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Differential cross sections, vector and tensor analyzing powers of the (d, t) reaction on ' Sn,
Sn, Zr, Ni, 0, and C have been measured at 200 MeV bombarding energy. Deuteron

elastic scattering measurements have been performed on Sn and Pb at the same energy. These
data have been analyzed together with previous ones on Ni and 0 to get best fit optical param-
eters describing deuteron elastic scattering. The (d, t) experimental survey bears on 28 transitions
populating well known valence levels, including previous data in Pb and Si. The vector and
tensor analyzing powers exhibit striking similarities for transitions measured in different nuclei. The
angular distributions are found to strongly depend on the number of nodes in the neutron form
factor and on the coupling of spin and angular momentum j =E —1/2 versus j+ ——1+1/2. The
j effect is especially pronounced, for both analyzing powers for n=1 transitions. The slopes of
the differential cross sections in different nuclei depend mainly on the number of nodes. Exact
finite range calculations including S and D components have been performed, using two sets of
deuteron parameters together with a deep triton potential. Both analyses reproduce rather well the
differential cross sections and currently adopted spectroscopic factors. The conventional analyses
with deuteron parameters fitting elastic scattering data reproduce rather well analyzing powers of
n )1 transitions (with 8=0,1,2), but disagree with the data for n=l transitions (except for j~
A„» values). Good or qualitative agreement is achieved for all transitions with the second deuteron
potential, characterized by larger spin orbit terms and an additional imaginary tensor term. This
allows using the reaction as a spectroscopic tool.

PACS number(s): 24.70.+s, 25.45.Hi, 25.45.De

I. INTRODUCTION

Neutron inner hole response functions have been ex-
tensively studied for many years via transfer reactions,
using unpolarized beams [1]. Angular distributions of
vector analyzing powers A„ in (p, d) and (d, t) reactions
have been successfully used in selected cases to get addi-
tional information on the total spin j [1—6] The method
has been extended to the tensor analyzing powers A„„ in

a recent study of 2e Pb inner hole states via the (d, t) re-
action at E~=200 MeV [7]. A special interest of transfer
reactions at intermediate energy comes &om their strong
selectivity in populating few high 8 hole states, which are
thus more easily disentangled among several overlapping
subshells.

Both A„and A~„angular distributions of the four va-
lence levels in 2o Pb most strongly populated via the
(d, t) reaction at Eg=200 MeV were shown in Ref. [8)
to allow a clear identification of the pickup transitions
with j = I' —1/2 versus j+ ——I. + 1/2. Exact finite
range distorted-wave Born approximation (DWBA) cal-
culations reproduce rather well the corresponding observ-
able u, A„, and A&& angular distributions. Large spin de-

pendent terms in the deuteron potential were found nec-
essary for describing the spin observables. It has seemed
to us interesting to see if this conclusion and more gen-
erally the main features of the (d, t) reaction mechanism
as found on Pb would be the same on other nuclei.

Nann et al. [9] have studied analyzing power angular
distributions of the (p, d) reaction at 94 MeV bombard-
ing energy. They have found a distinctive j dependence
for the pickup of a neutron from pq/z, ps/2, fs/2, and
fr/z orbitals, which is rather independent of target mass
and also of the number of nodes. The study of Hosono et
al. [10] of the (p, d) reaction at the lower incident energy
of 65 MeV on nuclei ranging from C to Zr points to
a clear j dependence but also to a quite pronounced n
dependence. No such systematic study of the (d, t) reac-
tion, even limited to o. and A~ observables, was available
up to now.

We present in this paper an experimental survey of
the (d, t) reaction at Eg——200 MeV. The target nuclei
are Pb, Sn Sn, Zr, Ni 2 Si 0 and C.
The angular distributions measured for the cross section
and the vector and tensor analyzing powers are compared
with exact finite range DWBA predictions.
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The measurements were done at forward angles, where
pickup cross sections are enhanced relative to those of
multistep reactions responsible for a physical background
at high excitation energies. This feature is most interest-
ing for studying inner hole states. The data were com-
plemented by a cursory investigation of deuteron elastic

ng on zo8Pb and Sn.
The experimental procedure is described in Sec. II and

the data reduction in Sec. III. The experimental survey
of the (d, t) reaction at E~=200 MeV and the discussion
of angular distribution dependence on transition charac-
teristics are the subject of Sec. IV. DWBA analysis of the

(d, t) reaction data and analysis of elastic scattering are
presented in Sec. IV. Section VI summarizes the results
and conclusions. Ay ——

1 Ng + N7 —N6 —N8

E;N' (2.1)

not be excluded on all cross sections, taking into account
uncertainties in the activation measurements.

