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The (d,p) reactions on Ba 3 ' 3 ' ' 6' have been investigated with 12.0-MeV deuterons
from the Argonne Tandem Van de Graaff accelerator. Proton spectra were recorded in a
broad-range magnetic spectrograph. Many new levels were observed. The ground-state Q
values (in MeV) for the (d,p) reactions (including the odd-A. targets) are found to be 5.269
for A. =130, 4.977 for @=132, 4.746 for A. =134, 6.886 for A=135, 4.680 for A=136, 6.398
for %=137, and 2.493 for A. =138. Proton angular distributions were measured for states up
to an excitation energy of about 3 MeV. The observed angular momentum transfers were l~
=0, 1, 2, 3, and 5, which correspond to the population of states of the 3s~/2 and 2d3/2 config-
urations below the closed neutron shell at N =82 and the 2fv/2, 3p3/2, 3p&/2, 1h9/2 and 2fl)/2
configurations above it. From the observed l values, it was possible to assign spins in some
isotopes from a knowledge of the spin in other isotopes by taking account of systematic
shifts in the Q values of levels and also from shell-model expectations. Distorted-wave
Born-approximation calculations were used to extract absolute spectroscopic factors. The
problems and uncertainties arising in such calculations were studied in some detail. They
derive, in part, from the need to use a sharp radial cutoff to fit the experimental angular
distributions; calculations with nonlocal potentials and finite-range approximations did not
yield satisfactory fits. Another source of uncertainty is the dependence of the spectroscopic
factors upon the geometric parameters of the bound-state potential well. The results are
interpreted with the help of pairing theory; centers of gravity and single-particle energies
are deduced.

I. INTRODUCTION

Investigation of the nuclear structure of the bar-
ium isotopes is of interest because this element
has many stable isotopes, which span the range
of neutron numbers from N= 74 (Ba'") to the
closed %=82 shell (Ba'"). Thus a study of the
(d, p) reaction on these isotopes can locate the po-
sition of the various single-particle levels above
and below N= 82 and the order in which the orbits
are depleted as one departs from the closed N=82
shell.

Previous investigations of N= 82 isotopes include
several on the Ba'"(d,p)Ba'" reaction' ' and (d, p)
reactions on other N= 82 targets with different pro-
ton number Z.3'~' Such studies have identified
single-particle levels above N= 82 and have estab-
lished that the neutron levels in the N= 83 nuclei
are relatively independent of proton number. Less
work has been performed on targets with proton
number in the same range but N& 82. In the case
of the even-A Ba target isotopes, the only results
are from a low-resolution study of the Ba'"(d,p)Ba'"
reaction. ' The (d, p) reactions on the even-A tar-
gets, Ba" to Ba", have not been reported pre-
viously.

The present work is part of an extensive study
of the barium nuclei by means of the (d, p) reaction,
the (d, d) reaction, and elastic and inelastic proton
scattering at isobaric analog resonances —all with

the stable Ba isotopes as targets. ' ' Only the re-
sults for the (d, p) reaction on the even-A isotopes
are reported here; subsequent publications will be
concerned with the results obtained for the other
reactions.

The study was motivated initially by the observa-
tion'&" of analog resonances in elastic proton scat-
tering on the Ba isotopes. In order to correlate
the observed analog resonances with the parent
states in the odd-A Ba isotopes, the (d, P) reac-
tions on the even-mass isotopes were investigated.
Thus a main goal of this work is the determination
of reliable spectroscopic factors for comparison
with the equivalent spectroscopic factors obtained
from analysis of the corresponding analog reso-
nances in proton elastic scattering from the same
target.

Compared with most previous (d, p) studies in
this mass region, the present work measures angu-
lar distributions to more forward angles. Consid-
erable effort was also expended on establishing ac-
curate values of the absolute cross sections. In
addition, a rather comprehensive study of the dis-
torted-wave Born-approximation (DWBA) proce-
dure has been carried out. It was found that the
most severe uncertainty in the calculation of abso-
lute spectroscopic factors stems from the large
sensitivity to small changes in the radius and dif-
fuseness of the potential of the bound state into
which the neutron is captured. To test this sensi-
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tivity, we have extended the analysis of Sharpey-
Schafer, who had pointed out that the rms radius
of the bound-state potential well may be the impor-
tant parameter in determining spectroscopic fac-
tors. " This observation was prompted by the re-
formulated optical model of Greenlees, Pyle, and
Tang. " Further uncertainties arise from difficul-
ties in fitting the shapes of the experimental angu-
lar distributions with DWBA calculations. The use
of zero-range local potentials (with and without
sharp radial cutoff) as well as finite-range non-
local potentials in the analysis is examined.

In spite of these difficulties, the experimental
angular distributions appear uniquely characteris-
tic of a particular l value, and hence the l value
extraction was unambiguous. We observed transi-
tions to the 2d„, and 3s„,orbits below the N= 82
neutron shell and to the 2f7„, 3p„„3p»„1h»„
and 2f,i, orbits above it. Only secondary attention
was given to weakly excited levels, and measure-
ments were not extended to high enough excitation
energies to guarantee that components of these
single-particle levels were observed.

II. EXPERIMENTAL PROCEDURE

Angular distributions and absolute cross sec-
tions for the (d, p) reactions on the Ba targets
were measured with 12.0-MeV deuterons accele-
rated by the Argonne Tandem Van de Graaff. Mea-
surements were performed at angles between 5
and 50 with the broad-range magnetic spectro-
graph"; in some cases measurements were ex-
tended to 80 . The observed resolution width was
typically about 13—15 keV (full width at half maxi-
mum).

The target material was obtained from Oak
Ridge National Laboratory as barium nitrate.
Table I gives the isotopic composition for each of
the separated barium targets. Unfortunately it
was not possible to identify the peaks of contami-
nant barium isotopes by means of the kinematics
of the reactions.

Targets about 250 pg/cm' thick were prepared
by evaporating metallic Ba onto a carbon backing

Ba'"
Ba132

Ba"4
Ba136

Bails

48.3
&0.1
&0.02
&0.05
&0.01

0.21
39.2
&0.02
&0.05
&0.01

2.34
4.55

85.9
0.07

&0.01

4.86
7.74
3.65
0.81

&0.02

4.7
6.2
1.79

92.9
&0.02

5.72 33.9
6.58 35.7
1.59 7.11
1.75 4.54
0.20 99.8

TABLE I. Perceritage composition of the enriched bar-
ium targets -(precision about 0.1%).

Isotopic abundances
(Vo)

Target Ba Ba Ba~ Ba 5 Ba 36 Ba Ba

about 20 p, g/cm' thick. The barium nitrate was
heated in a tantalum tube to about 400'C to form
barium oxide, which was then reduced by the sur-
face of the tantalum tube at about 2000 C to re-
lease the barium metal. The targets were pre-
pared, transferred into the scattering chamber,
and stored in oecuo by means of a vacuum lock
system. FreshIIy prepared targets could be ex-
posed to 400-600 nA of deuterons at 12 MeV with-
out fracture, but the limit for older targets was
only 200-300 nA. The energy loss was about 8
keV for the 12-MeV incident deuterons and about
4 keV for the outgoing protons in the present ex-
perimentt.

The protons were detected in Kodak NTB plates
50 p thick, covered with 15-mil acetate foil in
order to eliminate deuteron tracks and to intensify
proton tracks. By use of zone masks, either of
two solid angles of the magnetic spectrograph can
be selected: about 3 &&10 ' sr or about 10 ' sr.
The larger solid angle was used in half of the ex-
posures. The total charge incident on the target
was measured in a current integrator and ranged
from 250 to 2000 p. C. The exposures were moni-
tored with a surface-barrier detector.

