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The energy dependence of two-step distorted-wave Born approximation calculations is studied for unnatural-
parity state excitations by the (p,t) reaction involving (p,p’,t), (p,t,t'), and (p,d,t) processes. The
calculations which provide rapidly decreasing cross sections with an increase in the incident energy are found
to be quite consistent with the observed results for the '*O(p,t)!°O (8.88 MeV, 27) reaction at the energy
range of E, = 20-45 MeV. The remarkable difference of kinematical features between one-step and two-
step processes is pointed out and the importance of higher-order effects for one-step allowed transitions is

apparently indicated.

NUCLEAR REACTIONS Energy dependence of second-order DWBA cross sec-
tions, 80(p,#)!%0 (8.88 MeV, 27) and (9.85 MeV, 2*) E=20.0-43.6 MeV.

I. INTRODUCTION

The successful results of the second-order dis-
torted-wave Born approximation (DWBA) (or two-
step) treatment for the unnatural-parity state ex-
citation of the 2Q( p, £)!°O (8.88 MeV, 27) reaction
at 24.4 MeV have been reported.! The calculations
involving processes via inelastic excitations (p,p’,?)
and (p, t,¢’) and successive transfer reactions
(p,d,t) were found to reproduce the observed re-
sults® quite well. The importance of coupling of
inelastic channels to transfer channels has been
point out not only for such first-order forbidden
transitions, but also even for some allowed trans-
itions.® Most studies of successive particle trans-
fer processes have been carried out for the
charge-exchange reactions (°He, #) (Ref. 4) and
(°Li, °He) (Ref. 5), and also for unnatural-parity
state excitations by the (p, f) reactions.'*®*® The
results of analysis for such unnatural-parity state
transitions are as follows. The transitions to the
160 (27) state' and Ni isotope (3*) states® are well
understood as cases where both successive and in-
elastic two-step processes are equally responsible
for excitations. The ®*Pb (3*) transition’*® can be
reasonably reproduced by only the successive two-
step process. In this case no calculation has been
done including the inelastic two-step. However,
the fits of the *°Ne (2") transition® are drastically
disturbed by adding the successive transfer pro-
cess.

On the other hand, the energy dependence of such
two-step calculations has not been well investiga-
ted. Experimental data exist for the %0 (2°) state
excitation!® which show a strong energy depen-
dence; the integrated cross sections decrease by
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a factor of 4 with changes of energy from 20 to 45
MeV. Therefore, it is worthwhile to test the ener-
gy dependence of two-step calculations for these
data. It is the main purpose of the present paper
to investigate this point.

Recently, the successive nucleon-transfer pro-
cess (p,d,t) was found to be important’*®*! for
several cases of the natural-parity state (or one-
step allowed) excitations. However, the fact that
an arbitrary reversal of phase between one-step
and two-step (p,d, t) amplitudes is required has
been pointed out’ for several transitions, if they
are evaluated employing the zero-range approxi-
mation. The finite-range calculations® do not
need such prior adjustments of phase, but the
absolute normalization problems are not resolved.
The fits of angular distribution shape are drast-
ically changed by adding the successive term and
very dependent on the choice of distorting potential
parameter set. The finite-range effects in the
(p,d, t) process itself have been studied qualita-
tively'? and also quantitatively,® and both conclude
a large effect for natural-parity state transitions,
but very small for unnatural-parity state transi-
tions.

The energy dependence of the natural-parity
state transition was also investigated in Ref. 10.
Their conclusion was that one-step DWBA calcu-
lations provide only a very weak energy depen-
dence, contrary to the observed results for trans-
itions to natural-parity states, with the exception
of the transition to the ground state 0*. It is
therefore very desirable to study two-step effects
for the energy dependence too. However, several
difficulties exist in such natural-parity state tran-
sitions as above mentioned; parametrization of
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FIG. 1. Angular distributions of the 18O(p,t)“*o (8.88
MeV, 27) reaction for five different incident energies.
The calculated results for E, =20 and 24.4 MeV by use
of the two-step excitation model are shown at the left
hand side (a) and they are compared with the observed
data (shown by the solid circles). The contributions of
each three different process (p,p’,t), (p,t,t’), and
(p,d,t) considered here are illustrated by such differ-
ent lines as designated in the figure. The coherent
sum of them is shown by the thick solid line. The cal-
culated results for the four higher incident energies are
compared with the observed data at the right hand side
(b). The contributions of each process are shown for the
highest 43.6 MeV case. All calculated cross sections
are normalized by a multiplicative factor of 0.7. The
experimental data are taken from Ref. 10.

amplitudes, finite-range effects, and choice of
potential set. In this paper then, a very restricted
subject is studied for which the (p, p’,¢) process

for the %0 (9.85 MeV, 2*) transition is an example.

