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Measurements of the angular distributions of the (3He, d) and (d, sHe) reactions on the stable,
/

even-mass N =82 isotones are presented and discussed. In each of the residual nuclei formed
in these reactions, 35I, ~Cs, La, Pr, 3Pm, and ' 5Eu, the lowest two levels are pop-
ulated with significant strength, one byl& —-4 transfer and one by l& ——2 transfer. Analysis in-
dicates that these states result from coupling a 1g7/2 or 2d5/2 proton (or proton hole) to the
respective J = 0+ target ground states. The relative energies of these states change as a func-
tion of mass, the ~+ state lying 590 keV above the 7+ state in ' 5I, and 330 keV below the -+

~ 145 ~
2

state in Eu. Spectroscopic factors extracted from the data with distorted-wave Born-ap-
proximation analysis indicate that the active particles in the target ground states predomi-
nantly occupy the 1g&ll and 2d&lt orbits, with the ratio of 1g&&t protons to 2ds& protons vary-
ing from 3.5/0. 5 for Me to 6.3/3.6 for Sm. The pickup reactions reveal small admix-
tures of 1h~~/2, 3sg/2, and 2d3/2 protons into the heavier target ground states. These orbits,
together with the 1g&/2 and 2d5/2 constitute the major shell which fills between Z = 50 and
82. The stripping experiments locate the centroid energies of these higher three orbits
relative to the &2+ and

2

+ states. It is found that the centroids of the 1h ff/2s 3sg/2s and 2d&/&

single-particle states relative to the ground states decrease monotonically from excita-
tions of 1.9, 2.1, and 2.1 MeV, respectively, in Cs to excitations of 0.72, 0.81, and 1.1
MeV in 5Eu.

I. INTRODUCTION

This paper reports the results of a comprehen-
sive experimental study' ' of the low-energy level
structure (-2 Mev) of odd-mass nuclei which have
a neutron number of 82. The data to be discussed
consist of the spectra of the (d, 'He) and ('He, d)
reactions on "'Xe, "'Ba, '"Ce, '"Nd, and '"Sm.
From these spectra, energy levels are located in
the residual nuclei "'I, '"Cs, '"La, '"Pr, '"Pm,
and '"Eu. The measurements of the differential
cross sections of the transitions to these levels
are analyzed with the distorted-wave Born-approx-
imation (DWBA) theory in order to extract the val-
ues of the orbital angular momenta (l~) of the pro-
tons transferred between the target and final
states. From this information, the parities of the
various final states are determined, and limits
(&=I~+ a) placed on their spins. In addition, and
of comparable importance, the DWBA analysis of
the angular distributions yields the intrinsic
strengths [spectroscopic factors S(nl j)] of the
various transitions. These strengths, which cor-
respond to the expectation values of appropriate
single-particle creation or annihilation operators
between the initial and final states, relate the
structure of the residual states to that of the tar-

get ground state. They also provide information
about the occupation probabilities of the shell-mod-
el orbits which are actively involved in the struc-
ture of the low-lying energy levels.

The purpose of these experiments has been to
obtain quantitative experimental information nec-
essary for the initiation and evaluation of detailed
theoretical studies of nuclear structure in this re-
gion. The most general tenets of the nuclear shell
model' indicate that systems of 50 and 82 nucleons
each constitute unusually tightly bound (and hence
stable) aggregates. In this formulation the nucle-
ons which are added as the proton or neutron num-
ber is increased from 51 to 82 occupy single-par-
ticle orbits in the average shell-model potential
which are characterized by the quantum numbers

1g7/» 2d„„2d,/» 3s,/» and 1h,u2. We shall in
the future refer to these orbits as constituting the
'gdhs" major shell. In the present experiments
we are dealing with nuclei which have 82 neutrons
and from 53 to 63 protons. The chart of the nu-
clides in this region is illustrated in Fig. 1. The
ideas of the shell model thus suggest that the wave
functions of the lowest-lying energy levels of
these nuclei should have the following characterics:
(I) an effectively closed and inert core of 82 neu-
trons; (2) an effectively closed and inert core of
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50 protons; and (3) essentially complete vacancy
of the proton orbits lying above the gdhs shell.
Cha, racteristics (2) and (3), of course, imply that
those protons in excess of ~ = 50, and only those,
occupy the gdhs shell.

The present investigation was directed initially
at testing these general hypotheses about the N=82
nuclei. Assuming their validity, it is apparent
that a major theoretical simplification results
from being able to treat the characteristics of the
levels occuring at low excitation energies as aris-
ing solely from the interactions among from 3 to
13 protons within one major shell. For this rea-
son it would appear that the N= 82 isotones are
one of the most appropriate regions in the Period-
ic Table in which to apply the techniques of the nu-
clear shell model to the problem of explaining ex-
perimental structure phenomena. Despite their
potential theoretical importance, however, rela-
tively little experimental work had been done on
these nuclei until the last two years. " In particu-
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FIG. 1. Chart of the nuclides in the region of N= 82.
Stable nuclei are heavily outlined, unstable nuclei whose
properties have been studied are enclosed with thin
solid lines, and nuclei as yet uninvestigated are out-
lined with dashed lines.

FIG. 2. Spectra of 3He particles detected at or near
&L ——20 which result from deuteron bombardment of
even-mass N=82 targets. The peaks of interest are
denoted by numerals. The excitation energies of these
states are listed, in their corresponding numerical
order (0 = g.s., etc.), in the second column of Table III
for each appropriate residual nucleus. Impurity peaks
are specifically designated.
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this situation. In an associated article the rela-
tionships between the present data and specific
model calculations will be studied. '

II. EXPERIMENTAL PROCEDURE

400

E
E 300—

200

4(

l
2

r0

Sm( He, d) "

Fz = 40.3 MeV
He

8L 21 Oo

o 100
7

p ~~
200

E
E

Nd( He, d) Pm
5

E~ = 40.7 MeV
He

eL = 21.0'
2

f

0
400

E
C(H, d)P

E~ = 40,7 MeV

~ 200 —eL= 21 o'

~ ~

~lQ j ~l~

100

0
200

Ba( He, d) La

E~ = 40.3 MeV
He

100 - eL = 2".0'

5q

6—
i 3

E
Xe( H d) C200— S

E~ = 24.1 MeV
He

gL = 22.0o

100

8 7
4 2 0

r5

i(-4

0 +~~~~Ie' ~

I I

-2 -1
g (Mev)

FIG. 3. Spectra of deuterons detected at or near OI
= 20' which result from 3He bombardment of even-mass
N=82 targets. The peaks of interest are denoted by
numerals. The excitation energies of these states are
listed, in their corresponding numerical order (0= g.s.,

etc.}, in the second column of Table III for each appro-
priate residual nucleus.

The measurements reported here were performed
with the Oak Ridge Isochronous Cyclotron. The
'He spectra resulting from the deuteron bombard-
ments were obtained with a standard solid-state
particle detector ~E-E telescope, combined with
pulse-multiplier techniques. Typical energy reso-
lution for the 'He particle groups was 90 keV, full
width at half maximum (FWHM). The deuteron

bombarding energies were about. 40 MeV. The
spectra measured for each target near 0 ~ = 20'
are shown in Fig. 2.

The deuteron spectra from the He bombard-
ments were recorded in photographic emulsions
placed in the focal plane of a broad-range magnet-
ic spectrograph. Energy resolution for the parti-
cle groups in these spectra was about 35 keV
FWHM. The spectra obtained for the various tar-
gets at about 0~ = 20' are shown in Fig. 3. The 'He
bombardments were also at 40 MeV except for the
case of the ' 'Xe target, where a 25-MeV beam
was used. The use of the same energies for both
the deuteron and 'He beams, and the relatively
small range of the reaction Q values, produced a
situation in which the incident channel for one set
of reactions was very similar to the exit channels
of the inverse set of reactions. Beam energies of
40 MeV were chosen in order to optimize the dis-
tinctiveness of the angular distributions of the var-
ious l~ transfers expected to be important in the
"gdhs" shell.