A major effort was made to obtain accurate ab-
solute cross sections. These measurements for
all targets were performed with the spectrograph;
and for Ba'" and Ba'" targets they were repeated
with solid-state detectors in an 18-in. scattering
chamber. ' The target thickness was determined
by counting the elastically scattered deuterons at
25' for incident energies of 4 and 6 MeV. An opti-
cal-model calculation using the program ABACUS"
with several sets of parameters showed that the
deviation from Rutherford scattering is at most 1
part in 104 under these circumstances. An addi-
tional measurement was made (in the spectro-
graph only) with 12-MeV deuterons at 8„&=13',
for this the calculation showed a 1-2/0 devia-
tion from Rutherford scattering. The measure-
ment in the 18-in. scattering chamber included a
careful check of the detector angle and of the. posi-
tion of the target. This was accomplished (1) by
checking that the detector motion was centered ac-
curately on the target, (2) by verifying the left-
right symmetry, and (3) by measuring the Ruther-
ford scattering of 6-MeV deuterons from Ba'" be-
tween 30 and VO; the experimental deviation from
the Rutherford cross section was found to be with-
in +1%%uo. The results at 4, 6, and 12 Me V were in
agreement within the errors (total error = +2. 5%).
Long (d, p) exposures were then taken under identi-
cal conditions, and the absolute cross sections
were calculated.

The absolute Q value of the Ba'"(d, p) reaction
to the ground state was determined at backward
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FIG. 1. Proton spectrum
from the Ba 8(d,p)sa 3 re-
action. The strongest
peaks are labeled with
their single-particle con-
figuration.
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angles, with the target in reflection and with no
absorbing foil in front of the emulsion. This was
in agreement with the Q value obtained in the for-
ward direction after correcting for the target
thickness and for the displacement of the emul-
sions by the 15-mil acetate foil. The Q values of
the other targets were determined in forward di-
rections. In addition, the contaminant peaks due
to Ba'" impurities in these barium isotopes. (Ta-
ble I) were used to obtain relative Q values. The
determination of the absolute Q values relied upon
the energy calibration of the magnetic spectro-
graph" and included several measurements of the
precise tandem energy by elastic scattering of the
incident deuteron beam.

III. RESULTS

TABLE II. Measured Iq„) values (MeV) of the Sa(d,p)
ground-state reactions.

Reaction

sa'"(d, p) sa'"
B i32(d, p)Sai33
sa"4g,p) sa'"
sa'" g,p) sa'"
sa'" g,p) sa'"
Ba'» (d,p) Sa'"
sa'"g p) sa'"

This work

5.269 +0.015
4.977 + 0.015
4.746 + 0.015
6.886 +0.015
4.680 +0.015
6.398 +0.015
2.493+0.010 '

Mass table

5.408 + 0.027
5.139+ 0.282
4.975 + 0.107
7.007 + 0.128
4.727 + 0.106
6.317+ 0.086
2.487 + 0.071

gee Ref. 23.
bgeported as 2.493+0.010 MeV by C. H. Paris, W. W.

Suechner, and P. N. Endt, Phys. Rev. 100, 1317 (1955).
cReference 4 obtains 2.496 +0.015 MeV.

A typical spectrum measured in the broad-range
magnetic spectrograph is shown in Fig. 1. In this
spectrum from the Ba'"(d, p)Ba"' reaction, peaks
corresponding to the ground state, the first excit-
ed state, and a few states at medium excitation en-
ergy in Ba'" stand out very clearly and are la-
beled with their orbital and their total angular mo-
menta.

The absolute Q values for the ground-state tran-
sitions are given in Table II, where they are com-
pared with previous values given in the mass ta-
bles."The Q, values for the (d, p) reaction on the
two odd-mass targets Ba'" and Ba'", which we
have also studied, are included in this table for
completeness. The results from these isotopes
will be given in a subsequent paper.

Excitation energies of the levels populated in
the reactions on the even-mass targets are given
in Fig. 2 and in column 1 of Tables III-VII. The
errors in the excitation energies are estimated to
be ~5 keV up to about E = 0.5 MeV, +10 keV for
0.5 MeV &E &2 MeV, and +10-20 keV above E
=2 MeV.

The orbital angular momentum l transferred by
the captured neutron to the final state is given in
column 2 of Tables III-VII. These l values are
obtained by fitting the experimental angular dis-
tributions with DWBA curves (calculated with cut-
off, as explained in Sec. IV). Many examples of
these distributions and their fits are given in Figs.
3-7. Some spins and parities J' of the final states
are given in column 3 of Tables III-VII; their as-
signments are discussed in Sec. VA.

Tables III-VII also contain (column 4) the cross
sections at the maxima of the angular distributions.
These maxima are, in general, those taken from
the DWBA curves which fit the experimental angu-
lar distributions (Figs. 3-7). For l = 2 transitions,
the height of the first maximum (around 25') is
given in column 4 of Tables III-VII, although oc-
casionally (as in Fig. 5) there are higher experi-
mental points around 50', However, for l= 1 dis-
tributions of Ba'"(d,p)Ba'" at E ~ 2.132 MeV,
t~. highest experimental points (around 50') are
give;i in column 4 of Tables III—VII, because this
se "ond maximum seems to be consistently higher
and is not even qualitatively reproduced by the
DWBA curves (as is seen in Fig. 4).

The absolute differential cross section for the



STUDY OF THE (d, p) REACTION ON THE EVEN-A. . . 2069

TABLE III. Summary of results from the Ba' (d,p) Ba' reaction. The values for (2J+ 1}Swere obtained by use of
DWBA calculations {zero-range approximations and local potentials) without cutoff (column 5) and with cutoff (column 6).
The bound-state neutron well had the radius r~ =1.20 F and the diffuseness q, = 0.703 F.

(MeV)

0.0
0.630
1.084
1.284
{12es)'
1.422
1.543
1.625
1.682
1.700
1.750
1.898
1.934
1.952
2.112
2.132
2.162
2.187
2.308
2.368
2.381
2.439
2.484
2.534
(2.553)
2.574
(2.675)
(2.vs1)
2.806
2.857
2.909
2.939
3.007
3.035
(s.11o)
3.175
(s.1e2)
3.221
(S.264)
(s.28s)
3.293
(s.3s2)
3.392
3.409
3.480
(3.495)
(s.s16)
(s.s42)
(s.sve)
(S.614)
(s.6vs)

5
(s)
3
3

1
1
1

(3)

(3)

3
(3)

V/2
3/2
1/2-
e/2

(1/2, 3/2) '
S/2-
9/2-
(9/2 )

(s/2-)

g /d g) IIlRX

(mb/sr)

3.8
4.0
1.6
0.30

(&-0.1)
1.05
0.26

-0.14
0.54
0.75
0.41
0.27
0.36
0.24

-0.33
1.6
0.66
0.93
0.17

(0.38)
~p

0.57
1.38

~P 1
(-0.14)

0.29

0.38
0.17

~P 2
0.2

~p
0.25

0.29

0.43

0.36
0.92

~p

No cutoff

4.15
0.98
0.43
4,4

1.00
3.6

(-2.o)
0.48
0.68

(o.48) b

(o.2o)
(0.28)
(o.1s)

(o.16)
(0.40)

( 0.1)
(o.oe)

(o.os)

(o.ov)

(0.08)

(o.12)

(o.1)
0.54

(-0.29)

(2J+ 1)S
Cutoff

5.6
1.29
0.53
5.4

1.23
4.3

(~2 3)
0.56
0.81

(o.4s)b
{o.19)
(o.2v)
(o.1s)

(o.16}
(o.4o)

(-O.11)
{o.oe)

(o.os)

(P.ov)

{o.os)

(o.12)

(o.1)
0.57

(-o.31)

A level at 8~=1.2926 MeV with J= |3,2) j.s suggested in Ref. 39.
The angular distributions for the l =1 levels at E~- 2.132 MeV could not be fitted satisfactorily by DWBA curves (as

seen in Fig. 4). This poor fit introduced an additional +20% uncertainty in the values of (2J+1)S, which are therefore
given in parentheses.
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TABLE IV. Summary of results from the Ba 3
(]d,p)Ba 3 reaction. The values for (24+1)S were obtained by use of

DWBA calculations (zero-range approximations and local potentials) without cutoff (column 5) and with cutoff (column 6).
The bound-state neutron potential well had the radius w~ =1.20 F and the diffuseness a~ =0.701 F.'