The vector and tensor polarization parameters pro and
pqo of the deuteron beam were periodically measured
with the low energy D(d, p)sH polarimeter [ll]. They
were found to be very stable at pro ———0.375 + 0.007
and pzp = 0.640 6 0.007 which correspond to 92% and
90.5% of the maximum values of the vector and tensor
polarization parameters. Calibration of the low energy
polarimeter with dead time corrections may account for
an additional 5%%uo systematic error on the deduced A„and
Ayy values from the relations

II. EXPERIMENTAL PROCEDURE 1 Ns + Ns —N7 —Ns

E;N'
(2.2)

We have used the polarized deuteron beam available
at the Laboratoire National Saturne (LNS). Deuterons
polarized in four different states called 5, 6, 7, and 8 [11],
which are linear combinations of vector and tensor polar-
ization states, were accelerated sequentially in successive
bursts.

The outgoing particles labeled with the corresponding
deuteron polarized state were analyzed by the high res-
olution spectrometer SPES 1 working in the dispersion
matching mode.

The first three localization chambers of the polarimeter
POMME were used to measure the trajectory positions
and angles at the focal plane [12]. The POMME trigger
allows in addition a measurement of energy loss and time
of Bight. No special selection of the tritons (or elastically
scattered deuterons) was needed as background events
were negligible.

Two scintillator telescopes, one in the reaction plane at
—45', the other in the vertical plane at 50', were used to
continuously monitor the beam. Special care was taken
in the choice of the threshold and high voltage condi-
tions to achieve the best stability of the response. The
counting rates of each telescope were averaged over the
four polarization states. Except for the Mylar and CHq
targets used for studying 0 and C, the two monitors
were calibrated for each target by the carbon activation
method used at the LNS [13]. A new calibration was also
performed under the above conditions for the thick Pb
target used in our previous studies [8]. For spectrometer
angles larger than 13.5, the beam was focused into a cav-
ity of the shielding wall and stopped in a thick isolated
aluminum block. This simplified Faraday cup was used to
check the diferent target calibrations, which were found
consistent except for the Zr target. The Faraday cup re-
sults were used for renormalizing the Zr calibration by a
factor 1.20, and also for calibrating the Mylar and CHz
targets. The cross sections calculated &om the informa-
tion from the two monitors agreed within less than 10%
(generally 5%%uo), and statistical errors were generally very
small. We adopted conservatively an uncertainty of 10%
on cross sections at each angle (or the statistical errors
if larger). An additional systematic error of 15% can-

Here Nq 6 7 8 are the number of counts in each polar-
ization state.

Ap ——(Ns —Ns —Np + Ns) ) N;,

which should vanish [11], was found to be equal to
zero within 1% assuming the same number of incident
deuterons on the target for each polarization state.

The targets used in the present experiment were oSn
(99.6% enriched), ~~sSn (97.5% enriched), Zr (79% en-
riched), s Ni (natural), ~sO (Mylar), and C (CHz).
The targets thicknesses were respectively 39.6 mg/cm,
39.9 mg/cm~, 40.0 mg/cm~, 40.4 mg/cm~, 10.45 mg/cm~,
and 8.55 mg/cm~. zssPb [8] and ssSi [14] were studied
in a previous experiment. The choice of thick targets al-
lowed a survey of the main excited state angular distribu-
tions within a short beam time. Under these conditions,
the achieved energy resolution was typically 200 keV for
all the targets. The POMME detection system together
with a rather thick exit window of the spectrometer con-
tribute for 80—100 keV to the overall energy resolution.
The incident beam transport settings for the Mylar and.
CHq Ineasurements were those optimized for the heavy
targets, the main purpose being to check and subtract
out 0 and C impurity peaks in residual heavy nu-
cleus spectra. The energy resolution thus reached ~ 300
keV at the largest angles.

The (d, t) reaction measurements were performed at six
or seven angular settings of the spectrometer &om 3 to
18 or 22 except for the Mylar and CHq target only stud-
ied up to 15'. The spectrometer entrance slits were set
to achieve the maximum horizontal and vertical aperture
angles of 2.4 and 4, respectively. The scattering angle
was determined to better than 0.25 in reconstructing
the trajectories. For each measurement, the horizontal
acceptance was divided in two intervals of 1 .