The naturally occurring abundances of the N = 82
isotopes of the target elements are listed in the
second column of Table I. The target materials
used in the present experiments were enriched in
the N=82 isotopes to the values shown in the third
column. ' The Q values of the (d, ~He) and ('He, d)
reactions to the ground states of the respective
(A —I) and (A+ I) nuclei are listed in columns four
and six of Table I, respectively. The ' 'Xe(d, He)-
'~'I and the ' 'Nd('He, d)"sPm Q values were ob-
tained from the present series of measurements.
Other masses were known to within the accuracies
attainable in the present experiments and the list-
ed values are taken from the tables of Mattauch,
Thiele, and Wapstra. " The Q values for the
(d, 'He) and ('He, d) reactions on "0 and "C, the
dominant contaminants in all of the targets except
'"Xe, are also given in Table I. It can be seen
that these contaminants do not pose a serious
problem for most of the low-energy spectra of
the residual N= 82 nuclei. The specific bombard-
ing energies used in the various experiments are
listed in columns 5 and 7 of Table I.

The targets of 13a~ i oCe and '"Nd were each
prepared by reducing the isotopically enriched
carbonate to the oxide in a tantalum-tube furnace
under vacuum. The oxides were then evaporated
by electron bombardment from a carbon boat onto
very thin carbon backings. Target thicknesses ex-
clusive of the backings ranged between 50 and 300
gg/cm'. The ' Sm target was a self-supporting
rolled foil of 500 p. g/cm areal density. The Xe
gas was contained in a 3-in. -diam cell modeled
after one designed by Jones and Mancusi. " Havar
entrance and exit windows were 0.0001 in. thick
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TABLE I. Target and reaction information.

Element
Natural

{lo)

Enriched
(%)

Q(d, 3He)

(MeV) (MeV)
q('He, d)

(MeV)
ESH.
(MeV)

Xe
138Ba
140Ce
i42Nd

'4'Sm
$6O

12C

8.9
71.7
88.5
27.1
3.1

90 '-95'
89.8
99.7
97.7
94.5

-4.438 + 0.040
-3.463 + 0.070
—2.493 + 0.048
-1.732+ 0.010
-0.661+ 0.030 ~

-6.632 + 0.001
-10.463 + 0.001

40.3
40.3
40.3
40.3
40.3

2.216 + 0.070
0.734 + 0.032

-0.258 + 0.010
-1.099 + 0.025
-2.203 + 0.050
-4.893+ 0,001
-3.550 + 0.001

24.1
40.3
40.7

40.7
40.3

'For (3He, d).
"For (d, 3He).

Derived from Nd(~He, d)~4 Pm measurement.

and pressures of about ~0 atmosphere were em-
ployed. These pressures, coupled with the slit
system used, were equivalent to a target thick-
ness of about 100 p. g/cm'. The several types of
targets and their different thicknesses produced
spectra of varying quality.

Differential cross sections were usually mea-
sured to about 40'. The rapid decrease of reac-
tion intensities as the angle to the beam increased
made measurements at larger angles prohibitively
time consuming. And, in any case, the data at
large angles have essentially no bearing on the
spectroscopic information of interest in the pres-
ent study. The smallest angle at which data were
taken was 5' for the ( He, tf) experiments and 11'
for the (&, 'He) experiments. The high counting
rates of elastically scattered deuterons in the
solid-state detectors made taking (d, 'He) data at
smaller angles impractical even though such in-
formation would have been useful.

In the present work it was not feasible to make
an absolute determination of the cross sections
for a particular target to an accuracy of better
than 25%. The cross sections for one target rela-
tive to another had the same sort of uncertainty.
The procedure by which the experimental cross
sections were related to the DWBA calculated
cross sections is discussed in the next section.

III. DISTORTED-WAVE ANALYSIS

A. Optical-Model Potentials and Predicted
Angular Distributions

From the discussion in the Introduction, it is to
be expected that the proton transfers occurring
via the (SHe, d) and (d, sHe) reactions on N=82 tar-
gets will involve l~ values of 4, 2, 5, and 0. The
differential cross sections for these transfers
were calculated in the local, zero-range (LZR) ap-
proximation of the DWBA with the code JULIE. '
The choice of bombarding energies made a rigid
consistency in the DWBA calculations possible.
The same deuteron optical-model potential and
the same 'He optical-model potential were used
in all of the calculations. The deuteron parame-
ters are those deduced by Newman et al."from
the analysis of 34-MeV deuteron elastic scattering
data. The 'He parameters are based on those ob-
tained by Gibson et al."from the analysis of 'He
elastic scattering on several medium-mass tar-
gets at energies in the 30-60-MeV range. All of
the parameters which enter into the DWBA calcu-
lations are listed in Table II. The shapes and in-
trinsic magnitudes of the angular distributions
calculated in the DWBA for the four values of l~

are shown in Fig. 4. The curves result from cal-
culations which assume the (~He, d) reaction on

TABLE II. Optical-model potentials.

(MeV)
&o

(F)
&oc

(F) (F) (MeV)
&o

(F)
a'
(F) (Mev)

Deuteron

Bound state
(centroid)

Bound state
(spin-orbit)

99.0

175.0

(Separation
energy

prescription)
(Z =20)

1.12

1,14

1.24

1.14

1.30

1.40

1.25

0.820

0.723

0.65

0.65

17.5

1.24

1.60

0.86

0.86

15.75
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Ce with a Q value of 0.0 MeV. It can be seen
that the curves for the various l~ transfers are
quite distinctive from one another, and that each
is uniquely identified by the portion of the curve

N =82
TYPICAL ( He, d) SHAPES

E= 40 MeV

Q= 0 MeV

C2S =1.0

between 10 and 35'. It follows that for the process
of assigning l~ values to experimental angular dis-
tributions by matching them to the DWBA curves,
experimental data in this angular range are suffi-
cient. It can also be seen that to achieve the de-
sired goal of matching theoretical to experimen-
tal cross sections at the angles of maximum
cross section, data from 5 to 10' are desirable
for the cases of 1~= 2 and, in particular, l&=0
transitions.

B. Predicted Cross Sections from the DWBA
and Parameters of the "Bound-State Well"

0.8

0.6

0.4

E 0.2
Cy

b'b

0.1

0.08

0.06

0.04

0.02

~+I
I
I
I

/

S

/

i

~

i I

I
I 0

1

A
I K

t

l~,

lg / ~
a k I

\

/,

y/

li

I
'i I

f%,

i 2d5I ~

1's

5/ l i
1

f 1
g I

1)
f ~ r~

i

V(r) = V, (r)+ V„(r)+Vc,„, (r),
where

V.(r) = Vof(r);-
V„(r)= XVO(k/2M-&c)'1 ~ o r 'd f'(r)/dr;

(2a)

(2b)
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The differential cross sections obtained from
the DWBA calculations are interpreted as corre-
sponding to the stripping (pickup) of a particle in-
to (out of) a single-particle orbit (nlj) under the
condition that the other nucleons in the target nu-
cleus (which are inequivalent to the transferred
particle) from an inert core which is identical in
the initial and final states. The bound-state wave
function for the transferred nucleon is obtained
by assuming the orbit to be an eigenfunction of a
Woods-Saxon potential well with an energy eigen-
value equal to the experimentally observed sepa-
ration energy for the nucleon in question. The
form of the well is

t 1g9],

0.01
0 20 30

8~. ~. (deg)

40

FIG. 4. Shapes of D%BA predictions for transitions
involving the orbits which are filled between Z= 51 and
82. The calculations assume ( He, d) stripping at 40
Me V on '4 Ce with a Q value of 0.00 Me V and the quan-
tum numbers associated with the various curves. The
absolute cross sections are plotted so as to reflect the
relative intrinsic cross sections of the various E trans-
fers. The values result from the standard version of
the calculations.

One aspect of the calculations which strongly af-
fects the magnitude of the predicted cross sec-
tions, but only minimally affects the relative cross
sections for different (nfj) transfers, is the radi
us parameter, ro, of the central part of the bound-
state well. Changes of 5% in the bound-state radi-
us for (d-SHe) transfer reactions can produce 30%%up

changes in the predicted cross sections. " In-
creased radii correspond to larger expectation
values for the transferred particle at the absorp-
tion surface and hence to larger cross sections.
The value of r, which, together with the "Bassel
normalization"" of the (d-'He) overlap, seems to
give consistency between LZR DWBA analyses of
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data and general sum-rule expectations is about
1.24 F." Our results are, within the experimen-
tal uncertainties, consistent with the x, =1.24 F-
"Bassel normalization" combination.

