning of the curves labeled N1-N4 and F1-F4 is shown in
Table II and depicted schematically in Fig. 6.

[see Fig. 5(b)]. As to the far-side trajectory, we can ex-
pect that the cross section corresponding to F2 becomes
much larger than that corresponding to F3 from the
values of |AL|, and F1 than F4 from the values of |Ak]|.
The paths F1 and F2 both leave °C in the Mz=+1/2
population, then this population dominates the far-side
trajectory as shown in Fig. 5(c).

It is worthwhile noting that for the present p;,, —p,
transition, in contrast to the p,,,—p,,, transition, the
matching condition for the total angular momentum
plays an important role as well as that for linear momen-
tum of the transferred nucleon. Then, as is clear from
the expression of Eq. (11), the sign and magnitude of the
polarization is expected to depend on the reaction Q
value. Indeed, we have found that DWBA calculations
show those dependences. A similar result has been re-
ported and discussed by using the semiclassical picture by
Bond [13]. The work of Asahi et al. [7] and Ohnishi,
Maruyama, and Horiuchi [8] discussing the sign of spin
polarization of the fragmentation reaction '’ Au(*N, ’B)
at E,,, =560 MeV can be reinvestigated using the AL-
matching condition (11). As explained above, the origin
of the large difference in magnitude of the cross sections
can be understood with the semiclassical concept. How-
ever, a difference between cross sections, where magni-
tudes are not so much different from each other, such as
between N3 and N4, cannot be accounted for by the
present semiclassical description. Indeed, the relative
magnitudes among such cross sections show a rather
strong dependence on the distorting potentials [28]. But
we have confirmed that the largely different cross sections
do not change by using the different sets of distorting po-
tentials.

IV. SIGN OF THE POLARIZATION

A. The relative strength
of the near-side and far-side amplitudes

In Sec. III we have discussed the m sub-state cross sec-
tions of each near-side and far-side trajectory. In this
section we investigate the characteristics of the total
(near and far) m sub-state cross sections. We discuss the
sign of the total polarization in connection with the rela-
tive magnitude between the near-side and far-side cross
sections.

First, we consider the p, ,,—p, , transition. We have
shown in Sec. II that sign of the polarization of the resid-
ual nucleus is positive for the 2C(>C,2C)"3C reaction at
140 MeV, and it is negative for the “Fe('3C, 12C)**Fe* re-
action at 60 MeV. These results of sign can be attributed
to the fact that the far-side trajectory is dominant for the
former case, and the near-side trajectory is dominant for
the latter case. This is as we have discussed in Sec. II,
due to, the fact that the cross section of the population
Myz=—1/2 is dominant in the near-side trajectory and
that of Mz =+1/2 is dominant in the far-side trajectory.
Indeed, we can see from Fig. 2 for the '2C-target case
that although the m sub-state cross section for
Mg =+1/2 in the far-side [solid curve in Fig. 2(c)] and
that for Mz=—1/2 in the near-side [dashed curve in
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Fig. 2(b)] equally satisfy the kinematical matching condi-
tions better than the other m sub-state cross section in
each trajectory, the former cross section is much larger
than the latter one. The preference of the former cross
section arises from the predominant nuclear attractive
force for the !>C-target case at energy much above the
Coulomb barrier. Further, the magnitude of the cross

section for My =—1/2 in the near-side trajectory is as
small as that for My = —1/2 in the far-side trajectory;
therefore, the total My = —1/2 population cross section

shows strong oscillation due to the near-far interference.
As to the *Fe-target case, at energy near the Coulomb
barrier, this situation is reversed with a predominance of
the Mz =—1/2 cross section in the near-side trajectory.
Thereby the polarization sign becomes negative.