The deuteron elastic scattering measurements were
per formed from 7 to 24 in 1 steps for Pb and 2
steps for Sn. The horizontal and vertical aperture an-
gles were respectively 0.4 and 1 .
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III. DATA REDUCTION

Excitation energies, number of nodes, and orbital and.
total angular moment»m nEj of the levels studied in each
nucleus are summarized in Table I. These low-lying lev-

els are in most cases rather pure single-hole states, and
their spectroscopic factors are known from several experi-
ments. The corresponding peaks measured in the present
experiment are generally not well separated. A fitting
procedure is thus needed to separate out the contribu-

TABLE I. Characteristics of the reference level transitions. The spectroscopic factors deduced
with deuteron potentials D200D and D200E are compared with typical results from previous works.

Residual
nucleus

llC

E
(MeV)

3/2
1/2-

1p3/2

1p1/2

C S
Other works
2.5 3.06
o.6 o.7'

C S
D200D

5.2
(o.9)

C S
D200E

4.2
(0.8)

15O

27S

Ni

89Z

115S

119S

207Pb

0
6.18

0
0.78
0.96
4.13

0
0.76
2.57
5.25

0
0.59
1.09
1.45

0.614
0.714
0.985

0.089
0.788
1.09

0.0
0.57
0.90
1.63
2.34
3.42

3/2

5/2+
1/2'
3/2+
1/2

3/2
5/2
7/2
7/2

9/2+
1/2
3/2
5/2

7/2+
11/2
S/2+

11/2
7/2+
S/2+

1/2
5/2
3/2
13/2+
7/2
9/2

1p3/

1d5/2
281/2
1d3/2
1p1/2

2p3/2

1fs/2
1fT/2

1fT/2 (T&)

1g9/
2p1/2
2p3/2
1fs/2

1g7/2
1h11/2
2d5/2

1h11/2
1g7/
2d5/2

3p1/2
2fs/2
3p3/2
li13
2 fT/2
1h9/2

2.4
3.4

2.1
065
037

1.OS'

1.OS'

3.1
2.OS'

8 oh

1 7h

2 gh

2 sh

7.5&

2.0'
4 7J

3.5~

6.o
2.6'

2.0
5.5
4 gm

10.2
7m

5 gm

2.2'
4 3'

3.5'
0.65'
0.35'
1.2'

1.08

0.638
1.918
1.088

7.1'

2.4'
71

3.0

s.o"
1.5"
3 gk

3.3O'

5.15'
2.85'

6n

3 8n

4.6n

12.1"
6.7n

4.85"

2.8
5.0

3.8
(0.4)
(0.3)
1.1

1.3
0.9
3.1
2.3

8.2
1.9
3.5
2.1

6.5
2.2
5.1

4.6
7.0
4.5

(1.8)
3.7

(4.1)
10.3
5.3
4.3

3.2
5.1

3.9
(0.5)
(o.as)

1.4

1.3
1.0
3.0
2.2

7.6
2.0
3.2
2.2

6.5
2.0
4.8

4.2
7.0
4.2

(1.6)
3.3

(3.6)
8.8
4.9
4.3

Reference [15].
Reference [16].' Mean value from Ref. [17].
Reference [18].' Reference [19].
Reference [20].

s Mean value from Ref. [10].
Reference [21].

' Reference [6].
' Reference [22].

Reference [3].
' Reference [23].

Mean value from Refs. [24—27].
"Values deduced in Ref. [8] using the Paris potential for the range function, normalized by a factor
1.2 taking into account the revised target calibration.
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FIG. 1. Typical 6ts
of u, o A„, and o A» Sn exci-
tation energy spectra taken at
5.5'. Solid lines: experimental
spectra, corrected for the small
contribution of the 3/2+ level
at 0.5 MeV. Stars: best St spec-
tra. Other lines: 1g7/Q 1hgg)2,
and 2dz~q components.

tions of each reference level. For this purpose, the raw
spectra of the number of counts measured for each of the
polarized states 5, 6, 7, and 8 have been used to build
the excitation energy spectra of independent observables,
here rr, oA„, and oA„„, following Eqs. (2.1) and (2.2).
The fits performed on these latter spectra give each in-

dividual level contribution and then the corresponding
final values of o., A„, andA„„.