(Mev)
(d+/d g) Dl cI x

CKP

(mb/sr) No cutoff
(m +1)S

Cutoff

0.0
0.281
0.659

(o.9ov)'
(1.044)
1.292
1.462
1.794
1.839
(1.85V)
1.903
2.041
2.180
2.268
2.663
2.704
(2.81o)
2.848
2.875
2.911
3.008
(3.O41)
3.141
3.228'
3.254
3.319
3.332
3.407-

3.496g

3.591
(3.6O6)
3.640
3.684
3.703
3.723
3.782
3.805
3.827

(0)

(3)
3

3

1
3
1
38
3

(1)h

3

3/2+
1/2+

11/2-"

S/2"
5/2"
7/2
1/2+'

(1/2+)
5/2"
s/2"
3/2

1/2

9/2—

(5/2-)

0.42
0 93"
0.03

(-o.oo4)
(-o.ooa)

0.05
0.04
2.5

(-o.oa)'
( o o3)b
-0.01

0.01
3.2
0.03
1.08
0.05

(-o.18)
0.13
0.22
0.18
0.03

(-o.oa)
0.25
0.31
0.09

-0.45
0.98
0.60
0.28~
0.17

(-o.o3)
0.45
0.29
0.21
0.08

(-o.3)
(-o.19)

0.33

0.68
0.18

~0 6

0.79

0.28

(-o.19)
0.14
0.23
0.18

3.8
0.31

-0.12
1.00
0.15
o.avg

0.16

0.42
0.08
0.19

(-o.os)
0.30

0.74
0.26
0.9

4.0

1.06

0.36

(-o.as)
0.18
0.29
0.23

4.8
0.38

0.15
1.22
0.19
0.32~
0.19

0.50
0.09
0.22

(-o.o6)
0.35

'In their studies of the Ba'"(P,d) Ba'3', Bruge et aI. Ntef. 44) observed the following levels: Er = 0.0 MeV [$+], 0.281
0.662 [Q ], 1.294 [s+], 1.465 [2+4 1.838 [2+], 1.900 [a+], 2.042 [2+], 2.236 [$+], 2.335 [Q ], 2.53, 2.67, 2.75,

2.89, 2.99 [P ], and 3.20. The lowest 2+ and ~q levels are observed to be much more strongly excited than the other
levels of these spins and parities. No l values could be assigned in the present investigation to q and 2+ levels of
Ba'"

At 8 -5
~Reference 43 lists this level at E 0.6r616 MeV, J
Heference 1 lists this level at E~=0.90 MeV.

~Reference 43 lists this level at E~=1.05 MeV.
This and all higher levels may be due to unknown states above E~= 5.0 MeV in Ba from the (d,p) reaction on the

contaminant Ba~3~.

gThe shape of the angular distribution suggests that a contribution in addition to l =3 may be significant at large an-
gles (as seen in Fig. 6). If it is an unresolved l =5 distribution, then (da/dQ)~p ~ = 0.06 mb/sr and hence S~~og =0.1
for an assumed J~ =+2 state. Separating out this contribution would decrease the given values for the peak cross sec-
tion and the spectroscopic factor of the l =3 level only by about 10-15'. The small contribution from the contaminant l
=5 level at E~=1.284 MeV in Ba~3 from the Ba 3 (d,p) reaction cannot account for the major part of the underlying l =5
shape and has been substracted out.

"Incomplete data.
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ground-state reaction, Ba'"(d,p,)Ba'" at O„b = 40',
was determined to be dv/d0=3. 55+0.2 mb/sr.
For the other isotopes, the absolute differential
cross sections were determined to +10%. The er-

rors in relative cross sections within any one iso-
tope are +5%.

In general, the exposure times in the spectro-
graph limited the detected levels to those with

TABLE V. Summary of results from the Ba Q,p)Ba 3 reaction. The values for (2J+1)S were obtained by use of
DWBA calculations (zero-range approximations and local potentials) without cutoff (column 5) and with cutoff (column 6).
The bound-state neutron potential well had the radius r~ =1.20 F and the diffuseness g~ = 0.699 F.

&x
(Mev)

(do./dQ) max

(mb/sr) No cutoff
(u+ 1)S

Cutoff

0.0
0.221
0.269
(o.4sv)
(O.594)
0.717

(0.855)
0.909
0.979
1.215
1.445
1.581
1.876
1.972
1.997
2.076
2.118
2.152
2.447
2.478
2.568
2.603
2.663
(2.6se)
2.709
2.728
2.784
2.850
(2.sv4)
2.899
2.949
3.085
(3.327) d

3.630
(3.evo)
3.787
3.936'
4.074
4.269
(4.V29)
4.890
4.940

2a

(3)
1

(3)

(1)

(1)

3/2+
1/2'

11/2 '

1/2+

V/2

3/2

1/2

0.80
1.56'

( 0.08)
( 0.02)

( 0.01)
0.05

(-o.o2)
0.19b
0.27
0.02
2.0
3.1
0.04
0.03
0.78
0.06

-0.03
0.2
0.28
0.14
0.19
0.11

-0.06
(-o.o2)

0.22
0.66
0.14
0.37

( 0.15)
0.23
0.51
1.09

( 0.08)
-0.15
(-o.2)
~0
~0
~0
~0 2
(-o.1)
~0
~0 1

1.31
0.30

0.035
0.36

2.55
0.82

0.21
(o.o16)

(o.24)
0.073

(o.16)

(o.oe)
0.17

(o.o35)
0.37

0.51
0.27

1.38
0.41

0.047
0.35

3.6
1.12

0.28
(0.021)

(0.32)
0.094

(o.21)

(o.ov)
0.22
(o.o45)
0.48

0.64
0.36

Reference 43 lists levels at E~ =0.0 MeVI. 3+], 0.218 t(~+)], 0.268 [~2 ], 0.481 [l =21, 0.586, and 0.862. Except for the

ground state and fir s«xcited state, no values for l and 8" could be assigned to these levels in the present investigation.
bAt e lab
'This and all higher levels may be due to unknown states above @x= 4.7 MeU in Ba from the {d,p) reaction on the

contaminant Ba
This and all higher levels may be due to unknown states above E~ = 5.0 MeV in Ba'3 from the (d,p) reaction on the

contaminant Ba 3 .
This and all higher levels may be due to unknown states above E~= 3.9 MeV in Ba 3~ from the (d,p) reaction on the

contaminant Ba'36.
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E„(MeV) Xor J E„(MeV) /or Z E„(MeV)

4.940
4%90

(49729)

Xor Z E„(MeV) gor J E„(MeV) /or Z

2.656
3:393
2424
2,487
(2.433
2.401
(2484
2,347
2.3 I 0

(2. 100)
2,051
1.991

(I.965
1.94 3
1.908
1.820
1.785
14669
1.605
I.565

1.317
1,282

1, 135
1. 100~
0.970—Q946~
0.895~~

(0.5 20)
0.364 ~~

(0.3 16)~
Q 284~~
0, 187~
O.'IOS ~00 131Ba

3)

QE~(3)~(5/2)

~(3)
(3)~(l/2 )

~+(l/2 )~ I/2«(I/2 )—2~3~I/2+—(I/2 )—I/2—(3)—7/2"
3/2~2
2~(I/2+)—3

~2—(2)~I/2+—2—(11/2 )
3/2~I /2

2,409

2. 171
2. 115
2.026

1.326
1.286
1.273
1.247

1.770
(1.615)
I.581

0.88804)56~
0,794
0.679
0.62 9

08500

04287

133

—I/2

2
I/2+

43269

44074

3,936
38787
(3.670]
3.630

(3.327)

2&49 3.085
(24)74)~2.899
2.e50~2784.

24447
2. 522.118~~
2,076
1.997
1.972~
1.876

1.58 I

1.445

16215

0.979
0,909
Q.862
0,717
0.586
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0.0
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I=~( I)
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—(3)—(I )
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3/2
7/2

2
I/2+
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ii;:!Ly~
5591
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3.407»
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3.519
5.254
3.228~
5.141

(3.040~3.008
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2.875
2.848 ~(2.810)
24704
29663

2.268
24180

903 2 041
(I 857)~.
1.839—
1.794
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1.292

(1.044)
(0.907)

Q.6616
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So]37
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I I/2
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39614
3,57
3,54
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3.495
3.48

(3.35
3,29
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(3.110)
3.035~
3.007
2.939
2.909
2.857
2.806«
2,675~
2.574~(2853)
2.484

2.566////
2.187
2.162
2.132
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:f34.898.750
:7m
.625.543.422

( 1.292
1.284
1,084

0.630

0.0

(3)13
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«9/2—5/2«(I 2, 3/2)~9/2-
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FIG. 2. Excited states of the odd-A isotopes of Ba, as observed in the (d,p) reaction. Additional information on spins
and excitation energies are included where available. Further information on Ba levels obtained from the {p,d) reac-
tion (Ref. 44) is given in a footnote to Table IV.