In order to demonstrate this incident energy depen-
dence clearly, we show in Fig. 8 the calculated polariza-
tions of 3C in the 2C(13C,'2C)!3C reaction at E,,;, = 140,
60, and 20 MeV using the same distorting potential pa-
rameter set as that found at E,,, =140 MeV. We can see
that, as the incident energy decreases, sign of the polar-
ization changes from positive to negative. This is be-
cause, while the near-side cross section becomes larger,
the far-side cross section becomes smaller with the de-
creasing incident energy.

As is clear from the above considerations, one of the
origins of large polarization is attributed to the large
difference in magnitude between the near-side and far-
side cross sections. Independence of the sign of the po-
larization on the scattering angles is caused by domi-
nance of one trajectory on the wide angular range.

As to the p;,,—p,,, transition, i.e., 2C(1*C,3C)!'C,
at E,,, =140 MeV, we have shown the results of polariza-
tion calculation in Fig. 1(b). Since, at this energy above
the Coulomb barrier, the far-side contribution becomes
dominant and the M,=+1/2 cross section becomes
dominant, as we have seen in Fig. 5, the sign of the total
polarization becomes positive. We have also shown in

100 T T T T T

sol- Ep=140MeV |

Epp = 60 MeV

P (%)

IZC(”C, 12(:>11Cu .

E,, = 20 MeV

} LN 1 I ! !
1000 10 20 30 40 50 60 70

O . (deg)

c.m

FIG. 8. The incident energy dependence of spin polarizations
of the residual nucleus *C produced by the 2C(2C,*C)!!C re-
action. The spin polarizations are calculated at E,,, = 140, 60,
and 20 MeV using the same distorting potentials found at 140
MeV.

Fig. 1(b) the polarization of the same reaction at
E,,,=300 MeV. At this higher energy, the far-side domi-
nance begins at the more forward angles than is the case
at E;,;, =140 MeV. Namely, at the forward angles the
magnitude of the polarization at E,,, =300 MeV is larger
than that at 140 MeV.

The relation between sign of the polarization and the
relative near and far strength has been discussed by Bond
[13]. The present more accurate calculation gives quali-
tatively similar results as his calculation, but the magni-
tude of the polarization is much higher in our prediction
than in his results.

B. Predominance of one trajectory

In this section, we show how the relation between in-
cident energy and relative magnitude of the amplitudes
between near-side and far-side trajectories is determined
in the framework of DWBA. In the general expression of
the DWBA amplitude, the product of spherical harmon-
ics appears:

* -m
Y1 (00,82, " (Bydy) 20

where L, and L, are the partial angular momenta in the
initial and final channels, respectively, M, is the z com-
ponent of L,, and 6,’s and ¢,’s (i =a,b) represent direc-
tions of linear momenta of the projectile k, and ejectile
k,. In most DWBA computer codes, the z axis is taken
to be parallel to k, and the y axis to k, Xk,, for conve-
nience. For the present discussion, however, it is useful
to choose the z axis parallel to the direction of k, Xk,
and the x axis along k,. In this coordinate system we get
0,=6,=m/2, ¢,=0, and ¢, =0, Where O, is the
scattering angle. Therefore, we can write the O,
dependent part of expression (20) as
* .

YIIZa (7/2’0))72:‘1 m(Tr/z,escatt)—»el(Ma m)O . . 1)
In this coordinate system, the near-side (far-side) ampli-
tude corresponds semiclassically to that of the negative
(positive) sum over M, respectively. This definition of
near-side and far-side amplitudes gives almost the same
results as that described in Sec. IIIA 1 according to
Fuller’s method. This correspondence is better for the
higher partial waves, that is, for the strong absorptive
heavy-ion reactions.

It is worthwhile to note that, as is known from the
definitions, the near-side and the far-side amplitudes at a
given partial wave differ from each other only by the
phase factor, namely, the two amplitudes have the same
absolute magnitudes. In other words, the large difference
in magnitude between the near-side and the far-side am-
plitudes after taking the sum over the partial waves arises
from the different interference natures among the partial
amplitudes. That is to say, it is expected that the phase
of partial amplitudes of the dominant trajectory should
not be so different from each other, and then after taking
the sum over the partial wave, a large amplitude is ob-
tained. In contrast, for the other trajectory, the phases of
partial amplitudes change largely from partial wave to
partial wave. We show in the following that this feature
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of the phases of partial amplitudes can be seen clearly in
the DWBA amplitudes.

