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Analyzing power as a probe for clarifying nuclear reaction mechanisms:
Study of the two-step unbound channel contribution
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The analyzing power at forward angles sho~s negative (positive) sign when the one-step (two-step) pro-
cess is dominant. This distinguished feature has been confirmed for the unnatural-parity transition
2csPb(p, t)2csPb(3+) at three proton energies 22, 35, and 50 MeV. The effect of a deuteron unbound state
in the intermediate channels of the (p, d)(d, t) process is elucidated, which gives a contrary result to
Pinkston and Satchler's conjecture. The natural-parity transition (p, t) (0+) is also interpreted consistently
on the same theoretical basis.

The (p, t) transfer reaction to the unnatural-parity states
of even-even nuclei is completely forbidden in the frame-
work of simple zero-range distorted-wave Born approxima-
tion (DWBA). However, the reaction can proceed via a

(p, d) (d, t) two-step process since 6 S = 1 transfer is realized
owing to t~ice exchanges of spin ~ nucleons. Actually the
cross section o-(8) data of the reaction 'c'Pb(p, t)'csPb(3+,
1.34 MeV) at E,=35 MeV (Ref. 1) have been well repro-
duced by the second-order (p, d) (d, t) calculation by de
Takacsy and Charlton. 3 On the other hand, the same cross
section data have been reanalyzed by Nagarajan et al. 4 as a
one-step rather than the sequential (p,d)(d, t) process be-
cause the process is not forbidden in the finite-range (FR)
DWBA if a realistic trition wave function containing a mix-
ture of 5, 5', and D states5 is used. They reported that their
calculation can predict the observed cross section' o-(0, 3+)
in shape and absolute magnitude. Thus the cross section
data'6 are not powerful enough to distinguish whether the
dominant reaction mechanism for the 2ssPb(p, t) Pb(3+)
excitation is a one-step or two-step process.

In order to solve this problem, the first measurement of a
vector analyzing power A (t)) for the 2csPb(p, t)206Pb(3+)
reaction has been carried out by the Tsukuba group at
E„=22 MeV. Then the result of A(0, 3+) and o. (0, 3+)
has been analyzed by Igarashi and Kubo by making the
precise first- and second-order FR-l3WBA calculations. A
comparison of the calculations 'with the experimental
A (tl, 3+) has clearly shown the predominance of the
(p,d) (d, t) two-step mechanism. However, the following
problems now come up. (i) How does this predominance go
at higher incident energies such as E„=35 and/or 50 MeV?
(ii) The effect of a deuteron unbound state in the inter-
mediate channels of the (p, d)(d, t) process, which has not
been taken into account in the previous calculation, should
be evaluated in order to clarify a doubt pointed out by

Pinkston and Satchler. They have pointed out, employing
the closure approximation, that the analyzing po~er associ-
ated with a (p, d)(d, t) unnatural-parity state transition be-
comes very small when the deuteron unbound
(S =O, T= 1) state is included in the two-step calculation.
(iii) Can one interpret consistently the natural-parity transi-
tions, such as 2 sPb(p, t)2 6Pb(0s+, ), in addition to the
unnatural-parity transition on the same theoretical basis?
This Brief Report addresses these problems.

%e measured analyzing powers and cross sections for
cspb(p t) 6Pb(3+) at E„=35 and 50 MeV with use of po-

larized proton beams from the Research Center for Nuclear
Physics (RCNP) Osaka Cyclotron. Emitted tritons were
momentum analyzed and detected with a magnetic spectro-
graph RAlDEN. tc A 34.8- (50.2-) MeV polarized proton
beam had an intensity of about 15(80) nA on target with
the degree of polarization of 78(83)'/o. The 2asPb target was
a self-supporting metallic foil of 2.6(4.0) mg/cm2 thickness
with 99.1% isotopic enrichment for the 35- (50-) MeV ex-
periment. The energy resolution in both cases was about 50
keV, which was mainly due to the target thicknesses. Mea-
sured A (0, 3+) and o. (0, 3+) are shown in Fig. 1, together
with the data of E,=22.0 MeV (Ref. 7). The absolute
values of the cross sections are estimated to have an error
of 20%. Our cross section a. (8, 3+) data are quite con-
sistent with the data obtained by use of unpolarized proton
beams of E~= 35 MeV (Ref. 1) and 50.5 MeV (Ref. 6).