TABLE VI. Summary of results from the Ba (d, p) Ba reaction. The values for (2'8+1)S were obtained by use of
DWBA calculations (zero-range approximations and local potentials) without cutoff (column 5) and with cutoff (column 6) .
The bound-state neutron potential well had the radius r~ =1.20 F and the diffuseness a~ =0.696 F.

&x
(MeV)

(do-/dQ)

(mb/sr) No cutoff
{2J+1)S

Cutoff

00
0.012

(0.294)
0.500
0.629
0.679
0.794
0.858
0.888
1.247
1.273 '
1.286
1.326
1.581
(1.615)
1.770
2.026
2.115
2.171
2.409

0
2

0
2

1
(1)
0

1
(3)
1

(2)

1/2+
3/2+

{11/2-)'
1/2+

1/2+
7/2
3/2

1/2

(5/2')

1.7 +0 3
0.69 + 0.08

(r P 2)
-0.11b

0.23
0.03
0.15
0.36
0.1

-0 35"
1,4 +0.2
2.3 +0.3

0.13
0.71

(-0.04)
0.25
0.1
0.1
0.05

~0

0.36
1.20

0.02
0.35

0.24
0.11

(-0.03)
~P 07

1.95
-0.66
(0.19)
0.21

0.34

(-0.11)
0.06

-0.45
1.23

-0.03
0.33

0.36
0.15

(-0.04)
-0.08
-2.9
-0.89
(0.28)
0.28

0.48

(-0.11)
0.09

'Incompletely resolved.
At 8)8b=5 ~

'Reference 43 lists this level at E~=0.287 MeV [(]it )]. No I value could be assigned in the present investigation.
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peak cross sections greater than 0.2 mb/sr for
the Ba"' spectrum, 0.02 mb/sr for the spectra of
Ba'" and Ba"', 0.1 mb/sr for the Ba'" spectrum,
and 0.05 mb/sr for the Ba"' spectrum. The rela-
tively high limit for Ba" is due to shorter expo-

sure times. The limits for Ba' 3 and Ba'3' do not
fully reflect the low isotopic enrichments of these
targets, which may result in some levels being
completely obscured. Contributions from the spec-
tra of the contaminating barium isotopes (Table I},

TABLE VII. Summary of results from the Ba (d,P) Ba reaction. The values for (2J+1)S were obtained by use of
D%'BA calculations (zero-range approximations and local potentials) without cutoff (column 5) and with cutoff (column 6).
The bound-state neutron potential well had the radius r~ =1.20 F and the diffuseness a~ = 0.694 F.~

Ex
(MeV)

0.0
0.105

(0 187)c
0.284

(O.316)
0.364

(o.52o)
0.559
{0.718)
0.757

(o.vs3)
(o.s39)
0.895
0.946
0.970
1.100
{1.135)
1.162
(1.2O2)
1.243
1.282
1.317
1.437
1.472
1.565
1.605
1.669
1.747
1.785
1.820
1.908
1.943
{1.965)
1.991
2.051
(2.100)
2.310
2.347
(2.384)
2.401
(2.433)
2.487
2.524
2.592
2.616
2.656

0
(2)
2

(0)
2

1

(3)

(o)
0
3

2

(0)

0
(0)
{0)

(3)

2
(3)
(3)
(3)

1/2'
3/2'

(11/2 )c

1/2'

(1/2+)

3/2

7/2

1/2
{1/2')
1/2'

(1/2+)

1/2+
{1/2')
(1/2+)

(5/2')

(da/dD}
( b/s )

2.4b

0.56
(o.oo2)
0.24

(-o.o4)
o.osb

(o.12)
0.30

(-o.o3)
0.21

(-o.o4)
(-o.oov)

(o o5)b
0.11
0.15
2.1

(-o.o6)
0.80

( 0.02)
(-o.o5)
-0.04

0.49
(o.o4)'
O.1O"
0.22
0.04
0.067

(-o o4)b
-0.04

0.26"
0.28b
o o6b

(-o.o5)
0.09
0.04

(-0 1)
0.08
0.04

(-o.15)
0.25

( 0.08)
0.21
0.48
0.11
0.10
0.14

No cutoff

0.53
1.03

0.43

0.016
(o.2o)
0.51

0.35

(o.o1)
0.17
0.22
0.62

1.19

(-o.ov)

0.16
(0.008)
0.018
0.34

0.09
( 0.008)

0.049
(o.o52)
(0.011)

(-o.o6)

0.11
0.06

0.28
0.50

(o.14)
(o.13)
(O.1s)

(2J+ 1)S
Cutoff

0.61
0.99

0.42

0.019
(o.2o)
0.48

0.51

(o.o12)
0.16
0.21
0.84

1.73

(-o.11)

0.21
(o.ooe)
0.022
0.48

0.08
( o.ooe)

0.057
(0.062)
(o.o13)

(-o.os)

0.15
0.08

0.38
0.44
(o.19)
(o.1v)
(o.24)

Reference 43 lists levels at E~=O.O MeV [(~+)], 0.115, 0.285, 0.364, 0.536, 0.882, 0.990, 1.204.
At Oy~b=5 .
J. M. D'Auria, H. Bakhru, and I. L. Preiss [Phys. Rev. 172, 1176 (1968)] list this level at E~= 0.187 MeV with J"

= ( 2 ). No l value could be assigned in the present investigation.
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FIG. 3. Measured angular distributions of the Ba(d,P) reactions with l = 0 angular-momentum transfer. Each distri-
bution is labeled with the mass A.~~A~ of the residual barium nucleus, the Q value (MeV) for the reaction, and the exci-
tation energy E~ (MeV) of the states. The curves represent zero-range local DWBA calculations with a cutoff radius at
about the nuclear surface. Larger-than-average errors can arise from uncertainties generated by unresolved levies
and by background subtraction.

including those of the Ba"'(d, p)Ba'" and Ba'"(d,
p)Ba'" reactions were subtracted to yield the val-
ues given in the tables.

In general, the present study was limited to exci-
tation energies below 3 MeV; the exact limits are
indicated by arrows in Fig. 10, In the case of
Ba'34(d, P)Ba"', this limit was extended to 5 MeV
to test the usefulness of the (d, P) reaction at these
higher excitation energies; a number of levels
were identified but no / values could be assigned

beyond E =3.085 MeV (Table V). In the Ba"' spec-
trum, a number of weak levels seen above the lim-
it of systematic data evaluation at F- =3.480 MeV
are included in Table III and Fig. 2.

IV. DISTORTED-WAVE ANALYSIS

The DWBA analysis of our data was performed
in the usual way 4 with Woods-Saxon potentials"
and the code JULIE. Unless otherwise noted,

I I I
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I.p =
F INAL X

.40& 133 (1,581)

I,p
~69' 13'3 ( le286)

O. l

C
CS .r

Cg

b

O. I

4,09& 133 (0.888)

1.0=

394&131 (1.317)

I.O
4,16& 131 (1.100)

I I I

0' 25' 50'75'

4r I 2 p 133 (0858)

p I 66
&

135 (3085)

, r

0.1

.022 135 (2.728)

2.04 135 (2.709)
QI

T

.30~ 135 (2.447)
Ql

O.l=
'

2.67
&

135 (2.076)

I.O=
2.75 135 (1.997)

3.17' 135 (1.581)
1.0

I I I

0 25 50 75'

Ba (d, p)
E *12.0 MeV

A I

137 (3.684)

O.l

137 (3.407)

O.l =

137 (3319)

O. l

I.O 137 (2.663)

I
p

137 (2 180)

I.Q
I I I

0' 25 50 75
ec.m.