There is another, less well known, aspect of the
DWBA calculations which is particularly impor-
tant for the strongly surface-dominated (d-3He)
processes. This concerns the use of the spin-
orbit term in the bound-state well of Eq. (1). For
the same value of the transferred orbital angular
momentum l, the spin-orbit term causes those
transitions with j =l+ &, to have larger predicted
cross sections than those with j =l —2. This re-
sults from the fact that the spin-orbit term is act-
ing at the edge of the nucleus, pushing the wave
function of the bound particle inwards for the j = l
—2 case and pulling it outward for the j = l+ 2 case.
In the traditional use of the DWBA, the geometri-
cal parameters of the spin-orbit and central wells
[Eqs. (2a) and (2b)] are constrained to the same
values, i.e. , x„=x, and a„=a,.

A study of the single-particle states in ' Bi via
the 'o'Pb('He, d)' 'Bi reaction" has shown that the
conventional prescription for introducing spin-or-
bit effects produces too large a difference be-
tween the cross sections of j = E+ 2 and j =l —z

transitions. The effect is, of course, strongly de-
pendent upon l and hence showed up clearly in the
l = 3, 5, and 6 transitions to '"Bi. Subsequent in-
vestigations" have shown that making the spin-or-
bit radius about 10% smaller than that of the cen-
tral well radius ameliorates this problem. This
prescription is suggested by and consistent with
the findings of various recent nucleon-nucleus
scattering studies. '

As may be expected, the 1=4, j= ~ cross sec-
tions of ('He, d) transitions in the N=82 region
are quite sensitive to this effect. The cross sec-
tion from the calculation with a reduced spin-or-
bit radius is a factor of -1.20 larger than that
from the conventional calculation, all other as-
pects being held constant. The changes in the
cross sections resulting from this modification
in the DWBA calculations for the other transfers
are as follows: 2d g2 0 93 lk„/2 0 82 and

2d», - 1.11. Thus, the modified DWBA analysis
produces significantly different results from the
standard analysis. We will present results from
both procedures.

C. Spectroscopic Factors

The effects of the nuclear structure of the ini-
tial and final energy levels involved in a particular
direct-reaction transition manifest themselves as
a ratio of the experimentally measured differential
cross sections to the pertinent intrinsic cross sec-
tions calculated in the DWBA. The experimentally

observed transition is identified as to l~ by finding
a match between its angular distribution and the
curves calculated for various values of l~. The
complete (nlj) specification for the transition (if
otherwise unknown) is then arrived at, if possible,
by a combination of assumptions and deductions
based on general shell-model ideas. An index of
the structural details affecting the strength of the
particular transition, called the spectroscopic
factor S(nlj), is then extra, cted on the basis of the
following equations' for, respectively, ('He, &)
and (d, He) reactions:

do(8) . 2J~+ 1 . , do(8)
(nlj ),„= S(nlj)N('He, d) (nlj )nwi+

(4)

anddo(8), do(8)
(nlj),„=S(nlj)V(d, 'He) (nlj)n~.

The factors "N" account for the overlap and statis-
tics of the (d-~He) aspect of the reaction cross sec-
tions, "and Ji and Z& refer to the spins of the ini-
tial and final nuclear states.

The stripping spectroscopic factor corresponds
theoretically to the expectation value between the
initial and final wave functions of a particle-cre-
ation operator of the correct (nlj) quantum num-
bers. The pickup spectroscopic factor corre-
sponds to the analogous particle-destruction oper-
ator. As such, the spectroscopic factor yields a
measure of the overlap of the final state with the
wave function formed by coupling a single particle
or hole to the initial state. Also, the sum of all
S-factor strength for a particular (nfj) provides a
measure of the occupation (vacancy) probability of
that orbit in the target ground state. "

The occupation probabilities for the various ac-
tive orbits in the target states thus can be obtained
either from the (d, 'He) experiments —measuring
occupancies —or from the ('He, d) experiments—
measuring the complementary vacancies. A con-
sistent set of answers from the two approaches is
a fundamental test of the internal consistency of
the DWBA analysis. In this regard we will find
that the DWBA calculations modified to use re-
duced spin-orbit radii are significantly better than
the standard version. Inconsistency betweenstrip-
ping and pickup results manifests itself as follows.
The usual analysis yields spectroscopic factors
that are too small for j =l ——, transitions (spectro-
scopic factors being inversely proportional to
DWBA cross sections). Thus, for the 1g„, orbit,
the pick-up results would yield too small an occu-
pation probability while the stripping results would
indicate too small a vacancy, which corresponds
to too large an occupation probability. The effects
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propagate through the other orbits. Since we will
be dealing with relative spectroscopic factors, this
problem shows up, for example, as inconsistent
ratios for the 1g,~,-2d,&, occupation probabilities
as determined via the complementary pick-up and
stripping reactions on a given target. By reducing
the effect of the spin-orbit potential on cross sec-
tions, the modified D%BA analysis produces re-
sults from stripping and pick-up reactions on a
given target which are more consistent with each
other.

Even under the best possible conditions, how'-

ever, there are probably still uncertainties in rel-
ative spectroscopic factors of 15%. This sort of
uncertainty can, in some cases, lead to much
larger percentage errors in the extraction of occu-
pation probabilities. For example, an important
question in the present study concerns the occupa-
tion of the lh»~, orbit in the target ground states.
The (d, 'He) spectroscopic factor for the ~ state
in the various residual nuclei gives a direct value
for this quantity. However, since the occupation
probability is small and in addition the intrinsic
cross section for l~= 5 is weak (see Fig. 4), the
observed cross sections are small, and accurate
values for the pick-up 8 factors are difficult to ob-
tain for purely experimental reasons. Conversely,
stripping into the Ih»» vacancy yields much larger
cross sections and the 8 factors can be extracted
with good experimental accuracy. For (nlj) = (1, 5,
~&), S=0.9, the occupation probability, (lh„&2), is
1.2. Considering the 15% uncertainty inherent in
S, however, we see that the value of (lh»») could,
in this example, legitimately range between 0 and
2.8. The ubiquity of this type of problem carries
the implication that measurements of "small" ef-
fects of the sort illustrated mill have inherent un-
certainties of the order of a factor of 2.

0, Normalization of Spectroscopic Factors

As was mentioned, the absolute cross sections
for a giveo reaction and target contained large un-
certainties. It follows that individual absolute
spectroscopic factors could not be extracted with

good accuracy. VVe have chosen to normalize the
S(nlj) so as to illuminate the internal consistency
of the DWBA-extracted results. One of the most
striking features of the ('He, d) spectra of Fig. 3
is the concen ration of transition intensity into the
low-lying states. It appears to be a secure asser-
tion that the preponderance of the spectroscopic
strength to the empty "goths" orbits is contained in
the analyzed angular distributions. We assume
here that all of the observed stripping transitions
proceed to orbits of the "gdh8" shell and that all of
the target protons in excess of 50 also occupy or-
bits of this shell. Under these conditions, a gen-

eral limitation on the sum of the stripping strength
to 'gdhs*' states exists and has the form

n,'l,j e"gdhs"
i mobs. states

(2 j+ 1)S,(nlj) ~ (32 —IZ —50]),

and from pickup,

where in each case "j"can equal ~ and ~ and "i"
runs over all observed states of a particular "j".
Hence, the pick-up spectroscopic factors were
normalized to the stripping results by requiring
equality between Eqs. (7) and (8). We emphasize

where Z is the proton number of the N = 82 tar get
nucleus. This sum rule expresses the fact that
protons can be created and coupled to an %= 82
nuclear ground state only to the extent that its
wave function has proton holes remaining in the
"gdAs" shell. To the extent that the Observed strip-
ping strength corresponds to the total existing, the
inequality (6) approaches equality.

For our purposes here we assume that all of the
stripping transitions have been observed, and cor-
respondingly choose a normalization for the ('He, d)
spectroscopic factors on a given target such that
the equality in formula (6) holds. By this proce-
dure, we impose a normalization on the experi-
mental ('He, d) results for each of the %=82 tar-
gers, and the tabulated spectroscopic factors are
based on these normalizations. Now if the DWBA
analysis for a set of stripping transitions from a
given target was completely consistent, no spec-
troscopic sum for a particular (nlj) would exceed
unity. The cases in which this rule is violated
thus yield an estimate of the minimum uncertainty
of the D%'BA analysis. There are a multiplicity
of other criteria that could be used to choose a
normalization, e.g. , imposing the conditions just
stated, that no orbit have a Q;(n, f, j) greater than
unity. %e chose the one previously described be-
cause we felt it averaged over the various calcula-
tions and data best. However, in some cases the
results lead to "supervacancy" for orbits that the
complementary pickup reaction shows to be popu-
lated to some extent.