The fits were generally performed using as peak shape
that of the well separated level at E~=1.63 MeV in Pb.
The results did not change significantly for a 15'%%uo in-
crease of the peak width. The positions of the levels of
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FIG. 2. Decomposition of
the Sn, Zr, and Ni ex-
citation energy spectra taken
at 5.5' into the reference
level peaks and impurity or
secondary peak contributions.
Solid lines: experimental spec-
tra. Dashed lines: peaks corre-
sponding to the reference lev-
els listed in Table I. Dotted
lines: other peaks. (a) Sn.
Hatched area: subtracted con-
tribution of the 1/2+ (0.0 MeV)
and 3/2+ (0.029 MeV) lev-
els. (b) Zr. Hatched area:
summed contributions of the

Zr excited levels and of the
Zr level at E =1.52 MeV

(see text). (c) Ni. Hatched
area: contribution of the heav-
ier nickel isotopes below 3 MeV
and beyond 5 MeV.
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interest were kept fixed, as their excitation energies are
precisely known. Small global shifts of the energy scale
(identical for the three observables), were allowed in or-
der to achieve the best fit at each angle. The contribu-
tions of the other known levels with small cross sections
or belonging to other residual nuclei than the one studied
(soZr for the Zr target or s~ ssNi for the Ni target) have
been either subtracted out or taken into account in the
fit. As discussed later on, we have used the ratio of such
level spectroscopic factors over those of the reference lev-
els with the same nEj, taken &om the literature, so that
no new free parameter was necessary.

Figure 1 shows a typical fit achieved for e, oA„, and
uA„„observables in the case of the SSn residual nucleus
at 5.5 . Note that a correction of a few percent corre-
sponding to the estimated contribution of the 2dst 2 level
at 0.5 MeV has been subtracted out of the experimental
data. The fits including the lgq~2, lhII~2, and the first
2dsgq levels are rather good.

Figures 2(a), 2(b), and 2(c) show cross section spectra
obtained for Sn, Zr, and ~Ni residual nuclei, respec-
tively, and the contributing peaks. In the case of ~~sSn,

the group at E =1.35 MeV taken into account in the fit
together with the 1hqzg2, 1g~g2, and 2d5g2 reference lev-

els and the small correction estimated for the I/2+ and
3/2+ levels in the first peak are also shown [see Fig. 2(a)].
The spectruro of Fig. 2(b) is somewhat more complex. In
addition to the four levels of interest, the second 1gey2
level at E =1.52 MeV in S~Zr and the 9OZr levels induced
by the significant percentage of Zr in the target have
been taken into account. Their summed contribution is

C)

~ 1E

b

1

E
c

1

10'

102
I aiils iisliciali ciil»il

0 5 10 15 20 25 0 5 10 15 20 25
8, (deg) 8 (deg)

FIG. 4. Zr(d, t) Zr and Ni(d, t) Ni difFerential cross
sections at By~200 MeV. The two 1 fryer levels in Ni indi-
cated (a) and (b) are, respectively, the T& level at E =2.57
MeV and the T~ level at E =5.25 MeV. Solid and dashed
lines as in Fig. 3. Dotted lines: same as Fig. 3, but for Ni
residual nucleus.
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FIG. 3. ' Sn(d, t) ' Sn differential cross sections at
Eg——200 MeV. Solid lines: Snite range calculations with S
and D components and optical parameter set D200D-T200.
Dashed lines: the same with parameter set D200E-T200.
Dotted lines: calculation with parameter set D200D and
Vg ———98.3 MeV for Sn.
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FIG. 5. Differential cross sections of the (d, t) reaction pop-
ulating

'

Si, 0, and C residual nuclei. Solid and dashed
lines as in Fig. 3.
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also shown in Fig. 2(b). The relative spectroscopic factor
of the E =1.52 MeV level was taken from Ref. [21]. The

Zr levels populated. in the excitation energy region of
interest are known as (2ds/2 I3 1 hole) multiplets [28,29].
The population of such levels via the (p, d) reaction at
E„=30MeV has been compared in detail to that of the
first s Zr valence hole levels in Ref. [28]. Further com-

parison has been performed. with the same reaction at
E~=168 MeV up to higher excitation energy [30]. Rela-

tive soZr level contributions in the (d, t) observable spec-
tra could thus be deduced confidently &om these results.
We have checked that even a 20%%uo change of such contri-
butions does not modify the results significantly, except
for the 2pqy2 level. This has been taken into account in
the error bars.

In the case of the Ni target, we have used in the
analysis the known positions of the levels in Ni and

~Ni and the ratio of their spectroscopic factors (see Refs.
[31,32]) to those of the reference levels in s~Ni. These
contributions are negligible for the 1'/2 levels as shown

in Fig. 2(c). The correction needed for the s~Ni 1/2
level is found too large for considering that level as a
reference.