We consider the '2C(13C,'2C)13C reaction. The
partial-wave-dependent phases of the partial amplitudes
arise from the two factors; the overlap integral and the
spherical harmonics. The phases of spherical harmonics
is M, 0., (m =0 in the present case) and, in the follow-
ing, we replace this phase by —L,0,,,, for the near-side
and +L,0,,, for the far-side trajectories by assuming
the amplitudes corresponding to the |M,|=L, may pro-
vide a large contribution. The phases of the partial over-
lap integrals come from those of the distorted waves for
the initial and final channels. If we assume that the real
part of the distorting potentials is preferential to their
imaginary part, the distorted waves can be separated into
the radial part and the phase such as,

Xi,(N=Rp (re 22)

where R La(r) is a real function and o is the phase shift,

which consists of nuclear and Coulomb parts. The phase
of the overlap integral becomes 20 ; , because L, =L, for
a
the present reaction. Thus, we get the expression
Tg/pmeuzaaw.nemn) _ (23)
a

In order to show how these phases change with respect to
L,, we take the derivative of the phases with L,. Using
the well-known deflect-function relation

do
La

7] =

class % aL ’ (24)
a

where 0., corresponds to the classical scattering angle
associated with an L, partial wave, we get the relation

a( 2'O'Ln +L escatt)
3L = eclass + escatt ’
a
for near and/or far-side trajectories . (25)

Equation (25) says that for the near-side amplitudes the
rate of the phase change with respect to the partial wave
is given by the difference between the classical scattering
angle associated with L, and the scattering angle at
which we detect the outgoing particle and, in contrast,
for the far-side by sum of them. We depict in Fig. 9 the
relations between those angles for the case of near-side
scattering. We show in Figs. 9(a) and 9(b) the cases of the
incident energies lower and higher than the Coulomb
barrier, respectively. In these two figures the angle 0,
is common at a certain positive value. For the lower in-
cident energy case, 0, becomes positive due to the
Coulomb repulsion, whereas for the higher incident ener-
gy case it becomes negative because of the strong nuclear
attractive force. Therefore, |6, — 0oyl in the former
case becomes small compared to that in the latter case,
namely, the amplitude of the former case after taking
the sum over the partial waves becomes larger than
that of the latter case. This is a consequence of difference
in the interferences; the former case with the small

(@) Eint < Ecoul (b) Eint > Ecoul

Oclass <0

E_ adm >0

/\ Oscan >0

Target

18ciass — Oscaul : small 18 ctass — Oscau :large

FIG. 9. The relations between angles O, and 0, in the
near-side scattering. Two cases of the incident energies, lower
and higher than the Coulomb barrier, are shown in (a) and (b),
respectively.

|0,1ass— Oscare| differences provides a constructive sum,
whereas the latter case with the large difference does a
destructive sum. In the far-side trajectory, the above re-
lations are reversed due to a different sign appearing in
Eq. (25), namely, the far-side amplitudes become larger as
the incident energy increases.

V. ASYMMETRY OF y RAY EMITTED
FROM THE POLARIZED NUCLEI

The large spin polarization ?redicted in this paper for
the 1*C, , in the "“C(**C,'*C)"°C and *C('*C,"*C)"'C re-
actions can be detected by the double scattering experi-
ment. On the other hand, for the case of the polarization
of °Fe* excited state in the **Fe('3C,2C)*Fe*(1/27) re-
action, the particle-y angular correlation technique may
be used to observe the polarization. The angular distri-
bution of the emitted y ray (0.412 MeV) shows anisotro-
py if the spin of the intermediate state (Fe*) is polar-
ized. However, it is known that a y ray decaying from
the }-spin state shows an isotropic angular distribution
unless the polarization of the emitted y ray itself is ob-
served [29]. In general, we can write the angular correla-
tion function as [29]

