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STUDY OF THE TWO-STEP PROCESSES IN THE (d, p) REACTION
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The two-step model of the (d, p) reaction in rare-earth nuclei is investigated. The
inclusion of nonelastic scattering in the entrance and exit channels improves the agreement
between the calculated values and experimental data, but the discrepancies in the absolute
strengths remain.

The single-step distorted-wave Born approximation (DWBA) is the method currently
used for describing the stripping reaction. Such reactions have been studied in many
regions of the periodic table, and valuable information on nuclear structure has been ob-
tained. In the DWBA analysis the transition is assumed to proceed directly from the en-
trance to the exit channel without any excitation of the internal variables of the target
and residual nuclei. However, in nuclei with low-lying collective states, such as in the
region of deformed nuclei, a two-step process vig excited states can give an important
contribution to the direct reaction amplitude.

This problem has been investigated by several authors [2], [3], [4]. In one-particle
transfer reactions, when strong coupling is important, it is possible to approximate the
effects of coupling for the allowed transitions, while retaining the usual DWBA form [1].

In the case of deformed nuclei, when only the quadrupole deformation is taken into
account, the only difference is the change from potential radii R; to R, (1 4+ K ;0f,), where
f, is the deformation parameter and

Kia =2 Cig IZ Cy ol 52 +1)/4n(2j +1)]F x
.
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The C;; cocfficients are related to the Nilsson gy, coefficients by the relation:

Ci@) = T ATy ®
In our previous paper [5] the modified DWBA method was applied to the (d, t) reactions
on rare-earth deformed nuclei. It is interesting to check the above mentioned model for
the (d, p) reactions for the same states as those in the (d, t) reaction.

The two reactions (d,?) and (d, p) are one-neutron transfer reactions described
quite well by the stripping theory of Satchler [6] with the nuclear wave functions of Nilsson
{7] and the intrinsic particle cross-sections given by the usual distorted-wave Born approxi-
mation (DWBA). However, for some transitions observed in the (d, t) and (d, p) reactions
on rare-earth nuclei a discrepancy is observed between the calculated and measured angular
distributions [8], [9].

In our previous paper [5] the agreement between calculated and experimental data
was mmproved by the inclusion of the nonelastic scattering effect into the triton angular
distributions for the (d, t) reactions.

The angular distributions for the (d, p) reactions can be described as follows [6]:

do'™ (D2 AHO\U?
r 2N CLe T (O)US. 3)
As is seen, the coupling phenomena (like the Coriolis coupling or AN = 2) have been
neglected. N*) is a normalization constant which is equal to 1.5for a (d, p) reaction if the
Hulthén wave function is used for the deuteron. o{(8) is the cross-section which can be
calculated by means of the DWBA. U? is the probability that the state v into which the
neutron is stripped is empty.
In our calculations of the cross-sections we used a modified GAP-2 code [10]* without
the spin-orbit term. The coefficients C;; for the appropriate Nilsson states were taken

TABLE 1
Optical-model parameters for deuterons and protons

‘ | 4 w l 7o ‘ a rg l a
i MeV) MeV) | (fm) ! (fm) (fm) i (fm)

I t i

| | |
Deuterons 104 } 17 | 1.15 0.81 1.34 | 0.68
Protons 54 l 17| 125 0.65 125 | 047

from the table given by Chi [11]. The deuteron and proton optical paramecters used are
listed in Table I. The parameters are those which are widely used for the stripping analysis
in the rare-earth mass region [12].

To test the model proposed by Kunz et al. [1] we select the 1/2 1/27[521], 3/2 3/2-{521]
and 7/2 3/2-[521] states which were also analysed for the (d, ¢) reaction in our previous

! Modified by E. Wesolowski.
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paper [5]. The calculated values of K and AR, are listed in Table 1. The absolute values
of the cross-sections for the (d, p) reaction which populate the 1/2 1/2-[521], 3/2 3/2-{521]
and 7/2 3/2-[521] states were obtained from formula (3). To compare the results given
by the model proposed by Kunz et al. [1] with those found from ordinary DWBA calcula-

TABLE 11
The Kjjo coefficients for the investigated states
Nilsson assignment Kijo ‘ i AR
12 12 — [521] | 0.40 ‘ 0.3 0.12
3/2 3/2 — [521] 0.44 0.3 0.13
712 312 — {521] 0.08 0.3 0.02

tions, the absolute values of the cross-sections were reduced to the same value of Q = 3 MeV.
The U} parameters were the same as those used by Kanestrem and Tjem in the DWBA
calculation for the (d, p) and (4, ¢) reactions [13], [14].