O. l

72~ 139 (3.221)

O. l

2 139 (2.574)

o.i

' 0.02' 139 (2.484)

,IQ:=
' ~ 0.06&139 (2.439):

;r

~
',0.31 i 139 (2.187)

4 ~

1.0=
~ .Q34& 139 (2.162)

Ip-
~

~
' .0.37( 139(2.132)

~ 1.42 i 139 (1.084)

, r

1.87 i 139 (0.630)

lp I I I

0' 25 5(175'

FIG. 4. Measured angu-
lar distributions of the Ba
(d,P) reactions with l =1
angul ar-momentum trans-
fer. The details are as de-
scribed for Fig. 3.
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the deuteron and proton optical parameters given
in Table VIII were used; they are essentially those
published by Wiedner, Heusler, Solf, and Wurm. '

A. Extraction of Spectroscopic Factors

1.0=

O. l =

Q )A~,„~„(E)()
2.74 131 (2.524)

3.59
&

131 (1.669)

1,0=

O. I

I I I

Ba (d, p)
E~ 12 MeV

R= 2

137 (0.0)

The calculations to extract a basic set of spec-
troscopic factors were done with the zero-range
approximation and local potential (ZRL); finite-
range and nonlocality corrections will be discussed
in Sec. IVC. In most cases, the angular distribu-
tions calculated with a lower cutoff ' at r = 1.25 F
&&A' 'fitted our measured angular distributions
much better than did those calculated without cut-
off, as is demonstrated for several examples in
Fig. 8. The over-all normalization factor of the
cross section calculated by DWBA analysis" was
1.65 (assuming a deuteron wave function from a
Gartenhaus potential). Spin-orbit interactions
were included in the proton, deuteron, and neutron
potentials. The strength of the spin-orbit poten-

h

O. l

E

E
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FIG. 5. Measured angular distributions of the Ba(d,p)
reactions with l =2 angular momentum transfer. The de-
tails are as described for Fig. 3.
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FIG. 6. Measured angular distributions of the Ba.(d,P) reactions with l =3 angular momentum transfer. The de-
tails are as described for Fig. 3.



2076 VON EHRENSTEIN et al.

I I I

Ba (d, p)

Ed= 12 MeV, g =5

Q,
I.55,

A&INAl ( Eg)

I S7 (S.I4I )

tions without cutoff the corresponding increases
ranged from 20 to 70%.

B. Effects of the Geometric Parameters

of the Bound-State Potential N'ell

O. I

O. l

E

E
CP

b'a
O. l

O. I

0.87, I 39 ( 1.625 )

0.96, I 39 ( I.543 )

1.22, I 39 ( I.284)

The parameters of the potential well of the neu-
tron bound state are not accurately known. Hence
we have investigated the dependence of the extract-
ed spectroscopic factors S on these parameters.
The values of S extracted in Sec. IVA (with a neu-
tron well radius x~=1.20 F and diffuseness a =0.70
F) and given in Tables III —VII will be taken as a
basis for the comparisons.

In general, if either rior a~ is increased, the
bound-state wave function extends to larger radii
and S is decreased. It was pointed out by Sharpey-
Schafer, '7&" that the variation in S is reduced if r~
and a are simultaneously varied in such a way that
the rms radius of the potential well is kept con-
stant. For a Woods-Saxon potential mell mith half-
way radius r~A'" and diffuseness a„ the mean-
square radius (R') is given to a good approxima-
tion by the expression'

I I I

0 25 50 75
ec.m.

FIG. 7. Measured angular distributions of the Ba(d,p)
reactions with I =5 angular momentum transfer. The de-
tails are as described for Fig. 3.

tial for the neutron was taken to be 16.0 times the
Thomas value. For the levels without J assign-
ment, the DWBA cross section was obtained by
averaging the values for J=l+ —,

' and J=l ——,'.
The spectroscopic factor S was obtained in the

usual manner by comparing the experimental maxi-
mum" differential cross section (do/dQ), „&

~ of
the angular distributions with the calculated maxi-
mum (do/dQ)n~~ ", i.e. , by use of the relation

(do/dQ), „'"/(do/dQ)n~J, "=(2J'+ l)S,
where J is the spin of the final state. All data
were analyzed with the bound-state neutron radius
r~=1.20 F and t'he diffuseness" a~= 0.70 F. The re-
sults of this analysis are given in Tables III —VII
in column 5 for the DWBA calculations without low-
er cutoff, and in column 6 for the calculations
with lower cutoff.

A few cases were computed with a set of deuter-
on and proton parameters different from those in
Table VIII, namely, those extrapolated from the
values given as family B by Percy and Percy. ""'
With these parameters, the spectroscopic factors
(obtained for selected levels) were increased.
These increases ranged from 6% (for I = 5) to 40%
(for l =0) for calculations with cutoff; for calcula-

TABLE VIII. Deuteron and proton DWBA parameters
for Ba(d,p) at Ed =12 MeV. The symbols are as usual:
V = real volume potential, 8'D = imaginary derivative sur-
face-absorption potential, V,o = spin-orbit potential, &0
= real radius, &p = imaginary radius, &c = Coulomb radi-
us, as =real diffuseness, a~ =imaginary diffuseness Ep
=energy (MeV) of outgoing protons.

V Sg) Vo
(MeV) (Me V) (MeV)

I I
rp rp +C as aD
(F) (F) (F) (F) (F)

1OO 13.O'

p Vp 10 0
5.0 1.18 1.34 1.18 0.8 0.68
4.5 1.25 1.20 1.25 0.67 0.69

'Reference 4 specifies (14.0+2.5) MeV.
The potential Vp (in MeV) is given by

N-Z Z
Vp =50.3+32 4 +0 4 1/3 0 4Ep ~

The factor 32.4 in the second term on the right in this
equation is from the abstract and report of work prior
to publication of Ref. 4; the value 42.3 given in Sec. 3.4
of Ref. 4 is presumably a misprint.

(R') = —'(r A' ')'+-' m'a '.

Values of S for 13 selected levels (I=0, 1, 2, 3,
and, 5) extracted with various combinations of r„
and a are compared in Table IX. Both cutoff and
no-cutoff values are given. The values of S,b, are
calculated with the "standard" parameters r = 1.20
F and a„=0.70 F (these parameters yield g —= (R')'~'/
A'~'=1. 06 F) and appear in column 6. Columns 9
and 10 give values of S calculated with the same g,
but with r =1.15 and 1.25 F, respectively. Col-
umns 7 and 8 and columns 10 and 11 give values of
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FIG. 8. Comparison of different D%BA calculations
with typical experimental angular distributions for each
indicated value of l. The curves represent DWBA calcu-
lations using zero-range approximations and local po-
tentials with no cutoff (solid) and with a sharp radial cut-
off (dashed) at about the nuclear surface (the same for
all l values), and the calculations (dotted) with finite-
range, nonlocality corrections (FRNL) . The various
curves are normalized to the experimental distributions
at the first maximum (except that the l = 0 distributions
are normalized to the value at 0=5').

S calculated with g= 1.02 and 1.09, respectively.
Values of S are given as ratios to the correspond-
ing S,b,.

Table IX shows that for l =0 —3, S varies only
-5% when r and a„are varied with the rms radius
of the potential well kept constant. Table IX also
shows that the l = 5 transitions are more sensitive
to the parameters of the bound-state well. Even
with a constant rms radius, the value of S for l = 5

varies more than twice as much as for the lower
l values. The dependence of S on g for the sample
levels is exhibited in Fig. 9 for both cutoff and no-
cutoff calculations, the dependence in the former
case being slightly greater than that in the latter.
Thus for all l values, the value of S is very sensi-
tive to changes in the rms radius.

It is of interest to explore the generality of the
reduced variation in S for a constant rms radius.
It has been previously noted, e.g. , in (d, t) and (d,
Hes) reactions, '4 that the DWBA cross section for
any given state is nearly proportional to the square
of the amplitude of the asymptotic tail of the bound-
state wave function. In the present (d, p) study
with 12-MeV deuterons, this proportionality is
again found to hold for all l values. It is especially
accurate (+2%) for cutoff calculations (as expected
since the interior contribution has been cut out);
but the relationship is also found to be valid (with-
in +8%) for no-cutoff calculations, although in
most cases the inclusion of the nuclear interior
sizeably increases the DWBA cross section (Table
IX). It appears therefore that the reduced varia-
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tion in ~ for a constant rms radius in the case of
low ~ values must be due to specific properties
of the Woods-Saxon well shape, which gives the
same magnitude for the tail of the wave function
for constant rms radius in these cases. As the
centrifugal barrier increases, the correlation
decreases; i.e. , for l = 5 transitions the normaliza-
tion of the tail and the .spectroscopic factor de-
pends more on r and less on a~. Although the rela-
tionship between the rms radius of the bound-state
well and the spectroscopic factor may be empirical-
ly useful, it lacks general applicability.