The @-value dependence of this process is also
studied and a difference from that of elementary

(p,p’) inelastic scattering cross sections is pointed
out.

II. RESULTS OF CALCULATION AND DISCUSSION

The present calculations have been carried out
using energy dependent distorting potential parame-
terswhicharegiveninTablel. Thenuclear deforma-
tion parameter of B,=0.447 is used for the *°0
(1.98 MeV, 2%) state instead of 0.37 employed in
Ref. 1. The value of 0.37 was found'® to give an
effective deformation strength B,R,=1.46 for the
imaginary radius parameter 7,;=1.52 fm. The
present potential set P11 gives a similar value of
1.53 for the deformation strength which turns out
to be B,=0.447 for the imaginary radius parameter
70;=1.32 fm used here. The brief summary of
other assumptions used in the calculations is as
follows: The intermediate states are restricted to
p+180 (2%) state for (p,p’,t),t+°0 (1' and 37)
states for (p,¢,t') and four d+'°0 (3*, 37, 3~, and

$*) states for (p,d, t) processes. For **0 and °0,
the shell model wave functions are taken from
Refs. 14 and 15, respectively. The values used
for zero-range constants are D %(p,d)=1.58 X 10*,
Dj(p,t)=1.45%10°%, and D2(d,)=3.37x10% in
units of MeV?fm?®, which were the same as used
in Ref. 1. The value of D;? for (p,?) process is
about factor of 5 times larger than that normally
used and the need for such normalization has been
pointed out for the light nucleus *0— 'O transi-
tion.®

A. 27 transition

The results of the calculations are shown in Fig.
1. The observed angular distributions for dif-
ferent incident energies are well reproduced by
the present calculations [ shown in Fig. 1(b)] ex-
cept for the lowest energy case [shown at the top
of Fig. 1(a)]. For the 20-MeV reaction, attempts
to use different distorting potential parameters
for the proton channel'® and the triton channel’

TABLE I. Distorting potential parameters used in the calculations.

|4 7, a w Wy 74 a’ Vso. 7, aso
B8o+p P11° 56.0 1.17  0.75 0.22 E-2.7 13.13-0.25F 1.32 0.588 6.2 1.01 0.75
170+4d D5° 119.9-0.22E  1.07  0.717 4.544+0.24E 1.39  0.67 5.0 1.03 0.59
60+¢ T2° 146.8 1.4 0.44 7.5+0.4FE 1.4 0.551

? From Ref. 10, based on Becchetti-Greenlees [Phys. Rev. 182, 1190 (1969)].
From Ref. 2, based on Perey-Perey [Phys. Rev. 132, 755 (19 (1963)].
¢ From Ref. 10, based on Glover-Jones [Phys. Lett. 1¢ 16, 69 (1965)].
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FIG. 2. Incident energy dependence of the integrated cross sections. The solid circles show the observed results
from Ref. 10. (a) The open circles in the 27 excitation show the results of present two-step calculations. The cross
marks at 24.4 and 43.6 MeV show the calculated results with no account of the energy dependence of distorting poten-
tials. The open circles for the ground 0* and 2* transitions show results of one-step DWBA calculations, after nor-
malizing them to the observed 0* cross section at 20 MeV. (b) Two-step (p, p’,t) cross sections leading to the 2*
state are compared with one-step DWBA calculations (shown by x marks) and with the observed data. The angular
range of integration is in (a) for the data existing and in (b) for whole angles.

were made; however, no appreciable improvement
of the fit to the data was achieved. The most con-
spicuous feature that appeared at this energy is a
plateau-type angular distribution of the (p,p’,?)
process, contrary to higher energy cases where
this component provides a forward peak which
reproduces the broad peak observed in the for-
ward angular region. Such comparisons are il-
lustrated in Fig. 1(a) for the incident energies of
20 and 24.4 MeV. More complex reaction pro-
cesses may be necessary for this transition as
will be mentioned later. In Fig. 1, the calculated
cross sections are multiplied by a factor of 0.7 to
provide an overall good fit to the observed angular
distributions, instead of 1.8 needed in Ref. 1,
owing to mainly the difference in proton channel
potentials used. The absolute magnitude calcula-
ted must be finalized by more careful considera-
tions with a realistic interaction as well as full
account of coupling effects among channels.

The cross sections, integrated over the angular
range where experimental data exist, are shown at
the top of Fig. 2(a) by solid circles. The results of
the present calculations (shown by the open circles)
reproduce very well the energy dependence
of the observed cross sections, except for the 20
MeV case for which a poor fit of the calculated
angular distribution to the data was noted above.