The angular distributions of the three observables cr,

A.~, and A„~ of each level are deduced, respectively, Rom
the cr, oA„, and oA„~ fits. The corresponding errors take
into account both fitting and statistical errors together
with those on the polarization parameters.

IV. EXPERIMENTAL SURVEY OF THE (d, t)
REACTION

The differential cross sections measured in Sn,
Zr, Ni, Si, 0, and C are shown in Figs. 3—5.

In heavy nuclei, their shapes are rather structureless, ex-
cept for 2p states, and decrease nearly exponentially with
angle. The structures are somewhat more pronounced
in light nuclei. The slopes observed for transitions such
as 1h~q/q and 1g7/2 in tin nuclei, or 1gq/2 and 1'/2 in

Zr, for example, are nearly the same, while those for
the 2d5g2 or 2p transitions are clearly much steeper. The
same trend is observed in all other nuclei and has also
been found in 2erPb [8].

The vector and tensor analyzing powers exhibit strong
characteristic features, reminiscent of those observed in
Ref. [8] for the lips/2) 169/2) 2f7/2) and 2fs/2 transitions

in Pb. Striking similarities among angular distribu-
tions measured for transitions in diferent nuclei lead us
to classify them into four groups. The groups difI'er by
the number of nodes n, and by the coupling of spin and
orbital momentum j = E —1/2 or j+ ——8+1/2. It is
worthwhile to notice that the cross section angular distri-
butions measured in different nuclei are also very similar
if belonging to the same group (see Figs. 3—5).

The present classification of the transitions into four
groups depending on j+ versus j and on n is reminis-

j n=1 transitions
+

&(
—

1
. 207Pb

1i„/, "'Pb
0.5

j n=1 transitions

—0.5—

—0.5—

1h„/2" Sn

1h„/, Sng

-0.5— 1191h„/, Sn

0

—0.5— 1)5
I h~~/2 Sn

o 4 ~~-.kr
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0.5
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0

hs/,
' 'Pb

f)g
1 g,z, SnI

—0.5—
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n
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0 5 10 152025
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FIG. 6. A„and A„„angular distributions for j+ and j transitions with n = 1, in heavy nuclei. Solid, dashed, and dotted
lines as in Fig. 3.
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cent of that given in Ref. [10] for the (p, d) reaction at
E„=65MeV.

A. j+ transitions with n = 1

As shown in Figs. 6 and 7, these transitions are charac-
terized by negative vector analyzing powers. A~ reaches

—0.4 for all nuclei. The position of the minimum shifts
only &om 12' to ~7' &om Pb to C. Tensor ana-
lyzing powers exhibit a maximum around 12', increasing
kom typically ~0.15 in Pb to ~0.35 in 0 and C.

C. j+ transitions with n = 2 or 3

In contrast to the j+ transitions with n=1, the A„val-
ues are in the present case positive, except at the small-
est angles (see Fig. 8). Due to smaller cross sections,
the errors are larger but anyway the similarities are clear
for all nuclei. Tensor analyzing powers oscillate between

—0.2 and 0.2. The n= 3 transition in Pb does
not show signi6cantly diferent characteristics from n=2
transitions.

D. j transitions with n = 2 or 3

B.j transitions with n = 1

As shown in Figs. 6 and 7, both vector and tensor
analyzing power characteristics strongly dier &om those
of the previous group. The vector analyzing powers are
always positive and increase smoothly up to such very
large values as 0.6 —0.8. The tensor analyzing powers also
increase up to 0.6, but they start &om negative values

—0.4 near 0 . Transitions in light nuclei follow the
general trend but with less smooth angular distributions.

These states are the most weakly populated in the
present reaction. As only three transitions have been
measured, no systematic behavior could be established
from the angular distributions shown in Fig. 9. Also
shown in Fig. 9, the 8 =0 transition in Si exhibits
strongly oscillating features for both analyzing powers.

V. DWBA ANALYSIS OF THE (d, t) REACTION

Finite range calculations have been performed with
the code dwuck5 [33], using range functions deduced in

J+

1f,~, "Ni
0

n=1 transitions

(a)
0.5
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0
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FIG. 7. A„and A» angular distributions for j+ and j transitions arith n = 1, in medium mass and light nuclei. Solid,
dashed, and dotted lines as in Fig. 4.
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Q.4 0.4-

Ref. [34] with the super soft core potential [35]. Both the
S and D components of the range function are included.
The target form factors are calculated in a Wood-Saxon
well with r = 1.22 A ~ fm, a = 0.7 fm, following predic-
tions by Mahaux and Sartor [36] for 2 Pb with a spin-
orbit strength parameter A=27.5.