The (d, sHe) spectroscopic factors were normal-
ized to be consistent with the (SHe, d) results for
the same target nuclei. The sum of the pickup
strength to the lowest P and &' states was ad-
justed so as to yield a combined (lg, l, —2d», ) oc-
cupation probability consistent with that deduced
from the stripping measurements. Thus, from
stripping,

(lg,I, +2d,q, ) = Q(l —QS, (j))(2j+1),
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that the significant aspects of the spectroscopic
factors to be presented lie in their values x'elative
to one another.

IV. RESULTS AND DISCUSSIONS

A.. General Remarks

The spectra of observed particles from the
(d, 'He) and ( He, d) reactions on the even N= 82
targets have been presented in Figs. 2 and 3, re-
spectively: Each of the (d, ~He) spectra in Fig. 2

shows evidence for only two transitions of major
strength in the first 3 MeV of excitation. On the
other hand, each of the (~He, d) spectra of Fig. 3
shows at least five transitions with significant in-
tensity in the same region. As will be seen in the
detailed exposition which follows, one of the two
strong groups observed in each of the pick-up re-
actions has an /~ = 2 shape and the other an l~ = 4
shape. The ideas developed in the preceding sec-
tions lead to the following conclusions. The pres-
ence of only two kinds of transitions in the pick-up
spectra. (a, first approximation) implies that only
two active orbits in the target state have apprecia-
ble occupation probability. The ordering of single-
particle states in the "shell-model" potential well
then requires that the l~ = 4 transitions be associat-
ed with the 1g;I, orbit, since 1g», protons should
be tightly bound in the Z = 50 core. Both 2d», and
2d, &, orbits occur in the gdhs shell, but if only one
orbit is occupied, it should on all counts be that
with j = l+ ~. Hence, the general conclusion to be
drawn from the pick-up studies is that in the tar-
get ground states the protons outside Z = 50 occupy
1g7/Q and 2d», orbits. This is in fact consistent
with the more detailed predictions of the shell-mod-
el ordering schemes and with other experimental
studies of the ground- and first excited-state spins
of some of the odd-mass nuclei. "

The strong states observed in the stripping spec-
tra have angular distributions characterized by
l~ = 0, 2, 4, and 5. The lowest l~ = 2 transition cor-
responds to the l~=2 state seen in the pickup trans-
ition to the same nucleus. Hence, it follows that
it must also correspond to transfer of a 2d,&, pro-
ton. Similarly, the l~ = 4 stripping transition popu-
lates the same states that is formed by l~ = 4 pick-
up. In addition to these two states, each stripping
spectrum has a single transition characterized by
l~= 5 and one each (or a set of fragments thereof)
characterized by l~ = 0 and l~ = 2. It is consistent
with our previous discussion to assume that these
higher states (or centroids in the cases of frag-
mentation) correspond to the remaining three sin-
gle-particle orbits in the gdhs shell, namely 1h„&~,
2s,/„and 2d,/, .

Our simple expectations about the structure of

the levels of ¹82nuclei at low excitation ener-
gies are confirmed by this initial inspection of the
experimental results. Levels in the odd-mass nu-
clei whose wave functions might involve the proton
orbits above Z = 82 would be characterized by strip-
ping transitions of l~= 5, 3, and 1 (corresponding
to the 1h,1„2f, and 3P orbits). No transitions
with l~=1 or 3 are observed. The single l~= 5

transition observed for any one nucleus must logi-
cally be associated with the 3A, y/, member of the
gdhs shell rather than the 1h», member of the
shell above Z =82, since the pickup results indi-
cate neither "h" orbit is significantly occupied.
Levels arising from configurations involving the
excitation of protons out of the orbits below Z = 50
would be populated by pick-up transitions of l~ = 4,
3, or 1, corresponding to the 1g»„ lf, and 2P or-
bits. Again, no l = 3 or 1 transitions are seen,
and the single l~= 4 transition must be associated
with the 1g,/, orbit of the goths shell, since strip-
ping indicates only one "g" orbit is unfilled, and
this one must be the higher -lying, j= l —

& m em-
ber. Hence, the final states populated by ('He, d)
or (d, 'He) are all explicable in terms of gdhs con-
figurations. The same general evidence can be
used to conclude that the target ground states are
also constructed from within the gdhs shell, with
the Z- 50 and Z ~ 82 shells effectively completely
full and completely empty, respectively.

The angular distributions of the (d, 'He) reactions
on the various even-mass %= 82 targets are shown
in Figs. 6, 8, 10, 12, and 14, while the ('He, d)
angular distributions for the same target nuclei
are shown in Figs. 7, 9, 11, 13, and 15. The
curves are the DWBA predictions for the individ-
ual transitions, and the fits of the calculated
shapes tothe data points are the basis of the as-
signments of l~.

Table III lists the excitation energies of the var-
ious levels of the odd-mass N=82 nuclei which
are observed in the present experiments. Because
of the better energy resolution and statistical ac-
curacy of the ('He, d) data, the excitation energies
are taken from the (~He, d).data except for ' '1,
where of course none were available. Also listed
in this table are the assigned values of l~, the as-
sumed values of J, and the spectroscopic factors
S(nlj) extracted from both the (~He, d) and (d, 'He)
angular distributions. Results from both the stan-
dard and the modified DWBA analyses are includ-
ed.

B. Details of Results

z. "'xe(a', 'ae)"'r

Prior to the present experiment, the only defi-
nite information available about "'I, the lightest
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TABLE III. Excitation energies, lp values, and spectroscopic factors for levels of odd-mass N= 82 nuclei excited by
proton stripping and pick-up reactions. Uncertainties in measured excitation energies are 8 keV per MeV of excitation.

Hesidual
nucleus

Measured
excitation

energy (MeV)
J ff

Assumed

s(n, r, q)
(He, d)

Mod. Stand.

s(n, l, q)
(d, 3I-Ie)

Mod. Stand,

135I 0.00

0.590+ 0.030

0.860 + 0.040

7+
2

5+
Y
5+
2

2.74

0.34

0,12

1.82

0.17

0.06

i37C S 0.00

0.455

1.49

1.87

2.07

2.15

5+
2

i+
2

2

3+
2

0.60

1.02

0.07

1.01

0.79

0.86

0.75

0.99

0.07

0.87

0.92

0.89

3.91

1.01

3.57

0.71

"'La 0.00

0.166

1.21

1.42

1.56

1.78

1.78

1.85

1.96

2.24

2.31

7+
2

5+
2

1+
Y
ii-
2

3+
2

i+
2

3+
Y
3+
2

3+
Y
i+
Y

0.43

0.94

0.09

0.84

0.06

0.65

0.73

0.26

0.16

0.08

0.13

0.54

0.90

0.10

0.71

0.07

0.67

0.83

0.30

0.19

0.10

0.13

6.21

1.71

0.7

6.07

1.29

0.6

i4iPr 0.00

0.145

1.30

1.60

1.65

5+
2

7+
Y
ii-
Y
i+
2

3+
Y

0.64

0.28

0.96

0.61

1.04

0.51

0.64

0.35

0.84

0.65

1.23

0.54

2.70

6.06

1.03

0.09

2.12

6.20

0.86

0.09

'4'pm 0.00

0.270

0.96

1.06

1.17

1.40

5+
2

7+
Y
ii
2

$+

g+
2

3+
2

0.54

0.25

0.82

0.05

1.08

1.13

0.52

0.32

0.71

0.06

1.12

1.,31

3.80

6.85

1.65

0.23

0.48

3.20

7.50

1.40

0.23

0.53

i45Eu 0.00

0.329

0.716

0.808

5+
2

7+
Y
ii-
Y
i+
Y

0.33

0.17

0.83

1.00

0.33

0.22

0.72

1.05
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TABLE III (Continued)

Residual
nucleus

Measured
excitation

energy (MeV)
J II

Assumed

S(n, l, j)
(3He, d)

Mod. Stand.

S(n, s, j)
(d, 3He)

Mod. Stand.

1.04

1.76

1.84

3+
2

3+
Y

1.03

0.02

0.10

1.21

0.05

0.12

¹82nucleus that can be studied with current
techniques, was that its ground state had 4' = -2'.
The uncertainty in its mass was listed as 1 MeV.