C. Effects of Finite Range and Nonlocality

The effects of the finite range of the proton-neu-
tron interaction and the nonlocality of the optical-
model potentials were also investigated. Both of
these effects were included in the local-energy ap-
proximation by using a standard procedure which

was recently used, for example, by Hiebert, New-
man, and Bassel." In this approximation, both ef-
fects reduce to damping factors which multiply the
ZRL form factor before its use in the distorted-
wave calculation. Because of uncertainties in de-
termination of nonlocnlity parameters for bound
states""' this correction was applied to the scat-
tering channels only.

The nonlocality parameters P have been previous-
ly determined from the energy dependence of the
optical potentials: P=0.54 for deuterons and P
=0.85 F for the protons. " The range parameter
for the (d, P) reaction obtained with the Hulthen
wave function of the deuteron is R =1.25 F." With
these parameters and the optical potentials given
in Table VIII, the corrected form factor varies
smoothly from -0.6u(r) in the nuclear interior to
1.02u(r) outside the nucleus, u(r) being the uncor-
rected single-particle bound-state wave function
used in the ZBL calculation.

TABLE IX. Spectroscopic factors for several typical transitions. They were obtained by use of DWBA calculations
(zero-range approximations and local potentials) without and with cutoff. Column 6 gives the absolute spectroscopic fac-
tors S~b, for the radius r~ =1.20 F and the diffuseness a~ = 0.70 F of the bound-state neutron potential well. Columns 7
-12 give values of the spectroscopic factors relative to S,b, for the indicated combinations of r~ and a~.' They are
grouped according to the corresponding rms radius of the bound-state neutron potential well [Eq. (2)]. The unchanged
rms radius of columns 9 and 10 is the same as that used to compute S,b, .

Excitation
Target energy
isotope (Me V) (Mev)

Sab

x~=1.20 F
a~= 0.70 F

3.2% smaller rms
radius

+n=1 15 F 1 20
an 070F =0 59 F

S(r„;a )/S h,

Unchanged rms
radius

1.15 F 1.25 F
0.79 F =0.59 F

3.2% larger rms
radius

1.20 F 1.25 F
=0.79 F =0.70 F

Ba'30

Ba'"

Ba'"

Ba"4

Bai 38

Ba&38

Ba1.30

Ba134

Ba'"

Ba'"

Ba138

Ba'"

Ba'"

0.0

0.281

1.100

1.997

0.630

1.084

0.105

0.0

0.0

1.162

0.0

3.141

1.284

4.75

5.27 ~+ no cutoff
cutoff

4.40 —,
'+ no cutoff

cutoff
4.3.7 & no cutoff

cutoff
2.75 ~ no cutoff

cutoff
1.86 ~ no cutoff

cutoff
1.41 2 no cutoff

cutoff
5.16 2+ no cutoff

cutoff
no cutoff
cutoff

4.68 2+ no cutoff
cutoff

4.11 7- no cutoff
cutoff

2.49 7. no cutoff
cutoff

1.54 ~ no cutoff
cutoff

1.21 ~ no cutoff
cutoff

0.27
0.31
0.09
0.13
0.16
0.21
0.11
0.14
0.25
0.32
0.22
0.27
0.26
0.25
0.33
0.35
0.17
0.19
0.15
0.22
0.52
0.70
0.38
0.48
0.44
0.54

1.11
1.23
1.07
1.22
1.13
1.22
1.10
1.21
1.11
1.17
1.10
1.18
1.12
1.28
1.15
1.30
1.15
1.29
1.18
1.29
1.20
1.30
1.40
1.46
1.41
1.45

1.22
1.26
1.18
1.27
1.22
1.30
1.19
1.30
1.18
1.26
1.17
1.27
1.17
1.28
1.21
1.29
1.22
1.29
1.19
1.31
1.22
1.31
1.24
1.33
1.24
1.31

0.96
1.01
0.94
1.00
0.97
1.01
0.97
0.99
0.97
0.97
0.96
0.98
0.98
1.05
1.00
1.05
1.00
1.04
1.02
1.04
1.03
1.04
1.14
1.14
1.13
1.12

1.08
1.02
1.09
1.02
1.06
1.06
1.08
1.08
1.08
1.06
1.07
1.06
1.03
1.00
1.05
1.00
1.04
1.00
1.01
1.00
1.03
1.02
0.89
0.91
0.89
0.90

0.85
0.83
0.87
0.83
0.87
0.83
0.87
0.83
0.89
0.83
0.87
0.84
0.85
0.83
0.87
0.84
0.86
0.83
0.86
0.81
0.86
0.82
0.82
0.80
0.82
0.79

0.88
0.81
0.91
0.81
0.89
0.83
0.89
0.84
0.91
0.85
0.90
0.85
0.84
0.79
0.85
0.78
0.85
0.79
0.84
0.77
0.85
0.79
0.72
0.70
0.72
0.70

~Actual values of a„vary in such a manner that the rms radius (R ) I2 in Eq. (2) is proportional to A 13.
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FIG. 9. Spectroscopic factors (in arbitrary units) cal-
culated with and without cutoff for representative states
of each/ value as a function of the rms radius, ex-
pressed as the factorg= @ ) /A. ' . Actual values of
the spectroscopic factors can be obtained from Table IX.
The bound-state radius was kept constant at r~ = 1.20 F.
The approximate value of the bound-state diffuseness a~
corresponding to this radius is also indicated on the
abscissa.

Spectroscopic factors resulting from finite-range
nonlocal (FRNL) calculations for some typical

states are given in column 7 of Table X; angular
distributions are shown in Fig. 8. In general, the
FRNL spectroscopic factors are between those
from cutoff and no-cutoff ZRL calculations.
Priori, the FRNL calculations have better theoreti-
cal justification and should be preferred. However,
the angular distributions produced by the ZRL cal-
culations with cutoff fit the experimental points
significantly better than those from FRNL calcula-
tions. This may indicate that the present FRNL
procedure still does not lead to sufficient damping
of the form factor, as has been previously dis-
cussed by Parkinson et al." The "correct" spec-
troscopic factors are probably between the FRNL
and the ZRL values with cutoff. Nevertheless, as
is seen from Table X, even the values of S com-
puted with the extreme assumptions of cutoff and
no cutoff are in reasonable agreement when one
considers the uncertainties that may arise from
the DWBA itself. And as has been noted above, a
far greater variation in S can arise from arbitrari-
ness in the choice of x and a .

V. DISCUSSION

A. General

Several studies of the Ba'"(d,P) reaction have
been reported previously. ' ' All of these studies
concur in a mean value Q, = 2.494+ 0.005 MeV for
the reaction, which is in agreement with the very
precise value Q, =2.499+ 0.001 MeV derived from
the recent study" of the Ba"'(n, ) ) reaction. With
regard to the excited states of Ba'~, the present
study is in very good agreement with the most ac-

TABLE X. Spectroscopic factors for some typical transitions. The results of the DWBA calculation with zero-range
approximation and local potentials with cutoff (column 6) and without cutoff (column 8) are compared with the results ob-
tained with finite-range and nonlocality corrections (FRNL; column 7). The bound-state potential well had the radius r~
=1.20 F and the diffuseness a~ = 0.70 F.'