It has been shown in Ref. [8] that the observable an-

gular distributions of the Pb(d, t) Pb reaction could
not be reproduced with deuteron and triton potentials
describing, respectively, elastic scattering on ssNi [37]
and sHe scattering on medium heavy targets [38]. On
the other hand a very good agreement has been achieved
for the liis~2, 1hs~2, 2fq/2 and 2fsy2 valence transitions
using a modified deuteron potential and a rather deep
triton potential derived under a very simplified adiabatic
approach. The angular distributions of the many transi-
tions selected in the present survey were first calculated
using these last potentials. An overall fair agreement was
already achieved with the data (except for the lightest nu-
clei). Optimization of a few optical potential parameters
leads, as discussed later on, to the parameter set D200D-

T200 (see Table II). On the other hand, the reanalysis of
the deuteron elastic scattering data of Ref. [37] on Ni
and 0 nuclei and the analysis of the new data on Pb
and Sn allow the determination of elastic scattering
parameter sets D200E, as summarized in Table II.

The final calculations performed with potentials
D200D- T200 and D200E-T200 are compared with the ex-
perimental results in Figs 3—9.

A. D200E deuteron elastic scattering optical
potential

The elastic scattering angular distributions of the cross
section and analyzing powers measured for Pb and

Sn are shown in Fig. 10. The three observable data
have been fitted with the program sEARcH [39],using ini-
tial parameters given for ssNi in Ref. [37], with a complex
instead of a real spin-orbit potential. Additional imagi-
nary tensor terms, also first included in the search, con-
verge toward very small values and were dropped. The
data of Ref. [37] on ssNi and isO have been reanalyzed
under the same conditions. The best Gt parameters de-
duced for 0, Ni, Sn, and Pb are summarized
in Table II (set D200E). The three observable angular
distributions calculated with the best fit parameters de-
scribe the data very well.
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FIG. 8. A„and A„„angular distributions for j+ transitions
with n=2 or 3. Solid and dashed lines as in Fig. 3. Dotted
lines: the same as in Fig. 3 for Sn and Fig. 4 for Ni.

FIG. 9. A„and A» angular distributions for j transitions
with n=2 or 3, and the 28&g2 transition in Si. Solid and
dashed lines as in Fig. 3.
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TABLE II. Deuteron and triton optical potentials. V ~t.(r) = Vf(z„) + iW f(z )
[—Vx (1/r)(d/dr) f(z„x ) + iWx (1/r)(d/dr) f(z x )]L S + iW~, f'(z~& )Tp (L, S) with

z = (r —R„)/A„ f(z) = 1/(1+e ); f'(z) = (d/dz) f(z), and, To(L, S) = (L.S) + -L S —~L

if S = 1, and 0 if S & 2. For D200D, W», ——-0.035 MeV, -0.07 MeV, R», ——1.1 fm, A», ——0.6 fm.

For D200E, W», ——0.

V Rv Av W Rw Aw Vg& Rois Avoca Wce Rwce Awfu

(MeV) (fm) (fxn) (MeV) (fxn) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm)
D200E

1BO

Ni
11BS
208pb

D200D

-39.9
-41.1
-41.1
-41.2
-36.6

1.47 0.78
1.44 0.73
1.38 0.81
1.33 0.88
1.45 0.69

1.24 0.85 -15.5 -7.15
1.24 0.82 -13.2 -6.55
1.24 0.82 -14.3 -5.5
1.24 0.83 -14.4 -5.4
1.24 0.82 -13.3 -7.8

1.00 0.65
1.08 0.69
1.15 0.70
1.14 0.73
1.08 0.77

1.35
1.95
1.40
0.90
2.0
4.0b

1.01 0.47
1.02 0.47
1.04 0.55
1.05 0.63
1.2 0.6

T200 —V»' 1.19 0.70 -18.5 1.52 0.68 -8.23 1.04 0.67 0.35 1.02 0.62

ap 208pb 120,11BS d 90Z
0

bFor Ni Si BO, and ' C.
'V is 98.3 MeV for Pb, 115 MeV for ' Sn, 130 MeV for Zr and Ni, and 160 MeV for

Si, 0, and C residual nuclei.
For Pb, 1.14 as in Ref. [8].