The first- and second-order FR-DWBA calculations of the
(p, t) transitions at E,=22, 35, and 50 MeV are carried
out"' with use of a triton wave function obtained by solv-
ing the three-body Faddeev equation. ' In addition, we in-
clude the unbound deuteron states. For the intermediate
channels in the sequential transfer (p,d)(d, t) process, the
unbound 'So and S~+3D~ states as well as the ground
S~+ D~ deuteron state are taken into account. Those deu-
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FIG. 1. Experimental and calculated analyzing power and cross section for 2 Pb(p, t) Pb(3+) at three proton energies. 1: one step, 2:

two step, B(UB): bound- (unbound-) deuteron channel, BS: scalar (L =0) component, BT: tensor (L = 2) component, T: 1+2B+2UB,
i.e., coherent sum of the all processes. Crosses are data from Ref. 1.

teron g.s. and unbound state wave functions are solved by
employing Reid soft-core interaction potential. ' The same
interaction is adopted for the transfer interaction. The deu-
teron bound state channels are evaluated by discretizing the
momentum space. ' The truncation of the relative momen-
tum of the p-n continuum states is chosen to be k,„=1

fm ' for the 'So state and k,„=1.5 fm ' for the S~+ D~
state. The unbound channels are discretized into the finite
number of momentum bins with the common width Ak,
where the Ak is chosen to be Ak = k,„/8. Optical potential
parameters for protons, deuterons, and tritons in the case of
E9= 22 and 35 MeV (50 MeV) are obtained from Table I of
Ref. 8 (Ref. 6). For simplicity, we use the same optical po-
tential parameters for all the unbound deuteron state calcu-
lations as those at the energy corresponding to the g.s. deu-
teron channel. ' The nuclear structure wave functions of
the 3+ and Og+ states in ~Pb are those obtained from shell
model calculations the 3+ state is a pure (f5/2pt/2)

' con-
figuration, while the Og state is the mixed configurations of
six neutron states. In the calculation of the (p, d)(d, t) tran-
sition to the 3+ (Og+ ) state, the intermediate single-hole
states h = p~/7 and f5/2 ( h = pt/~, f5/2 p3/2 l]3/7 f7/2 and h9/2)
in 07Pb are taken into account. The strengths of each one-
neutron transfer reaction Pb(p, d)' Pb(h) and 07Pb(d, t)
2O6Pb(0g+, 3+ ) are confirmed experimentally. '7 '8

The result thus obtained is quite important, namely, the
analyzing power does not get very small even when both the
g.s. and unbound-state deuteron channels are coherently
summed over, in contrast to the prediction from the closure
approximation. The calculated results are shown in Fig. 1
and compared with the experimental ones. The analyzing
power data are well reproduced by the predominance of the
two-step process, ~hereas they are quite different from the
one-step transfer calculation alone. A marked difference
(opposite sign) between the one- and two-step processes ap-

pears at forward angles 0 & 20 in the analyzing powers.
The conclusion of Nagarajan et al. is thus excluded. Fit of
the analyzing-power calculation to the data is improved ap-
parently by inclusion of the unbound deuteron channels. It
is worthwhile to note that the contribution from the un-
bound deuteron channels (2UB) relative to that from the
g.s. deuteron channel (28) increases when the proton ener-
gy increases. The two-step process plays the main role in
the unnatural-parity transition. The contribution from the
one-step process is about one- (35 and 50 MeV) and two-
orders (22 MeV) of magnitude smaller in the cross section
than the two-step contribution due to the g.s. deuteron
channel.

A discrepancy in the absolute magnitude of the cross sec-
tions a. (8, 3+) between the calculation and the experiment
is found to be a factor of 2.5. This can be, however,
remedied by choosing other sets of optical potential parame-
ters, as shown in Fig. 2 of Ref. 8. This result shows the
necessity of carefully choosing the distorting potential
parameters, although both the ratio of the two cross sec-
tions (one- and two-step) and the analyzing power A (0, 3+ )
are not strongly affected by the choice.