Target
isotope

Excitation
energy
(MeV)

Q
(MeV)

(d&/dg) max

(mb/sr)
Spectroscopic factors

Cutoff FRNL No cutoff

Ba'"
Ba'"
Bai30
Ba"4
Ba'3'
Ba~38

Bai30
Ba"4
Ba'"
Ba'"
Ba'"
Ba'"
Ba~38

0.0
0.281
1.100
1.997
0.630
1.084
0.105
0.0
0.0
1.162
0.0
3.141
1.284

5.27
4.40
4.17
2.75
1.86
1.41
5.16
4.75
4.68
4.11
2.49
1.54
1.21

1/2+
1/2+
3/2
1/2
3/2
1/2-
3/2+
3/2+
3/2+
7/2-
7/2
9/2-
9/2-

2.4
0.93
2.1
0.78
4.0
1.6
0.56
0.80
0.42
0.80
3.8
0.25
0.30

0.31
0.13
0.21
0.14
0.32
0.27
0.25
0.35
0.19
0.22
0.70
0.48
0.54

0.28
0.10
0.17
0.12
0.27
0.23
0.27
0.34
0.18
0.18
0.58
0.41
0.47

0.27
0.09
0.16
0.11
0.25
0.22
0.26
0.33
0.17
0.15
0.52
0.38
0.44

'See Ref. 30.
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FIG. 10. Summary of spectroscopic information. The value of S is indicated by the length of the line plotted at the
appropriate excitation energy E~ in the product nucleus and Q value in the Ba(d,P) reaction. The spectroscopic factors
are those obtained from zero-range local DWBA calculations with cutoff and a bound-state neutron well of radius r~
=1.20 F and diffuseness a~= 0.70 F.

curate previous study of Rapaport and Kerman' up
to the full excitation energy reported here (Table
III). Where the levels are also seen in the (n, y)
reaction (up to 2. 5 MeV), the two sets of (d, P) re-
sults bracket those from the (n, y) reaction, the
present investigation giving the lower excitation
energies. This systematic trend continues until at
an excitation energy of about 3.5 MeV (the present
limit) our results give values of E about 15 keV
lower than those of Rapaport and Kerman; for low-
er excitation energies the difference is proportion-
ately less. These small differences are well with-
in the combined experimental uncertainties.

In general the present study is in good agree-
ment with previously assigned l values, and we
are able to make l-value assignments for several
additional states in Ba"'. An apparent disagree-
ment occurs for excitation energies around 1.29
MeV. A level at E =1.284 MeV is clearly identi-
fied in the present investigation as being populated
by an l= 5 transition. The y line observed ' at
1284 keV in the decay of Cs"' seems to be the
ground-state transition from this level in Ba'~'.
Moragues et al. ,

"who investigated the Ba"'(n,
y)Ba' ' reaction, suggest a level at E = 1292 + 1.5
keV with a spin of 2 or ~. The suggested level ap-
pears consistent with the l =1 transition reported
by Wiedner et al. at E =1.292 MeV. However,
our results give no indication of such a transition

with the strength observed by Wiedner et al. at the
same incident deuteron energy.

The spins of the & ground state of Ba'3 and of
its ~ level at E =0.630 MeV, its ~ level at E
=1.084 MeV, and its 2 level at E~=1.422 MeV
were inferred from the spins of the analog states
in La'3 —which have been determined by scattering
experiments with polarized protons. 4' An addition-
al level around E =1.70 MeV, identified as 2, is
discovered in the present work to be a closely
spaced doublet at E =1.682 and 1.700 MeV, both
with l =3. The analog of this doublet was unre-
solved in the scattering experiment with polarized
protons so that a 2 assignment to either level is
ambiguous. The 2 assignments to l = 5 states in
Ba"' were made from shell-model considerations.
This assignment to the level at E =1.284 MeV re-
ceives additional support from the —,

' assignment '
to the level at E~ = 1.40 MeV in Nd'"; that these
two levels correspond to each other can be seen
from systematic shifts of the lower states in the
N=83 isotonic nuclei Xe, Ba', Ce' Nd
and Sm'4' (Fig. 11).

The experimental cross sections for the Ba"'(d,
P)Ba"' reaction in Ref. 4 are -30% larger than
those measured in the present work If these
larger cross sections are used and a JULIE calcu-
lation identical to that in Ref. 4 is performed
(without cutoff and with parameters identical to
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FIG. 11. Distribution of energy levels in N=83 isotonic nuclei, as compiled from Refs. 4, 6-8, 41, 42, 46 and the pres-
ent work. Spin assignments based on polarization measurements are indicated by arrows. All firm l =5 transitions
are given as $ . Iu the Ce' spectrum, the level to which the higher ~ assignment belongs is uncertain, as discussed
in Ref. 41.

those in Ref. 4), Eq. (1) leads to smaller values
of S than are given in Ref. 4. In particular, for
the transition to the —', ground state we obtain
0.64 instead of the reported 0.76; for the transi-
tion to the 2 level at E =0.63 MeV we obtain 0.34
instead of the reported 0.49; and for the transition
to the ~ level at E = 1.08 MeV we obtain 0.29 in-
stead of the reported 0.41. We did not investigate
how much of these discrepancies could be due to
the fact that the spectroscopic factors in Ref. 4
were computed by substituting integrated cross
sections in Eq. (1) instead of the maxima of the an-
gular distributions.

The results obtained for the lighter isotopes are
mostly new4s'44; in the only previous (d, P) study, '
the Ba"'(d,p) reaction was examined in poor reso-
lution. Our values of Qc (Table II) are more ac-
curate than those in the Berkeley tabulation, "
which were computed from mass tables for this
region. In general the errors in the tabulated val-
ues are sufficiently large to encompass the pres-
ent results; a surprising exception is the small
error quoted for Ba'sc(d, P). Numerous new levels
are observed and in many cases l-value assign-
ments were possible. Most 4 assignments are
made from the systematic shifts of the Q values

of the levels in a comparison of the spectra of all
isotopes (as in Fig. 10). The tentative s' assign-
ments to the l=2 levels at E~=2.115 MeV in Ba'
and at E~ = 2.524 MeV in Ba"' are made from shell-
model considerations. Those cases for which we
compare with a level previously observed are noted
in Tables IV-VII.

Our present limits in sensitivity (Sec.III) did not
permit observation of any l = 4 transitions corre-
sponding to ++ levels that have been tentatively
identified in the energy region under investigation
[e.g. , at E = 1.4 MeV in Ba'" (Ref. I)]. This is
not surprising because, as pointed out by Schneid,
Prakash, and Cohen, "the g„,orbit is already
practically filled in the heavier Sn isotopes-i. e. ,
in isotopes with neutron numbers greater than 72,
which is less than the neutron number of our light-
est Ba isotope (N=74 for the Ba"' target). Bruge
et al. observed only one I =4 state (J' =~') at E
= 2.236 MeV in the Ba"s(P, d)Ba's7 pickup reaction.

As previously noted, the main purpose of this in-
vestigation is the comparison with our investiga-
tion of analog states. "2' '" For this reason, we
concentrated on the relatively low-lying strong
transitions and do not claim to give a complete list-
ing of the weakly excited levels. For the same
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us ~ = . an diffuseness a~ = 0.70 F. The identification of / values is the same

the only strong level with this spin, (3) the uncer-
tain and weak ~' levels at F- = 1.839 and 1.857 MeV
in Ba'" were neglected, and (4) the l = 2 state at E
=2.115 MeV in Ba'33 and at 2.524 MeV jn Ba 3 were
omitted in computing E(e ) since their large separa-
tion from the other / =2 states leads to the suspi-
cion that they have J'=2 .

For stetes near the Fermi surface, values of
E(Z") obtained from Eq. (3) are related to the dif-
ference e(J")—X between the single-particle ener-
gies e(Z') and the mean energy A, of the Fermi sur-
face through the relation

E(J ) E(JG) ([e(J W) $12+ +2)1/2
Z/2

—fl&(~G) —&l'+ &') . (4)

stituting the absolute spectroscopic factors QIQ(&G)
in the left-hand side of this equation. The other
e(&') —A, for these target isotopes were subsequent-
ly computed from Eq. (4) by utilizing the centers
of gravity from Eq. (3).