B. D200D and T200 optical potentials 208 '"Sn

The (d, t) di6'erential cross sections depend mostly on
the exit channel potential. For the medium mass and
especially for the light nuclei, we have found it necessary
to increase the depth of the triton real central potential
given in Ref. [8], in order to better reproduce the angu-
lar distribution shapes, as illustrated in Figs. 3 and 4 for

Sn and Ni transitions. The larger depths also repro-
duce better the rather well known spectroscopic factors
and improve the description of vector analyzing powers
for n=l transitions (see Figs. 6 and 7). Such deeper
potentials reduce the contribution of low E partial wave

amplitudes in the internal region of the nucleus.
The parameters of the deuteron central potential have

relatively small effects on analyzing powers, as previously
noted in Ref. [8]. They were kept the same as in Ref. [8]
for all nuclei. On the other hand the calculated ana-
lyzing powers beyond 8' depend strongly on the spin
part of the deuteron potential and much less on the tri-
ton spin-orbit potential. The parameter set D200D (see
Table II), which achieves the best agreement in this re-

spect, includes larger real and imaginary spin-orbit terms
as compared with the set D200E, together with an ad-
ditional tensor imaginary term. Such terms are found
larger for light than for heavy targets.

It is worthwhile to notice that the differential cross
sections calculated with deuteron potential D200D re-
produce the Pb and Sn elastic scattering difkren-
tial cross sections rather well as shown in Fig. 10. On the
other hand, the vector and especially the tensor analyzing
powers calculated with that same potential exhibit sig-
nificant discrepencies with the experimental results. We
attempted to improve the description of both the elastic
scattering and the pickup data with the same deuteron
potential by adding a nonlocal central term depending
on the momentum [40]. Such attempts performed with
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FIG. 10. o, A„, and A„~ angular distributions of elastically
scattered deuterons at Eg——200 MeV on 208Pb»d 11BSn tar-
get nuclei. Solid lines: calculation arith potential parameters
D200D (see Table II and text). Dashed lines: calculation with
the best St potential parameters D200E given in Table II.
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diferent geometries of the nonlocal term were unsuccess-
ful.

C. Comparison of experimental results and D%'BA
calculations

Differential cross sectioras and spectroscopic
factors

The differential cross section shapes are generally
rather well reproduced using D200D or D200E deuteron
potentials, except in the lightest nuclei where D200D is
needed to achieve a reasonable agreement (see Figs. 3—

5). It is worthwhile to notice that the shapes calculated
for inner hole states with different 8 values are similar to
those of the valence states belonging to the same n, j+~
groups, as previously noted in Ref. [8]. This remark, to-
gether with the valence state results, leads to the conclu-
sion that cross section angular distributions of the (d, t)
reaction at Ep ——200 MeV are nearly independent of both
8 and target mass. They depend mainly on the number
of nodes and slightly on the spin-orbit coupling.

The spectroscopic factors deduced &om the present
analysis with parameter sets D200E-T200 and D200D-
T200 are compared in Table I with those currently
adopted. The results do not dier signi6cantly for the
two sets of deuteron parameters, and agreement with
adopted values is generally quite good, except in the
lightest nuclei. The extracted t S values would decrease
typically by less than 10'%%uo for target form factors calcu-
lated in a standard geometry well (r = 1.25 fm). The val-
ues would also change by typically 10% if using range
functions calculated with other nucleon-nucleon poten-
tials.

ing powers of 2psg2 transitions and the tensor analyzing
power of the 3p3g2 transition in Pb are, however, bet-
ter reproduced with potential D200E.

5. Araalysing powers of j trorasitions with n=$, 3

The main features of the vector analyzing powers are
reproduced with the two potentials (see Fig. 9). This is
also the case for the tensor analyzing power of the 2p&~2

transition in ssZr, while the 2fs~2 transition in 2orPb

is well reproduced only with potential D200D. The X=0
2szy2 transition in Si, in spite of being strongly mis-
matched, is quite well reproduced with potential D200D.

8. Egect of the D cornporaent in the avenge fraraction

Calculations of the (d, t) reaction on aasSn, sNi, and
0 have been performed with parameter sets D200D-

T200, but including the S component of the range func-
tion only. The shapes of the cross section and of the
vector analyzing power angular distributions are nearly
identical to those obtained with both S and D compo-
nents. Examples of tensor analyzing power angular dis-
tributions calculated with and without the D component
are compared with the data in Fig. 11. In agreement with
Ref. [8], the effect of the D component is systematically
quite important at the most forward angles for j transi-

Analysing powers of j+, n=1 tronsitions

As shown in Figs. 6 and 7, the experimental tensor
analyzing powers are well or fairly well reproduced us-

ing D200D or D200E deuteron potentials. The charac-
teristic behavior of Az angular distributions is only well
accounted for with the parameter set D200D beyond 8,
while a good agreement is achieved with the two poten-
tials at forward angles.