When applying the model proposed by Kunz ez al. [1] all effects, except nonelastic
scattering, which give a deviation from the one step direct reaction populating pure rotational
states, must be excluded. The Coriolis coupling is the most important effect which disturbe

TABLE III
Comparison of the experimental and theoretical cross-sections in the investigated nuclei
d, p), 90° St = 3 MeV
State Isotope Enervgy @p) (ubfsr) Q N

(keV) exp. [ theory l mix? { mod.
1558m 821 253 270 2532 170
172 12 — [521] 167y 208 217 215 217 145
171yp 0 103 98 99 63
1558m 0 103 108 — , 54
3/2 32 — [521] 167Er 750 41 9 2 7
; 155Sm 125 208 252 | — 219
772 312 — [521] ! 167Er : 894 % 90 18 5 17

a Refs [13], [14].

the pure rotational structure of the investigated states. The influence of the Coriolis coupling
on the (d, p) and (d, t) cross-sections has been studied in Refs [13], [14] for several nuclei
in the mass region of 153-171. In the present paper we assume that the states for which
the cross-sections calculated with and without inclusion of Coriolis coupling are nearly
the same can be treated as being free of Coriolis coupling. In Table I we compare the
theoretical, theoreticel mixed, theoretical modified and experimental values of the (d, p)
teaction cross-sections for the appropriate states. The theoretical values were found using
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formula (3). The theoretical mixed cross-sections were calculated in paper [13] by means
of the formula
do

== 2N‘+’[§ Ci,a,ULai0)F] @)

where the summation over i is performed over bands which are coupled. The g; are the
mixing amplitudes due to Coriolis coupling. The angular functions oi(@) are obtained
from the DWBA calculations using the deuteron and proton optical model parameters

IN  ARBITRARY UNITS

46 /40

. ST SRS S SR B,
ol 30 60° 30* 120° 150° 180°
LABORATORY ANGLE

Fig. 1. Angular distributions for proton groups with / = 1 (Nilsson state 1/2 1/2 — [521]). The solid line
shows the result of a DWBA calculation. The dashed line shows the modified DWBA calculation
(E; = 12.1 MeV)

shown in Table I. The theoretical modified cross-sections were calculated from formula (3)
with the optical model parameters modified to provide for nonelastic scattering in exit
and entrance channels.

The corresponding modified DWBA calculations of the angular distributions are
presented in Figs 1-3. The agreement with the experimental results seems to be better
(except 3/2 3/2-[521] for the *$Er (d, p) '®7Er reaction) for the modified DWBA calcula-
tion (dashed lines) than for the normal DWBA calculations (solid lines).
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As can be seen from Table 111, the 1/2 1/2-[521] states in **7Er and !7*Yb are almost
free from Coriolis coupling. The same can be said about the !*5Sm nucleus, but only by
comparison with the same state in 33Sm [14]. The modified absolute values of the cross-
-section obtained for 90° are too small. This means that the Kunz model gives too large
values of nonelastic cross-sections for d and p on the considered isotopes. The same holds
for the states 3/2 3/2-[521] in *3°Sm and 'S7Er nuclei if the influence of the Coriolis cou-
pling can be neglected.

For the 7/2 3/2-[521] states in !55Sm and '®’Er the modified DWBA calculations
give better agreement with experimental data, but oving to strong Coriolis mixing this
agreement is rather incidental.

To conclude we can say that as far as angular distributions are concerned the inclusion
of nonelastic scatering improves the agreement between the calculated values and experi-
mental data, but the discrepancies in the absolute strenghs remain.

The authors are indebted to Dr J. Turkiewicz for helpful discussions and wish to
thank Mrs A. Bowedzka for careful plate counting.
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