The (d, He) reaction cross sections on '"Xe are
quite small. This results from the fact that there
are only four active protons in the ground state
and these predominantly occupy the 1g,l, orbit,
for which the intrinsic transfer cross section is
quite weak. Compounding the experimental prob-
lems for this reaction was the fact that energy
resolution in the spectra was appreciably poorer
than in the other (d, sHe) experiments because of
straggling in the gas cell windows and in the gas.
Data from the '"Xe(d, SHe)"'I reaction were ac-
cumulated over a period of three days, during
which the target gas was left undisturbed. At least
two spectra were accumulated at each angle at sep-
arate times, so as to provide information on pos-.
sible contaminant accumulation. No change in the
target gas could be detected.

A spectrum of the 'He events from the ' 'Xe tar-
get is shown in Fig. 5. The three labeled peaks
are interpreted as corresponding to the ground,
first excited and second excited states of ' 'I. The

angular distributions of the transitions to these
levels are shown in Fig. 6. The ground-state dis-
tribution agrees with an l~ = 4 DWBA curve and the
excited-state distributions are each in agreement
with l~ = 2 curves. The energies of the excited
states are listed in Table III. In order to estab-
lish the Q value for the ground-state transition
without first-order dependence on beam energy
and the thicknesses of the target gas, cell window,
etc. , the "'Xe target was deliberately contaminat-
ed with a charge of air at the end of the experi-
ment. Spectra at several angles were accumulated
with the particle groups from the '4N(d, 'He)'~C and
"O(d, 'He)"N reactions superimposed upon the "'I
spectrum. One of these spectra is shown in Fig. 2.
Since all the particles had passed through the iden-
tical environment, the Q value for ' 'Xe(d, He)"'I
was immediately established by reference to the
known Q values of the reactions on "0 and "N and
the appropriate kinematic corrections. The new
measured value is listed in Table I. As will be
discussed later, both of the l~= 2 transitions were
assumed to correspond to pickup of 2d,&, protons,
and the spectroscopic factors listed in Table III
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were extracted on this basis.

20

'36Xe {d, 3He) '35'

Ed =40.2 MeV

10 I
/

..l
/ GROUND STATE

20

)0

O

P. 5
Cy

b

0.59 MeV

2=2

)0
0.86 MeV

— 4=2

)0 )5 20

8, (degj

25 30

FIG. 6. Angular distributions of the first three trans-
itions observed in the 6Xe(d, 3He) 35I reactions. The
curves are D%BA predictions.

2 ~Xe(~He d)' ~Cs

The data, for the (~He, d) reaction on '~'Xe were
taken at a bombarding energy of 25 MeV rather
than 40 MeV because of technical difficulty with
the cyclotron beam during that particular experi-
mental period. This had two effects, the first be-
ing that energy straggling in the windows and tar-

get gas was relatively more severe than would

have been the case at 40 MeV and the second being
that the extraction of spectroscopic factors with
the 40-MeV families of optical-model parameters
was subject to additional uncertainties compared
to the other sets of experimental data.

A sample spectrum of the reaction is shown at
the bottom of Fig. 3. The angular distributions of
the six groups to which energies are assigned in
Fig. 3 are shown in Fig. 7, together with the
DWBA calculations. The ground-state transition
is 1~=4 and the first excited state is l&=2. The
spectroscopic factors are consistent with these
two levels being formed by coupling 1g,/, and 2d, /2

protons, respectively, to the '~'Xe ground state.
%e will in the following discussion refer to this
sort of level as a "(nlj)-single-particle (hole)
state. " A weakly excited level at 1.49 MeV has an

/~ =0 angular distribution, as does a much strong-
er transition to a level at 2.15 MeV. Levels at
1.87 and 2.07 MeV are populated by /'~ = 5 and 2

transitions, respectively. The spectroscopic fac-
tors suggest the assignment of 4= ~, and a 2d, &,

single-particle nature, for the 2.07-MeV state
and 1kyy/2 and 3sy/2 single-particle characters for
the 1.87- and 2.15-MeV levels, respectively. It is
possible that states in the vicinity of 800 keV are
populated also, but the reaction events in this re-
gion which are observable in Fig. 3 cannot defi-
nitely be attributed to any one unique parent.

In a recent study" of the y rays which follow the

P decay of '"Xe, several levels in '"Cs between
800 and 2100 keV have been reported. Of these,
the only one which appears to correspond to a lev-
el excited with the (sHe, d) reaction is one at 2071
keV, the energy of which is in good agreement
with that of the strong l = 2, J = 2

' transition we

see at an excitation of 2.07 MeV. Our E~ = 0 and

l~ = 5 states would not be directly populated via the

P decay and are unlikely to be observed in the y
spectra. The levels deduced to lie at 849- and 982-
keV excitations on the basis of the y-ray data are
not in good enough energy agreement with the
broad peak at -800 keV mentioned earlier to con-
vince us of a relationship, but this possibility can-
not be ruled out. A direct-reaction study, ( He, d)
or (d, n), with higher resolution would be useful in

resolving this question.

3. ~~8am(d, ~ae) ~~cs

The '"Cs level structure was also investigated
by proton pickup from ' Ba. The only two levels
that are discernably excited with consistency are
the ground and first excited states. The ground-
state transition is E~ = 4 and the first-excited-state
transition is /~=2, as is shown in Fig. 8. As out-
lined previously, the occurrence of only two strong



transitions is interpreted as indicating that only
hvo oxbits are appreciably occupied by the six ac-
tive protons of the "89a ground state. It is from
this premise that gre deduce 4 = ~' for the first
excited state, a point drawn upon in the prior dis-
cussion of the stripping transition to this same
StRt8. 7116 StI'BQgtll Of tb8 plCk-Up tl'RllSltlOI18 'tO

these two levels indicate that they can be consid-
ered as single-hole states relative to '"Ba, as

@sell as single-particle states relative to "'Xe.

&8g+ (8~& yf89L

The ground and first excited states of ' 'La are
populated vi.a proton stripping on "'Ba by l~= 4

and 2 transitions, respectively, as is shovrn in
Fig. 9. Arguments similar to those made for '"Cs
result in our assigning 4" = @' and —,", respectively,
to these states. These are the 1g,&, and 2d», sin-

0.02 0.02
P'

FIG. 7. Angular distribu-
tions of Ne observed trans-
itions in the ~36Xe(3He, d)-

Cs reaction. The curves
are D%'BA predictions.
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gle-particle states relative to "'Ba. No other
states are seen (Fig. 3) up to an excitation of 1207
keV. Between 1200- and 2400-keV excitation, sev-
eral levels are identified and their angular distri-
butions measured. The data and DWBA curves are
also shown in Fig. 9, and the results of the analy-
sis listed in Table HI. The I~=5 (J ='-,' ) state has
moved down in excitation energy from its position

in '3'Cs. The presence of several l~ = 0 levels and
several higher-lying l&

——2 levels indicates the par-
tial fragmentation of the 3s,&

and 2d, , single-par-
ticle states. The largest fragments of each lie at
1.78-MeV excitation and are not experimentally re-
solved in the spectra, a situation which creates an
additional problem in extracting these important
spectroscopic factors. It should be clearly noted
that the employment of J' = ~' for all of the higher
l~ = 2 transitions is an assumption of convenience
only, since states with spectroscopic factors
which are a small fraction of unity could be either
2' or 2'. Nonetheless, we tend to believe that
they are all 2'.

In the interim since the first report of the (~He, d)
results' several investigators ' "have published
level schemes of ' La obtained either through ob-
servation of the y-ray decay of levels populated by
P decay or by inelastic scattering of neutrons or
y rays. The results of older studies of the "'La
level structure are generally suspect since they
typically report levels in the 200-1100-keV re-
gion of excitation energy, where the eoncensus of
later studies indicates no states at all. It appears
that all of the states seen via ('He, d) have been ob-
served with one or more of the other experimen-
tal techniques. The high level density above 1400
keV makes an unambiguous rationalization of the
various experimental results impractical for the
present, however.