If the calculated cross sections are normalized by
a multiplicative factor of 0.7 which was used in
Fig. 1, the observed results are well reproduced
by the present two-step calculations for the higher
four incident energies. The details of distorting
potentials are not essential for reproducing the
energy dependence. The cross section at 43.6
MeV was calculated using the same distorting
potential parameters as used at 24.4 MeV. The
results are shown in Fig. 2(a) by the cross marks
normalizing them to the observed data at 24.4
MeV.
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FIG. 3. Angular distributions of the #0(p,#)1%0 (9.85
2') reaction at two different incident energies. The two-
step (p,p’,t) results with I =0 transfer in the second
step are compared with the data and the one-step DWBA
results.

B. 2* transition

The observed one-step allowed transitions in
%0(p, t) *°0 also show a steeply decaying energy
dependence. All one-step DWBA calculations can
give only a weak energy dependence except for the
ground state transition, even though reasonable
fits of angular distributions can be obtained by the
calculations.'® Such situations are shown in Fig.
2(a) for the ground state (0*) and 9.85 MeV (2*)
state transitions. The @ value of the 2* transition
differs by only 1 MeV from the 2" transition. The
momentum matching conditions are best fulfilled
at 29.8 MeV in the 2* transition; therefore one-
step DWBA calculations provide the maximum
cross section at this energy. It is then noticed

that two-step type calculations give very different
kinematical features from one-step DWBA cal-
culations. A steeply decaying cross section of the
two-step calculation is found to be produced by
the more frequent oscillation of the first-step
overlap function, which contains the Green’s func-
tion, form factor, and initial distorted wave,
compared with the distorted wave in one-step
DWBA calculations. The function shows a reg-
ularly oscillating behavior as usually found for
one-step DWBA calculation under the best ful-
filled momentum matching condition.

The second-order (p,p’,t) cross section was
estimated for the 2* transition assuming the first
excited state as an intermediate state and the
transferred angular momentum of /=0 for the sec-
ond step. The result is shown in Fig. 2(b) by open
circles designated as @(2*)= -1.98. The absolute
magnitudes are close to the one-step DWBA cal-
culations, but they show a strong energy depen-
dence. The angular distributions are simply com-
pared with the data and the one-step results in
Fig. 3 by the long dashed lines for different two
incident energies.

C. Q-value dependence

The intermediate channel dependence of the
(p,p’,t) cross sections was tested and one of the
results is shown also in Figs. 2(b) and 3. The cal-
culations were carried out assuming a higher ex-
cited state [@(2*)=-15 MeV] for the intermediate
state,'® the same B, value as for the case of Q(2*)
= -1.98 MeV and again =0 for the second step.
The cross sections are enhanced by a factor of
about 5 and they show quite strong energy depen-
dence as is observed. The present estimation for
contributions from a higher excited state may be
overestimated. However, these results apparently
suggest the importance of inelastic channel contri-
butions through such higher excited states for
pickup reactions, although the strength of coupling
to the target ground state needs to be strong. The
enhancement of the cross section through higher
excited states results from a decrease of the sep-
aration energy for the transferred particles. Re-
duction of the cross section due to an increase in
@ value for the first step is negated by a change
in separation energy. Such situations are illustra-
ted in Fig. 4, where the first step @ value and
separation energy were changed successively in
the calculations.

The intermediate @-value dependence of the
(p,p’,t) cross section is very different from the
@ dependence of the elementary (p, p’) inelastic
cross section. The results are shown in Fig. 4.
The (p, p’) cross section leading to the €0 2*
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FIG. 4. The two-step (p,p’,t) cross sections cal-
culated by successive change of the first step @ value
and the separation energy of the transferred two neu-
trons. The bottom portion shows the elementary (p,p’)
inelastic cross sections calculated for three different
Q values.

state is easy to understand; it shows more re-
duction for lower incident energies dueto the in -
crease in @ value. The (p,p’,t) cross section,
however, shows almost a constant reduction for all
energies when the @ value is increased from 1.98
to 15.0 MeV. One of the reasons may arise from
the larger cross section of the (p,#) reaction with
1=0 transfer for lower incident energy.

III. CONCLUSION

For the 27 transition, the two-step calculation
can reproduce very well the observed energy
dependence of the cross section. For the 2* trans-
ition, the (p,p’,?) cross section is estimated to
be of comparable magnitude to that of one-step
DWBA calculations and shows a strong energy
dependence as is observed. However, the one-
step DWBA calculations fail to reproduce such
observed results. The higher excited intermediate
states are expected to be more important for such
processes. Therefore the calculated absolute mag-
nitude of the cross section for the 2° transition
must be finalized by more careful calculations,
although the present results give a good fit to the
data within a factor of 2. Also, it was pointed out
that the intermediate @ -value dependence of (p, p’,
t) cross sections is quite different from that of
elementary (p,p’) inelastic process.
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