W(0,)=W.(6,)+Wx(6,), (26)

where the first and second terms correspond to the left-
hand and right-hand circularly polarized y ray, respec-
tively. Since we are considering the M1 transition of the
1/2 state of >>Fe* to its ground state of 3/27, they are
given as

Wi ,r(6,)=11£1P(6, 1, )cosb, , 27)

where 0y is the polar angle for the case of z axis defined
as parallel to k, Xk,. P(6., ) is the polarization of
55Fe* as a function of the scattering angle (6, ,, ) of out-
going '>C. These functions are independent on the az-
imuthal angle and, as mentioned above, the sum of them,
Eq. (20), are also independent on 6,. In Fig. 10, we show
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FIG. 10. The '>)C-y angular correlation distributions for the
**Fe(1’C,">C)**Fe* reaction at 6,, =25". The calculations are
made for the y rays of right-hand and left-hand circular polar-
izations emitted in the M1 transition from the 0.41 MeV 1/27
excited state to the ground state of >*Fe.

the calculated angular distributions of the angular corre-
lation functions for the '2C emission angle of 6, ,, =25°
(P=—94%) for the *Fe('*C,"?C)*Fe*(y)*Fe, reac-
tion at E},, =60 MeV. As shown in this figure, the asym-
metry angular correlations between the ejectile and the y
ray emitted from the polarized nuclei show a maximum
deviation of about 50% from the isotropic distribution.

It is extremely interesting and important to take mea-
surements of polarizations by the double-scattering ex-
periment or the angular correlation techniques to confirm
the present predictions and to further extend spin physics
using unstable polarized nuclei produced by the nuclear
reactions.

VI. CONCLUSIONS

In this paper, we have shown that a possible large spin
polarization of the nuclei produced by one-nucleon
transfer reaction to the discrete final state may occur.

We have shown the polarizations calculated by the EFR-
DWBA for the four cases, that is, two p,,—p;,
transfer reactions, '2C('*C,'2C)!3C at E,,, =140 MeV and
S4Fe(13C,12C)*Fe*(1/27) at E;;=60 MeV, and the
Pi—Py, transfer reaction '2C(2C,BC)''C  at
E,,, =140 and 300 MeV. Magnitudes of the polarizations
reach almost 100% in these reactions at whole angular
range, except for the very forward angles, and their signs
are almost independent on the scattering angles.

Such a large polarization can be understood by consid-
ering the following facts. A strong selectivity of one or
two paths out of the semiclassically possible nucleon
transfer paths exist, through which a nucleon is
transferred from the initial bound state to the final one.
This selectivity arises from the kinematical matching
conditions, which is described by the semiclassical pic-
ture based on Brink’s matching condition. This kinemat-
ical matching condition becomes different between the
near-side and the far-side trajectories, and, as a conse-
quence, the sign of the polarization produced by the far-
side predominance becomes opposite to that produced by
the near-side predominance. This preference, which
determines the sign of the total (near and far) polariza-
tion, is closely related to the relative magnitudes between
the incident energy and the Coulomb barrier; therefore
the sign of the polarization produced by a certain reac-
tion shows the characteristic dependence on the incident
energy.

As to the polarization of nucleus in the excited state
such as >>Fe*, we have shown that the asymmetry of an-
gular correlation between the ejectile and y ray emitted
from the polarized nucleus can be used to observe the po-
larization. Other polarizations predicted in the present
paper may be observed by using the double-scattering
techniques.

It is extremely interesting and important to take these
measurements of the polarization. Once these predic-
tions are confirmed, we can further extend the nuclear
spin physics using the largely polarized unstable nuclei as
well as the stable nuclei produced by the nuclear reac-
tions.
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