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It is shown that the differential cross section for the reaction Pb(P, t) leading to the
3+ (1.34-MeV) state of Pb can be understood in terms of a two-step (P,d)-(d. , t) mecha-
riism.

The 3+ (1.34-MeV) state in 2 Pb has recently
been observed in high-resolution Pb(p, t) experi-
ments performed' with the Michigan State Uni-
versity cyclotron at an incident energy of 35 MeV.
The usual one-step distorted-wave Born-approxi-
mation description of (p, t) reactions" forbids
transitions between a 0+ initial state and an un-
natural-parity final state. As expected, the ob-
served cross section is quite weak (-10 pb jsr at
the peak), but the shape of the angula, r distribu-
tion is not what one would expect from a com-
pound-nucleus mechanism. It is the purpose of
this note to show that the two-step (p, d)-(d, t)
mechanism provides a very satisfactory descrip-
tion of this reaction. A similar approach has
been used to study other (p, t) rea, ctions, as well
as some charge-exchange and single-particle
transfer reactions. '

The calculations are performed using a second-
order, distorted-wave Born approximation in

which the spin-orbit terms of the optical poten-
tial are neglected and a zero-range approxima-
tion is used at each single-nucleon transfer ver-
tex. The detailed form of the transition ampli-
tude has been given before. ' However, because
of some remarks by Hobson, ' it is worthwhile re-
marking that the radial Green's function which
describes the propagation of the deuteron in the
intermediate state is given by

where both kinds of radial wave functions are cal-
culated using an absorptive optical potential.

The parameters of two sets of optical potentials
which were used in these calculations are shown
in Table I. In both cases, the deuteron potential
is obtained, following the Johnson-Soper pre-
scription, "from the corresponding proton po-
tential either by an approximate folding proce-
cure' (set A, ) or by straight summation (set B).

TABLE I. Parameters for the optical potentials.

Set A. Set B
d

V 47.9
r 1.25
a 0.65
S' 0
4WD 40.0

1.25
ar 0.76
Ref, 7

107.8 53.41
1.25 1.17
0.682 0.75
0 5.0

77.6 22.35
1.25 1.32
0.783 0.658
7 8

Do{p,d) =- (1.5 &10 )
D,{d,t) =- (3.3 x104)'&

103.94
1.17
0.75
1.20

64.4
1.32
0.655

167.0
1.16
0.752

10.3
0
1.498
0.817
9
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The triton potential of set& is taken to be 3
times the proton potential (apart from the ener-
gy-dependent term), while the triton potential of
set B fits the elastic triton scattering data. at
20 MeV. Both of these potential sets are known

to fit the '"Pb(p, d) data at 22 MeV, ' and they
also agree with the ' Pb(d, t) data, at 17 MeV"
a.s shown in Fig. 1. Finally, the one-step calcu-
lations for the reactions Pb(p, t) leading to natu-
ral-parity states also agree well with experiment
when these optical potentials are used. '

The two-step calculation for the reaction
Pb(p, t) Pb(3+) uses the fact that the wave func-

tion of the 3+ state is !2p,i, , if,i, ') with prac-
tically no conf j.guration mixing. ' The interme-
diate state consists of a. (triplet) deuteron with
the '~Pb being in either the 2 ground state or
the —, (0.57 MeV) excited state. All the one-nu-
cleon-transfer form factors were calculated us-
ing DWUCK, '2 with go= 1.25 fm and g =0.65 fm
and using the experimental neutron separation
energies. The results are shown in Fig. 2. It
can be seen that the shape of the experimental
a,ngular distribution is well reproduced, and that
the magnitude of the cross section is also rea-
sonable.