S. '4'Ce(d, 'ae)'"Za

The dominant pick-up transitions, (see Fig. 3)
to '39La from ' OCe are to the ground state, with
l~= 4, and to the first excited state at 166 keV,
with l~=2. These angular distributions are shown
in Fig. 10. This leads to the assignments J"= ~'
and 2', respectively, for these levels. They have

Ig», and 2d,&, single-hole characters relative to
' 'Ce. A very weak transition can be detected to a
level with energy corresponding to the level ex-
cited with /~ = 5 in the "'Ba('He, d)"'La reaction.
%e assume that the state seen in pickup is the sin-
gle-particle Ih»» state and use the observed pick-
up intensity to set an upper limit for the occupa-
tion probability of lh»» in the ground state of

Ce. The results are listed in Table III. The
l = 0 and l = 2 spectroscopic factors which could be
extracted from the small peak at 1.78 MeV are
negligible.

&0 20 30
8~ ~ (deg)

FIG. 8. Angular distributions of the transitions to the
ground and first excited states of Cs, observed in
the ~3'Ba(d 3He)'3'Cs reaction. The curves are DWBA
predictions.

The ground state of '"Pr is populated in proton
stripping with an /~=2 transition, while an l~=4
transition, which in the lighter nuclei is associ-
ated with the ground state, now populates the first
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usual assumption that strong stripping transitions
to higher states represent population of the higher
orbits of the gdhs shell, only one level each is ob-
served for 1hy»2 and 2d, ~, while the 3&», strength
is fairly evenly split between two levels. The an-
gular distributions and DWBA curves are shown
in Fig. 11.

As was the case far La, there have been nu-
merous recent high-resolution studies of the ' 'Pr
energy level spectrum in which y decays are ob-
served from levels excited by P'-decay, inelastic

Ce (d, He) La
E, = 40.3 MeV

neutron, or y-ray scattering. " 3 In this instance
it appears possible to make unambiguous correla-
tions of the levels seen here with the consensus of
level-energy assignments from the y-ray data.
The l~ = 5 level at 1.11 MeV corresponds to the level
seen in (n, n'y) at 1.118 MeV. The l~= 0 level at
1.30 MeV corresponds to a level seen in both
(P', y) and (n, n'y) at 1.299 MeV while the second
&' state at 1.65 MeV is listed at 1.650 MeV from
(n, n'y) and at 1.657 MeV from the (P', y) work.
The l~=2 level at 1.60 MeV corresponds to the lev-
el seen at 1.607 MeV with both the (P', y) and

(n, n'y) reactions. Numerous other states ob-
served in the rather nonselective (n, n') reaction
are not detectable in the ( He, d) spectra, but this
is to be expected.
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FIG. 10. Angular distributions of the transitions to
the ground and first excited states of ~3~La, observed in
the Ce{d, 3He) La reaction. The curves are DWBA
predictions.
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FIG. 11. Angular distributions of the transitions ob-
served in the Ce{ He, P Pr reaction. The curves are
DWBA predictions.
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10

142Nd {d 3He) "4"pf-

Ed = 40.3 MeV

The spectroscopic factors extracted from the l~
= 2 and l~ = 4 angular distributions (see Fig. 12) to,
respectively, the g round and fir st excited states
of ' 'Pr are large. Arguing as before, this leads
to the inference of J= &' and -", , and 2d,/, and 1g7/Q

single-hole characters relative to ' 'Nd, for these
levels.

There is evidence in the 'He spectra, (see Fig. 2)
for the population of levels at excitations of 1.11,
1.30, and 1.62 MeV, energies which correspond to
the energies of the higher "gdhs" single-particle
states observed with the ('He, d) reaction to "'Pr.
We assume the correspondence, even though the
(d, 'He) data do not provide conclusive angular dis-
tributions for these levels. The small observed

cross sections correspond to negligible spectro-
scopic strength for the 3s,~, and 2d», states but,
as in the case of the OCe(d, sHe)'~ La reaction,
the upper limit on the 1hyy/g spectroscopic factor
is significant. Our conclusions are similar to
those obtained by other workers with the same re-
action. "

8 Nd( He, d) Pm

The angular distributions to the levels of ' Pm
noted in Fig. 3 are shown in Fig. 13. Comparing
the levels of ' 'Pm to those of ' 'Pr, we find the
following changes. There is a larger separation
between the l~ = 4 first-excited state and the ~~ = 2

ground state. The excitation energy of the 1&„g,

0.5

t42 3 143
Nd( He d) Pm

E= 40.7 MeV

0.2
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FIG. 12. Angular distributions of the transitions to
the ground and first excited states of Pr, observed in
the Nd(d, ~He)~ Pr reaction. The curves are DWBA
predictions.
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)0 20 30 40
8, (deg)

FIG. 13. Angular distributions of the transitions ob-
served in the Nd( He, d) Pm reaction. The curves
are DWBA predictions.
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single-particle state has continued to decrease,
and the I~=0, 3s»„strength is now concentrated
in one, not two final states. Most of the l~=2,
2d, /» strength is found in a state at 1.40-MeV ex-
citation, but a weakly excited l~= 2 state is also
seen at 1.04 MeV.

The Q value for this reaction had a listed" un-
certainty of 300 keV. From our data we deduced
the new value listed in Table I.

9. Sm(d, He) I'm

The increasing occupation probabilities in "4Sm
of the higher gdhs orbits made it feasible to obtain
definitive (d, 'He) angular distributions, shown in
Fig. 14, for the five states of Pm excited with
significant strength in ('He, d) reaction. The
(d, 'He) results are consistent with the conclusions
drawn from the ( He, d) data. Proton pickup has
also been studied on '4ASm by the (f, n) reactions'
at 13-MeV bombarding energy. Although in that
study the resulting angular distributions were not
distinctive enough to permit definite l~ assign-
ments to be made, the correct assumptions were
made in each case, and the resulting spectroscop-

I

144S (d 3H )143p

/'0, Ed = 40,3 MeV

GROUND STATE
d=2 0.2

20

10

Srn( He, d) Eu
E~ = 40.3 MeV

, He
1

----—-- - Eu(0.71MeV)-

0.5

0.2

ic factors extracted for the various transitions
are in reasonable agreement with those of Table
III. In addition to the five transitions seen in
(d, 'He), the (f, n) reaction also excited levels ten-
tatively at 1.58 and 1.64 MeV and definitely at 1.85
and 1.97 MeV.

The information gained about the '"Pm energy
level spectrum from the proton transfer reactions
can be compared to the results of a study'8 of the
decay of Sm. In this study, levels in Pm are
found at 0.273, 1.057, 1.173, 1.341, 1.404, 1.516,
1.751, and 1.817 MeV. Of these, those at 1.057,
1.173, and 1.404 MeV should correspond to the
E&-—2, 0, and 2 states, respectively, seen in pro-
ton transfer at essentially the same energies. The
conclusions drawn about the level structure of
'"Pm on the basis of the decay work are in serious
disagreement with the proton-transfer results,
however. These conclusions were that the 1.057-
MeV level was the 3s,&, single-particle state and
that the 1.516-MeV level was the 2ds/2 single-par-
ticle state. Furthermore, the three levels lying
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FIG. 14. Angular distributions of the transitions ob-
served in the ~44Sm(d, 3He}~43pm reaction. The curves
are DWBA predictions.

FIG. 15. Angular distributions of the transitions ob-
served in the ~44Sm(3He, d}'45Eu reaction. The curves
are DWBA predictions.
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between these two were tentatively all assigned
As mentioned, the stripping results indicate

that the 1.057-MeV state is only weakly excited,
and with an E~ =2 transfer which rules out 7= 2.
The 3sy/2 single-particle state corresponds, rather,
to the level at 1.173 MeV. Finally, the 2d, g2 state
is the level seen at 1.404 MeV, not the one at 1.516
MeV, since the former is populated strongly with
an l~ = 2 ('He, d) transition while the latter is not
measurably excited.

10. Sng( He, d) Eu

The ~~~Sm('He, d)~ 'Eu reaction populates the
ground state of ' 'Eu with an l~= 2 transition and

populates excited states at 0.33-, 0.713-, 0.809-
and 1.042-MeV excitation energies with transitions
of l~=4, 5, 0, and 2, respectively. The angular
distributions and DWBA curves are presented in
Fig. 15. These levels are taken to correspond to
the coupling of 2d512~ 1g71» 1hju2~ 3sj12~ and 2dsl2
protons to a core consisting of the ' Sm ground
state. The characteristics of these states are con-
sistent with the trends established for the five
gdhs single-particle states in the lighter nuclei.
Detailed discussion of the "'Eu results have been
presented elsewhere. '

C. Commentary

l. Energy Centroids of gdhs Orbits

The ('He, d) results provide a means of locating
the energy centroids of the lh„», 3s,&„and 2ds»
proton orbits. In every target studied the total ob-
served l~= 5 strength is found concentrated into a
single final state. The 2d,i, and 3s„, strengths
are essentially concentrated into one state each

for the lightest and heaviest nuclei studied, but in
Pr and 3 La significant fragmentation is ob-

served. Only one E~= 4 transition is observed for
each target and we assume, with some justifica-
tion, that only one 2d&, state is populated.