3. Analysirag powers of j, n=f transitions

0.5—

0.5—

0

1 I„g, 'Pb

1 fry' N I

—0.5

—0.5

't f5/, Ni

Calculations with potentials D200D reproduce strik-
ingly well both vector and tensor analyzing powers for
heavy and medium mass nuclei, while potential D200E
calculations exhibit strong discrepancies with the data
(see Figs. 6 and 7). Potential D200D also achieves a
better qualitative description of analyzing power angular
distributions in light nuclei.

Araralysing powers ofj+ tronsitions with n=g, 3

As shown in Fig. 8 a qualitative agreement with
the data is achieved with both potentials. The analyz-
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FIG. 11. Dependence of A„„angular distributions on the S
and D components of the range function. Left: j+ n=1 tran-
sitions. Right: j n= 1 transitions. Solid lines: calculations
arith S and D components. Dashed lines: S component only.
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tions with n=l, where it explains the large negative val-
ues observed toward 0 . A» decreases to a lesser extent,
in that same angular region, for the transitions belong-
ing to other groups. It is interesting to notice that the
effect of the D component is negligible beyond 10' for
the rather well matched transitions in heavy nuclei (see
Fig. 11), as already observed in the case of Pb [8]. On
the other hand, significant efFects are observed beyond

8 for the transitions in lighter nuclei. In agreement
with the results on 2o"Pb [8], the absolute cross sections
calculated in all nuclei with the S component only are
smaller than with S and D components. This decrease
may reach typically 20% for j transitions with n=l

VI. SUMMARY AND CONCLUSIONS

The present work is the first systematic survey of the

(d, t) reaction performed at intermediate energy. Dif-
ferential cross sections and vector and tensor analyzing
powers of the most populated valence states have been
measured on target nuclei &om 2C to ~ Sn at 200 MeV
bombarding energy. Results on the zosPb(d, t)2orPb [8]
at the same incident energy are included in the discus-
sion. Previous measurements on deuteron elastic scat-
tering at Eg=200 MeV [37] have been complemented for
heavy targets.

The experimental survey bearing on 28 transitions
leads to the main following conclusions.

The angular distribution shapes of all three observables
are rather independent of target mass. The differential
cross sections are rather structureless and their slopes
depend mainly of the number of nodes n in the neutron
form factor, and slightly on j+ versus j . On the other
hand, the Ay and Ayy angular distributions exhibit j+
versus j effects and a dependence on n. The j signa-
ture is especially pronounced, for both vector and tensor
analyzing powers, for the transitions with n=l. As com-
pared with the behavior of the (J7, d) reaction at E~=65
(Ref. [10]) and 94 MeV (Ref. [9]), the (d, t) reaction at
Eg——200 MeV presents most interesting features at for-
ward angles for the best matched n=1 transitions. The
associated A„observables for j+ and j transitions have

then systematically opposite signs.
The experimental results have been compared with

exact Gnite range DWBA calculations, using S and D
components of the range function. The difFerential cross
sections are rather well described using deuteron poten-
tials fitting elastic scattering and deep triton potentials.
Ay and Ay„angular distributions for transitions with n
larger than 1 (and X=0,1,2) are also generally well or
fairly well reproduced. The vector and tensor analyzing
powers of n=l transitions are also well reproduced below

10 . At larger angles, the calculations exhibit signifi-
cant discrepancies, especially with the vector analyzing
power data of j+ transitions and the tensor analyzing
power data of j transitions. It is striking that a satis-
factory description can, however, be achieved for all three
observables 0, A„, and A„„ for all nuclei (even qualita-
tively for the lightest ones), using a modified deuteron
potential. That potential is characterized by larger spin-
orbit terms and an additional imaginary tensor term as
already successfully used for 2o7Pb [8]. The spectro-
scopic factors deduced for all studied transitions with
both sets of deuteron parameters are similar, agreement
with adopted values &om previous works being generally
quite good.

We emphasize that the above description of the (d, t)
reaction at Ep——200 MeV is especially successful for the
highest 8 transitions which dominate residual excitation
energy spectra in heavy or medium heavy nuclei. The
present survey confirms the reaction as a good spectro-
scopic tool for studying inner hole state &agmentation
and spreading in such nuclei.
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