In addition to the unnatural-parity transition a natural-
parity transition ' 'Pb(p, t)' Pb(0g+ ) is analyzed on the
same theoretical basis and is compared with the experiment
(Fig. 2). The calculation reproduces both the experimental
cross section a(9, Og+) a.nd analyzing power A (0, Og+) well.
The cross section is increased by a factor of 8 by including
the (p,d)(d, t) processes. This is quite consistent with our
previous analysis' in which a simple zero-range approxima-
tion has been applied. The contribution from the unbound
state is rather small.

The predominance of the sequential transfer mechanism
over the one-step mechanism for both the unnatural-parity
3+ and the natural-parity 0+(p, t) reactions is thus con-
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I I I I I— I l I I firmed by means of the measurements of their analyzing
powers at three different energies. The accurate evaluation
of the one- and two-step transfer processes provides large
analyzing power and very important signature, thereby indi-
cating a useful probe of analyzing power measurement for
clarifying the reaction mechanisms.
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FIG. 2. Experimental and calculated analyzing power for
Pb(p, t) Pb(0++ ) at E~ = 22 Me V. Definition of calculated

curves is the same as in Fig. 1.
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IW. A. Lanford and J. B. McGrory, Phys. Lett. 45B, 238 (1973).
2N. B. de Takacsy, Phys. Rev. Lett. 31, 1007 (1972); Nucl. Phys.

A231, 243 (1974).
3L. A. Charlton, Phys. Rev. C 14, 506 (1976).
4N. Nagarjan, M. R. Strayer, and M. F. Werby, Phys. Lett. 68B, 421

(1977); M. F. Werby, M. R. Strayer, and M. A. Nagarajan, Phys.
Rev. C 21, 2235 (1980).

sM. R. Strayer and P. Y. Sauer, Nucl. Phys. A231, 1 (1974).
H. Wienke, H. P. Blok, J. F. A. van Hienen, J. Blok, Y. Iwasaki,

A. G. Drentje, and W. E. Storrenburg, Phys. Lett. 135B, 13
(1984).

7Y. Toba, Y. Aoki, S. Kunori, K. Nagano, and K. Yagi, Phys. Rev.
C 20, 1204 (1979).

sM. Igarashi and K.-I. Kubo, Phys. Rev. C 25, 2144 (1982).
sW. T. Pinkston and G. R. Satchler, Nucl. Phys. A383, 61 (1982).

H. Ikegami, S. Morinobu, I. Katayama, M. Fujiwara, and
S. Yamabe, Nucl. Instrum. Methods 175, 335 (1980).

I IM. Igarashi, computer code rwoFNtttprFF (unpublished).
~2For more detail, see M. Igarashi and K.-I. Kubo, in Proceedings of

the 1983 Research Center for Nuclear Physics International Symposi-

um on Light Ion Reaction Mechanism, Osaka, 1983, edited by H.
Ogata, T. Kammuri, and I. Katayoma (Osaka University, Osaka,
Japan, 1983), p. 376.

~3T, Sasakawa and T. Sawada, Phys. Rev. C 19, 2035 (1979);
S. Ishikawa, T. Sasakawa, and T. Sawada (unpublished).
R. V. Reid, Ann. Phys. (N.Y.) 50, 411 (1968).
M. Yahiro, M. Nakano, Y. Iseri, and M, Kamirnura, Prog. Theor.
Phys. 67, 1467 (1982).
W. W. True and K. W. Ford, Phys. Rev. 109, 1675 (1958); W. W.
True, C. W. Ma, and W. T. Pinkston, Phys. Rev. C 3, 2421
(1971);M. Takahashi et al. , ibid 27, 1454 (198.3).

~7Y. Toba, K. Nagano, Y. Aoki, S. Kunori, and K. Yagi, Nucl. Phys.
A359, 76 (1981).

H. Iida et al. , in Proceedings of the 1983 Research Center for Nuclear
Physics International Symposium on Light Ion Reaction Mechanism,
Osaka, 1983, edited by H. Ogata, T. Kammuri, and
I. Katayarna (Osaka University, Osaka, Japan, 1983), p. 477.
Y. Toba, Y. Aoki, H. Iida, S. Kunori, K. Nagano, and K. Yagi,
Phys. Lett. 100B, 232 (1981).