The trends as a function of mass (or proton num-

ber) of the centroids of the higher three gdhs or-
bits relative to the low-lying —,"--,"doublets are
displayed in Fig. 16. The trend lines are drawn
through the centroids of the various orbits where
several fragments exist. The length of the line
corresponding to an observed energy level indi-
cates the relative magnitude of its spectroscopic
factor. We see that as protons are added in going
from Ls7Cs to ~ 'Eu [both the (d, 'He) and ('He, d)
results indicate that the added protons are filling
the 1g,&, and 2d,i~ orbits predominantly] the exci-
tation energies of the 1h»», 3s„» and 2d,~, states
decrease smoothly. At the same time their ener-
gies relative to each other remain essentially con-
stant.

Z. Evaluation of Differences Between the
Standard and j/Iodized DNA Analyses

The results of the present measurements can be
used to test the efficacy of the modified form of
the standard DWBA analysis of transition intensi-
ties, outlined in a previous section, in which the
radius of the spin-orbit term of the bound-state
well is reduced by 10% relative to the radius of
the central well.

If the normalization of the stripping results for
a given target is assigned so as to satisfy the over-
all sum rule for the entire gdhs shell, then con-
sistency demands that the sum rules for all indi-
vidual orbits must be satisfied simultaneously.
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FIG. 16. Synopsis of ( He, d) results. All levels observed in the stripping studies are indicated. The excitation ener-
gies are noted by vertical positioning and the magnitudes of the spectroscopic factors indicated by the extent of the hori-
zontal lines marking each level. The sloping lines trace the movements of the centroids of the various gdhs orbits.
The pickup results to I are included in analogous fashion to the stripping results.
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Thus, the sum of stripping spectroscopic factors
for a particular J value in a given reaction must
be less than or equal to 1.0. Violations of these
limits are a measure of the internal inconsisten-
cies in the way in which the DWBA analysis dis-
tributes the spectroscopic strength among the var-
ious transitions. This assumes of course, ac-
curate experimental data and the proper normaliza-
tion of the DWBA predictions to the experimental
points.

Inspection of the numbers in Table III shows that
for the transitions to "'La, ' 'Pr, ' 'Pm, and
' 'Eu the sum-rule limits on the 2d, /, transitions
are violated to the extent of 25 to 35% in the stan-
dard DWBA analysis, while the modified analysis
yields violations only of the order of 10-20%. The
possibility that some of the higher l~ = 2 transi-
tions could correspond to the 2d,/, orbit rather
than the 2d, /, does not significantly alter the con-
clusion to be drawn, since in most cases there is
a single l~= 2 transition which by itself exceeds the
limit on S(2, 2, 2). In a similar fashion, it can be
seen that the limits on the 3s„,orbit are exceeded
by about 15% in the stands. rd analysis and to about
half that in the modified results. We feel that dis-

crepancies of the order of 10% are to be expected
from the uncertainties in the experimental statis-
tics and curve-fitting procedures. Hence, the
modified analysis appears to give relative value
of the DWBA cross sections for different trans-
ferred orbital angular momenta which are con-
sistent to within better than 10%.

A different kind of consistency check, also dis-
cussed in Sec. III, is available from a comparison
of the pick-up and stripping results from the same
target nucleus. The pick-up spectroscopic factors
listed in Table IIl are in each case normalized so
the sum of occupancy in the lg», and 2d,/, orbits
is equal to the occupancy implied for these two or-
bits by the analysis of the complementary strip-
ping reaction. Thus, the occupation number for a
particular orbit in a given target wave function
should, ideally, be the same, whether extracted
from the (d, He) or the ( He, d) data. The actual
values are listed in Table IV.

The comparison is most meaningful for the
heavier nuclei. For Ce, Nd, and ' Sm, an
inspection of Table IV shows that the correspond-
ing occupation numbers deduced from stripping
and pick-up data with the modified analysis are

TABLE IV. Occupation probabilities (nlj) for the proton orbits of the gdhs shell as obtained for the ground states of
the even-mass N= 82 nuclei from analysis of pick-up and stripping reactions.

Nucleus Orbit
Mod. DWBA

(~He, d) (d, ~He)
Stand. DWBA

(~He, d) (d, 3He)

Best values
and estimated
uncertainties

i~6Xe

188Ba

'4'Ce

i42Nd

'44Sm

1gv/2

2d5/2

2di3/2

3sg/2

lhgg/2

gv/2
2d 5/2

2d3/2
3s g/2

1h gg/2

1gv/2
2d 5/2

2dg/2

8S1/2

lhgg/2

1gv/2
2d 5/2

2d 3/2
3s1/2

1hgg/2

1g?/2

2d5/2

2dg/2

3s i/2

1hgg/2

8.2
0
0.7
0.1
0

4.6
0.35
0
0.3
2.0

5.8
2.2
0
0
0.5

6.0
2.8
0
0
2.1

6.6
4.0
0
0
2.0

2.7

3.9
1.0

6.2
1.7

0.7

6.1
2.7
0
0.1
1.0

6.8
3.8
0.5
0.2
1.6

2.0
.1

0.3
0.1
1.6
3.7
0.60
0
0.2
3.5
5.2
2.2
0
0
2.0

5.4
2.9
0
0
3.5

6.2
4.0
0
0
8.3

1.8
.2

8.6
0.70

6.1
1.8

0.6

6.2
2.1
0
0.1
0.9

7.5
3.2
0.5
0.2
1.4

8.5+ 0.4
0.5+ 0.2
0.0 + 0.2
0.0+ 0.2
0.0 + 0.7

4.3+ 0.4
0.7 + 0.3
0.0 + 0.2
0.0 + 0.2
1 0+i.P

~ p

5.6+ 0.8
1.8+ 0.2
0.0 + 0.2
0.0+ 0.2
0 6+P ~ 6

2.6'-p'. 3

0.2+ 0.1
0.2 + 0.1
1 3'-8:8

6.8+ 0.2
8,6-()'2+p. 1

0.3+ 0.1
0.2 + 0.1
1.6 + 0.3



1218 WILDE NTHAL, NEWMAN, AND AUBLE

clearly more consistent with each other than are
those obtained with the standard analysis. For
"'Ba and ' 'Xe, the conclusions are mixed. If only
the 1g7I2 and 2d,/, orbits are considered, then the
"modified" results are less consistent than the
"standard" results, but, if the lh»/, state is con-
sidered, then the '*modified" values are in better
agreement. We feel that the major problem here
is that the small occupancy of the 2d, /2 orbit in the
lightest targets, 1.eading as it does to stripping 8
factors near to 1.0, make the occupation numbers
extracted from stripping too sensitive to uncer-
tainties of the order of 5'%%uo in the 8 factor, as was
explained in Sec. III C.

Hence, we conclude in these examples also that
the modified analysis leads to results which are
internally more consistent than those which are
obtained with the standard analysis. We will, ac-
cordingly, use the results of the modified analysis
in the remaining discussion.

8. CORfLgQt'Qt20'/2S Of GJ'OQ:/24~tQte TVQVe EQ)2Ct208S

(a)
" Ze. The ( He, d) data indicate some vacancy

for the 2d, /, orbit in the ground state of ' 'Xe.
This is inconsistent with the conclusions drawn
from the (SHe, d) data on the other nuclei and we
believe that it is spurious, resulting from the fail-
ure to identify, detect, or correctly extract the re-
maining 2d, /„E~= 2 strength. The relatively low

quality of the "'Xe('He, d)"'Cs spectra is consis-
tent with the possibility that such strength could
have been missed. Thexe is no evidence in the
stripping results for the occupancy of the 1A»»
or Ss», orbits and we conclude that, to the limit
of the accuracy of the present study, the active
protons in the wave function of the '~'Xe ground
state occupy only the 1g,/, and 2d, /, orbits. From
the pickup results on '3'Xe, we recall that two
1~= 2 levels in ' 'I were excited with comparable
strength, as opposed to only one in the heavier
nuclei. This might be taken as evidence for sig-
nificant occupation of the 2d~/, orbit in "'Xe, some-
thing just ruled out in rather ad ho@ fashion. How-

ever, the energy of the second I~=2 level seen in
"'I is significantly below the empixically extrapo-
lated energy of the "2&,»" ~' state in "'I. We be-
lieve that both of the I levels excited with Ep = 2

Rre Z" = 2' Rnd that the pick-up strength is shared
between them by virtue of the convergence of the
excitation energy of the 2d, /2 single-particle state
and the pairing energy. ' The ratio of oceupaney
of 1g,/2 protons to 2&,/~ pxotons is taken from the
(d, 'He) results. The value is 85'%%uo lg, &, to 15%
2d,f„or (1g,&,) = 3.5 + 0.4, (2d», ) = 0.5+ 0.2.