The dominant contribution to the cross section
comes from the term with angular momentum

FIG. 1. One-step calculations for the reaction 208Pb(d,

t) at &7 MeV leading to the 2 (0.9-MeV) state (open
circles) and the 2 (0.57-MeV) state (solid circles) of

~Pb which were taken to be pure single-hole states.
The solid curves and the dashed curves refer to optical-
parameter sets 2 and 8, respectively. The data are
from Ref. 11 and the calculations were done with thedis-
torted-wave Born-approximation code I-'NUcK (Ref. 12) .
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FIG. 2 Two-step calculations for the reaction Ph(p,
t) at 35 MeV leading to the 3 (1.34-MeV) state of 8Pb.
The solid curve refers to the calculation using optical-
potential set A, while the dashed curve is obtained us-
ing set B.

transfer 1„$,J =4,1,3. The term with I,$,J =3,0,3
is weaker, but significant, while all the other
terms are negligible. The inclusion of "singlet"
as well as "triplet" deuterons in the intermediate
states, with the same optical potentials, cancels
the contributions with spin transfer 8= 1 and in-
creases the contributions with S=O; the resulting
angular distribution does not agree as well with
exper iment.

We therefore conclude that the (p, t) reaction to
the 3+ (1.34 MeV) state in '"Pb can be under-
stood in terms of the two-step (pd)-(d, t) mecha-
nism.
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Measurement of Neutron-Deuteron Polarization at 35 Mev*

J. Zamudio-Cristi, f B. E. Bonner, f. F. P. Brady, J. A. Jungerman, and J. Wang
Crookex ¹otearI.aboxatoxy and Department of Physics, Uninexsity of California, Davis, Califoynia 95616

(Received 19 June 1973)

The neutron polarization asymmetry in neutron-deuteron scattering has been measured
from 44.5' to 160' (c.m.) neutron angle. The results display quantitatively the same struc-
ture as proton-deuteron polarization data, but discrepancies appear for angles corre-
sponding to those near the minimum of the differential cross section. In this region the
polarization is considerably more negative than in the proton-deuteron case, and both are
more negative than current theoretical predictions.

A much better understanding of the theory of
elastic scattering of nucleons on deuterium has
been gained recently, particularly through cal-
culations of polarization phenomena as well as
differential cross sections. ' ' Experimental data
exist for proton polarization in a wide range of
energies. For neutrons, sparse data exist up to
22.7 MeV. Although proton polarizations are
measured in general with higher accuracy, neu-
tron polarizations are more directly computable.
The present work contributes polarization data
for neutrons on deuterons at higher energy, 35
MeV. For angles near 120', corresponding to
those near the minimum of the differential cross
section, we find that the nd values of polarization
P(8) are considerably more negative than those
for Pd. They are also more negative, as are the
Pd values, than current theoretical predictions.

It has been suggested" that the nucleon-deuter-
on polarization P(9), rather than the cross sec-
tion, may be a more sensitive testing ground for
the structure of the scattering matrix. For ex-
ample, the shape of P(9) versus 8 appears to
change quite rapidly with energy. ' However, the
calculations with tensor forces are difficult and

. require a large number of coupled integral equa-
tions.

Phenomenological and semiphenomenological
calculations" "of P(9) up to 40 MeV have been

quite successful. Recently, several calculations
of P(9) starting from the coupled integral ec(ua-
tions have been made. Krauss and Kowalski'
used the unitary first-order-approximation pro-
cedure of Sloan" and assumed a simple separable
Yamaguchi potential which included S-wave sin-
glet and 8- and D-wave triplet nucleon-nucleon
partial-wave states, but not P waves. Pieper'
then included S, I', and & waves in the two-po-
tential formalism to calculate P(9). Agreement
with experiment is very good at low energies,
& 14 MeV, and qualitatively good up to 40 MeV.
At 14 MeV Doleschall' has also performed a cal-
culation including I' waves which is in good agree-
ment with the experimental P(9) distribution. It
seems clear that eventually more exact dynamics
and more realistic two-nucleon potentials will be
used to produce reliable calculations at higher
energy.

We have chosen 35 MeV for the nd neutron po-
larization measurements so as to be able to com-
pare with the Pd proton polarization measure-
ments at 35 MeV. ' A preliminary report" which
contained early data has been given elsewhere.

Our experimental layout is shown schematical-
ly in Fig. 1 for the case where a scintillating tar-
get, neutron detectors, and a CAMAC data ac-
quisition system were used. The 35-MeV neu-
tron beam, of polarization P, =0.31+ 0.03,"is
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