In the framework of the present approach, we

assume constant relative positions of the single-
particle levels in all isotopes under consideration.
In view of the uncertainties in the spectroscopic
factors and considering the possibility that levels
may have been missed or a wrong J value may
have been assumed, some deviations in the rela-
tive position of e (&") in the different isotopes can
be expected. From the data on Ba'3 Ba' da, an

S (~„) t e(J") —lt.' if(&') —& I'+ &' i"') ' (5)

The energy 24 necessary to break a neutron pair
is assumed to be 2e0 MeV and constant in the re-
gion from the Ba"' to Ba"' target isotopes. "
g(J~ G', is the lowest center-of-gravity energy of
spin and pa.rity ZG (usually that of the ground state,
as indicated by the subscript G); in this case 6(&G)
is the single-particle energy nearest to the Fermi
surface. The "emptiness" Q S/(J"), i.e. , the
probability of finding a hole in the single-particle
levels (in particular, around the Fermi surface)
is predicted in pairing theory as

B
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The predictions of this equation (with b = 1 MeV)
are shown (curved lines) in Fig. 14 for the target
isotopes Ba'3 to Ba'3 . The relative positions of
these curves are connected with the respective po-
sitions of the Fermi surface, since a single-parti-
cle level at the Fermi surface [e(J') —A. =Oj is half
filled [Q Sr(J') =0.51 according to Eq. (5). For
the target j,sotopes Ba'3, Ba' ~, and Ba', the val-
ues e(&G) —A. were calculated from Eq. (5) by sub-
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I

FIG. 14. Comparison of the summed spectroscopic
factors (heavy horizontal bars) with the expectations
from pairing theory (curves) for the Ba isotopes shown.
The various single-particle levels &(J ) and the mean
energies of the Fermi surface (FS) for each 8 ' t
are indicated. The curves are calculated according to
Eq. (g) with &=1 MeV.
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Ba' ' targets, an average value e(2 ) —e(—,
'

) =0.4
+0.05 MeV was obtained. The positions of these
single-particle energies, e(—, ) and e(2 ) and also
e(~' ) obtained from Ba"6 using Eq. (4), are plotted
in Fig. 14. The sum of the observed absolute spec-
troscopic factors Q.SI(&") is represented by the
length of a heavy bar. The differences between
these lengths and the theoretical expectations given
by the intersections of the single-particle energies
e(J") and the curves predicted by Eq. (5) test the
consistency of the approach. The results for the
2d, ~, and 3s,I, levels in the Ba'", Ba", and Ba"'
target isotopes appear very reasonable.

The data on the Ba"'(d,P)Ba'33 reaction are less
reliable than those on the other isotopes, as has
been noted previously. A comparison with the re-
sults from the neighboring isotopes leads to the ap-
proximate result X = e(2 ). The calculated distribu-
tion curve of this isotope is shown dashed in Fig. 14.

It is interesting to use Fig. 14 as an aid in eval-
uating the number of neutron holes present in the
various single-particle levels. For example, in
the Ba'" target, one would expect a total of two
holes in and below the d,~, level (if the f», and
higher levels are assumed to be empty). The num-
ber of holes, given by Z(2Z+ 1)S, adds up to 1.0
for the d3/2 and s„, levels. The remaining hole oc-
curs in the k»„ level the distribution curve inter-
sects this level" at zS&(j)= 0.08 which yields
(2J+ 1)S= 1. A similar evaluation for Ba"4 indi-
cates that the distribution of the four holes expect-
ed is 1.7 in d3/ 0.5 in s„„and 1.8 in hyy, for
Ba'" the distribution of the eight holes expected
is 2.5 in d3&» 0.9 in saga, 2.8 in k, zy2, and 1.8 in
other single-particle orbits.

The shell closure at N=82 is responsible for a
large gap in the energy spectrum of single-parti-
cle levels above the d», level, and hence the f„,
and h„, levels are expected to lie high above the
Fermi surface. Pairing theory is not applicable
under these conditions. If we nevertheless use
Eq. (4), we obtain lower limits on e(& ) and e(2+ )
(as shown in Fig. 14 for Ba'") which are indeed
high above the energy of the Fermi surface.

It should be noted that the preceding analysis as-
sumes that 4=1 MeV and, also, that the relative
positions of the single-particle energies e(J') re-
main the same for all isotopes considered. Both
assumptions should be reasonable approximations
for the range of isotopes considered here. Be-
cause of these approximations and the uncertain-
ties in the spectroscopic factors, our comparison
with the pairing theory is justified mainly by its
usefulness in presenting a consistent description

of part of our results.

VI. SUMMARY

The l values and excitation energies of many lev-
els of the odd-mass Ba isotopes have been deter-
mined. Absolute spectroscopic factors for these
levels were extracted by comparison of measured
cross sections with DWBA calculations. With zero-
range local potentials, the fits to the angular dis-
tributions were good when a sharp lower cutoff in
the radial integrals was used -but were poor with-
out the lower cutoff. Fits of intermediate quality
were obtained with finite-range nonlocal potentials.
The largest spectroscopic factors came from the
cutoff calculations; the finite-range nonlocal cal-
culations yielded -15-20% lower values for the
spectroscopic factors.

The spectroscopic factors are quite sensitive to
the radius and diffuseness of the bound-state po-
tential well. For l ~3, S is nearly constant if ~
and a are varied in such a way that the rms radius
of the well remains constant. However, S de-
creases rapidly with increasing rms radius (-20%
for a 2/q increase in rms radius). For the l = 5

transitions, S is even more sensitive to x but
less sensitive to a .

Since no wave functions have been calculated for
the neutron states in this mass region, we have
compared the systematics of our experimental re-
sults with a simple pairing model. The qualitative
agreement with this model is good. However,
many of the input parameters were rather arbi-
trary; more quantitative calculations are needed
in this mass region.

The spectroscopic factors extracted in this pa-
per will be compared in a subsequent paper with
those extracted from measurements of analog-
state resonances on the same targets. The degree
to which some of the uncertainties can be elimi-
nated by such a consistent analysis will be empha-
sized in that paper.
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&(n) =g[( E~(n) -Ez& —1) I
+

I E~(n) Ez-(n+ 1) )),

where n is the number of neutrons in the nucleus for
which 4 is calculated. With the values of Qo obtained
in the present work (Table II), this formula yields &(81)
= 0.98 MeV for Ba'3~ and 2 (80) =1.09 MeV for Ba'36.
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Seventeen-MeV deuteron-induced (d, t) reactions on Pd, Pd~, and Ru 4 are used to com-
plement (d, p) studies exciting the same final nuclei. Many new states are reported, and in
several cases previous I-& assignments are changed. The sum of spectroscopic factors
gives roughly the same degree of filling as was found from the (d, p) work for the s and d
states; further anomalous behavior was found for the g&12 and h&&2 states. There is a tenden-
cy for the spectroscopic strength to be shifted to higher excitation energy in (d, t) reactions
than in (d,p) reactions. There are strong similarities between the Pd and Ru isotopes as re-
gards the number of nuclear states of each I-~ and the degree of filling of s and d states,
but the g&&2 state seems to be much less full in Ru than in Pd. In both Pd isotopes, there is
a low-energy state (0.671 MeV in Pd~ 9 and 0.781 MeV in Pd~ ~) excited by l =1 transitions in
both (d,p) and (d, t) reactions, indicating that they probably include components with 2p holes
+nd 3p particles ~

INTRODUCTION

For many reasons, it is useful to complement
spectroscopic studies with (d, p) reactions by anal-
ogous measurements with (d, t) reactions. This
gives checks on l-transfer determinations, gives
the j transfer when this is ambiguous, gives inde-
pendent determinations of occupation numbers and
single quasiparticle energies, etc.

A spectroscopic study of Pd"' and Pd"' by use
of (d, P) reactions was reported from this labora-
tory' some time ago; the Pd"' '"(d, t) reactions
reported here were undertaken to complement that
work The Ru'o4.(d, t) study was intended to com-
plement experiments on the Ru"'(d, P) reaction
reported in preliminary form, ' although the com-
plete results of the latter a,re not yet available.

EXPERIMENTAL

Incident 17-MeV deuterons were obtained from
the University of Pittsburgh three-stage Van de
Graaff accelerator. The tritons were magnetical-
ly analyzed with an Enge split-pole spectrograph
and detected with photographic emulsion plates in

the focal plane of the spectrograph. Angular dis-
tributions were measured over an angular range
from 10 to 35'. A detailed description of the scat-
tering chamber and the spectrograph system is
given in Ref. 1.

The impinging beam was collimated by a 1-mm-
wide by 3-mm-high target slit. The antiscattering
slit was 3 mm wide by 5 mm high. The Faraday-
cup to slit current ratio averaged 30:1. The re-
action products entered the spectrograph through
an entrance aperture of 1.4 msr and were detect-
ed at the focal plane by 25-p. Kodak NTB plates.

The product of the incident bea, m times ta, rget
thickness was measured by counting elastically
scattered deuterons with Nal(Tl) scintillation de-
tectors mounted at 38' on each side of the beam.
This dual arrangement eliminates errors due to
shifts in the angle of the incident beam. Elastic
deuteron cross sections at these angles were de-
termined with targets of sufficient thickness to
make direct thickness measurements feasible,
and they were checked by using these targets to
measure elastic deuteron scattering at 11.8 MeV,
where they are known from other work, s and at 7
MeV, where they can be assumed to be Rutherford