(b)
' Ba. The ( He, d) results indicate small oc-

cupancy of both the 1k»/, and Ss,/2 orbits mixed

into the dominant 1g,/, and 2d», structure of the
'"Ba ground state. The (d, 'He) data do not pro-
vide a cheek upon these 1A', yy/2 Rnd Ssl/2 values.
The Ss,/, value from stripping is not regarded as
significant because of the difficulty in extracting
the 8 factor from the E=Q —I, =2 doublet at 1.78
MeV in ' La. The occupation numbers we would
choose for '~'Ba are (1g,&, ) = 4 3+ 0 4, (2d5&2) =0 7

+ 0.3, and (1h»~2) =1.0'0'7.
(c) ' Ce. The results of the modified DWBA anal-

ysis of the (d, ~He) and ( He, d) data for ' OCe are
in good agreement with each other. The following
occupation values follow directly from the analy-
sis: (1g,I,) =5.6+0.3, (2d,z,) =1.8+0.2, (1k»»)

(d) '~~Nd. The "modified" spectroscopic factors
from the (d, 'He) and ('He, d) experiments on "'Nd,
when averaged and normalized, yield the following
occupation numbers for the ground-state wave func-

creased lower limits on (1g»,) and (2d,&,) reflect
the uncertainty residing in undetermined occupan-
cy of the 2d»2 and Ss», orbits.

(e) Sm. The (d, 'He) experiment on ' Sm yields
unambiguous evidence for the occupancy of all of
the gdhs orhits in the target ground state. Weight-
ing these results with those from the PHe, d) reac-
tion and normalizing to 12 particles produces the
following values: (1g„,) = 6.3+ 0.2, (2d», ) = 3.6
+ 0.2, (lh»&, ) = 1.6 + 0.3, (2d,&,) = 0.3+ 0. 1, and

(3s„,) =0.v~0. 1.
To summarize, there is reasonably precise evi-

dence for the occupation of the 2d», and Ssy/2 ox-
bits only in the ground state of '"Sm, where, to-
gether, they account for a strength of about 0.5

particle. About half this much strength appears
to occur in the ' 'Nd ground state and negligible
amounts in the lighter nuclei.

In the case of the lb~, /2 orbit, there is consistent
evidence for about a 1.5-particle occupancy in the

Sm and '"Nd ground states. This seems to de-
crease for ' 'Ce to about 0.5 particle but, with less
conclusive evidence, to return to about 1.0 for
' 'Ba. There is no evidence for occupancy of this
orbital in '"Xe. Our opinion is that the apparent
decrease in occupation at ' Ce is real and the ap-
parent increase in ' Ba is not, and that the "true"
occupation of lh»/2 in "'Ba is probably close to
0.5 protons. The data for '"Xe are, of course,
consistent with an occupation of lh»» of the order
of 0.2-0.4 also. Thus, we estimate that the
amount of filling of the lh»/, orbit changes from
something less than 5'%%uo in the four-particle sys-
tem to a value of approximately 14% in the 12-
pRrtlcle system.

The occupancy of the M', /, orbital changes most
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markedly in the progression from 4 to 12 active
particles. In the ground state of "'Xe, this orbit
is only 8% filled and this percentage increases
rather smoothly to a value of 60% (3.6 particles
out of a possible 6) in the ground state of ' Sm.
The 1g», orbit is the most tightly bound member
of the gdhs shell. To lowest order in the shell-
model scheme it should fill (to eight particles) at

Ce. Actually, we see that this orbit is only 70%
filled in the ground state of ' Ce and, in fact, its
percentage occupancy remains essentially fixed at
70% from '4oCe through '44Sm.

V. SUMMARY

The experimental results we have presented con-
stitute evidence for a close and systematic rela-
tionship between the eleven N= 82 nuclei in the
mass range A = 135-145. Complementary pickup
and stripping reactions on the ground states of
each of the even-mass nuclei indicate that the pro-
tons outside the Z =50, N=82 core of these sys-
tems occupy the 1g», and 2d», orbits, predomi-
nantly, with the occupation of the 1hy]/2 orbit be-
coming appreciable towards A =144.

Both the stripping and pickup reactions populate
the lowest two levels in the odd-mass spectra, one
level with l&-4 and one with l~= 2. The transitions
are interpreted to involve transfer of 1g,/, and

24,/, protons, respectively, and the spectroscopic
factors are such as to indicate that the wave func-
tions of these levels can be accurately approxi-
mated either as single particles coupled to the
ground states of the stripping targets or as single
holes coupled to the ground states of the pickup
targets. Only one l~=4 transition is observed in
each different reaction, and only in the '"Xe(d, He)-
"'I reaction is there probable evidence for more
than one 2d», transition. With this exception, the
single-particle (hole) strengths for these two or-
bits are always concentrated into single levels.

A similar situation is observed for the single-
particle strength of the 1hyy/2 orbit. Only one l&

= 5 transition is observed in each stripping reac-
tion. The lkyy/2 single-particle states located in
the stripping experiments are weakly populated
via pickup from the heavier targets. The evidence
is that this orbit is not significantly occupied rela-
tive to its capacity in any of the target wave func-
tions.

The single-particle strengths of the 2d„, and

3sy/2 orbits are observed, in general, to be frag-
mented over several states each. The fragmenta-
tion is most significant for the ' La and 'Pr nu-

clei, but even in these cases the total strength is
welt. concentrated and the "single-particle" levels
can typically be identified without ambiguity.

The large-scale aspects of the structure of these

nuclear systems that the present experiments de-
lineate are the apparent validity of the hypothesis
of a Z = 50, N= 82 shell closure, the trends of the
occupation probabilities of the five gdhs protons
orbits as a function of proton number, and the en-
ergy orderings of the five gdhs "single-particle
states, " again as a function of mass. The finer de-
tails revealed include the quantitative ratios of oc-
cupation probabilities for the gdhs orbits, the quan-
tum numbers and exact energies of the various ob-
served levels, and the patterns of fragmentation
of the single-particle strengths over these levels.

The comprehensive view of the N=82 nuclei that
is developed is one of consistent simplicity in
terms of the shell model. The dominant features of
the odd-mass level structures can be discussed in
terms of a proton in one of the five gdhs orbits cou-
pled to core consisting of closed shells of 82 neu-
trons and 50 protons plus (Z —50) protons paired
off in the 1g,/, and 2d„, orbits. The deviations in
detail from this simple picture which appear also
seem uniformly to be explicable in terms of gdhs
shell configurations. Thus it seems reasonable to
hope that structure calculations which explicitly
consider only protons in the gdhs orbits can ac-
count for the phenomena we have observed in the
present experiments in a complete and unified
way. Indeed, the ability of present theoretical
techniques to explain these regular and, relatively
speaking, transparent aspects of the structure of
the N=82 nuclei is a prerequisite if the same pro-
cedures are to reliably interpret the more complex
phenomena observed in nuclei which lie off the
shell closure. The extensive body of experimental
information that is now available about the N=82
band of nuclei should make possible definitive eval-
uations of the various theoretical approaches to nu-
clear structure in this region.
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The magnetic dipole moments of Ply&-shell nuclei are calculated by the first-order pertur-
bation theory. It is shown that the tensor force which causes the configuration mixing is im-
portant to explain observed data of these moments.

The magnetic dipole moments of odd-mass nuclei
have been estimated with the j-j-coupling shell
model and are known as Schmidt values. The
agreement between the shell-model values and the

experimental values is not satisfactory. Also,
most of the observed data lie within the regions
bounded by the Schmidt lines instead of being scat-
tered on both sides. Noya, Arima, and Horie'


