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Proton elastic scattering data are analyzed in the framework of a single-particle theory to
obtain energies, partial widths, total widths, and spectroscopic factors for 14 isobaric analog

resonances in

1311, Excitation functions and fits are presented and the results are compared

with those of similar analyses as well as with those of (d, p) investigations. A total of 42 ex-
cited states in 1**Te were identified from the inelastic spectra at the various resonances.
Groups of states at the dy,, f /5, and py, resonances were analyzed as neutron particle—neu-
tron hole states, and fits to the angular-distribution data for these states are presented. The
analysis provides proton partial widths, spectroscopic factors, and assignment of possible
spins and parities for these states. The ¥'Te inelastic'results are compared with those of

other nuclei in the N=82 mass region.
I. INTRODUCTION

Elastic and inelastic proton scattering through
isobaric analog resonances (IAR) have provided
extensive nuclear-structure information. The
analysis of proton elastic scattering from *°Te,
using the R-matrix theory, has been previously
reported.’ We have used the single-particle mod-
el approach of Zaidi and Darmodjo? to reanalyze
the *°Te elastic scattering data.

There are two essential differences in these
methods of analysis. The first involves the meth-
od of evaluating the off-resonance background.

The previous method relies on a polynominal in
the energy to describe the background scattering;
the approach used in the present work makes use
of an optical potential for this purpose, and thus

is believed to be more rigorous. The second dif-
ference is concerned with the calculation of the
single-particle partial width., The present investi-
gation makes use of an overlap integral based on
the Lane model. The rather sensitive radial de-
pendence in the single-particle widths as evaluated
by the former method is thus reduced.

The motivation for the reanalysis was twofold.
First, it is of interest to compare the results of
the present approach with those previously re-
ported, as well as with *°Te(d, p) results.® Second
the present investigation has been extended to in-
elastic scattering, which relies in part upon the
parameters determined from the elastic data.
Thus, it was thought that the reanalysis would re-
sult in a more self-consistent set of nuclear pa-
rameters than could otherwise be obtained.

The analysis of inelastic proton scattering
through isobaric analog resonances provides spec-
troscopic information which is not generally avail-
able by any other means. That is, to reach many
of the same final states accessible with inelastic
proton scattering through IAR would require pick-

’

3

up or stripping reactions on targets of suitable A
and Z prepared in various excited states. Inelas-
tic proton scattering to a number of states in the
Pb isotopes® and, in the mass region of the pres-
ent work, in '2Nd,® %°Ce,5 13®Ba,” and **Xe,® has
been successfully described by assuming a single-
particle model for the neutron-plus-core system,
or parent state. The analog of such a pure parent
state may then be represented as resulting from
application of the isospin lowering operator:

12
10)~( grg) L1C) + (212,

where [nC), [pC), and [nA) represent the configura-

tions for neutron plus core, proton plus core, and

neutron plus the analog of the core, respectively.
Inelastic proton decay of the IAR of the nuclei

mentioned above was found to populate preferen-

tially states with a neutron particle-neutron hole

configuration which arise from the |[rA) term

above. For the generalized case of a parent state

which contains, in addition to the [zC) part, terms

consisting of a neutron coupled to excited states

of the core, application of the T~ operator will

now yield | pC*) and |rA*) terms:

T'(a]nC)+}E_B“|njC}‘))

1 1/2 "
*(m) [(UIPC>+?131,~!P,-CJ))
+(2T0)1/2(0¢|"—A> +12A181jlnjA’;>)]J .

Here J is the spin of the analog state and 7 is the
spin of the excited core or analog of the core. The
sum extends over all values of j consistent with
the coupling to spin J of j with each spin I of the
excited state of the core or analog of the core.
The o and the 8;;% are the spectroscopic factors
and are such that to preserve normalization,
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a?+ 2oB2=1,
1,4

The analog state is formed through the |pC) chan-
nel but may decay through the |pC), |pC*), |n4), or
[7A*) channels. Decay of IAR in I through the
[pC*) configuration has been discussed in earlier
papers.®® The present analysis of the decay
through the |pC) channel (elastic scattering) makes
available new resonance parameters. In addition,
we report on and discuss here neutron particle-
hole states observed through decay of the IAR into
the [4) and |[rA*) channels resulting from inelas-
tic data taken at the d,;,, S/, /4,5, and second p,,,
IAR in ' at energies of 7.978, 8,282, 10.209, and
10.500 MeV, respectively.

II. ELASTIC ANALYSIS

A. Theory

Using the energy-averaged S matrix of Zaidi and
Dyer,'! we may rewrite for proton elastic scatter-
ing from spin-zero targets in channel A:

s wm{ 1-Y,+2i(A/L )Yy
AR 1+Y,+2i(A/T )Y,
r

. S la, ]2 .
— o= MOyt X222 Pl | iy~ X))
v E-En+il/2 |° y

E is the resonance energy, I is the total width,
and 0, is the optical-model phase shift. a,, is the
width damping factor due to the background of T
states and is given by

layal2=11+Yy+2i(a/I)Y, |2,

The phases ¢, and x,, as well as the single-par-
ticle shift A, are defined in Ref. 11.

The code JULIUS® ' was used to generate theo-
retical elastic scattering excitation functions,
using the above expressions for the scattering ma-
trix. The quantity S,,I';,lax,["2, which we define
as [',, is the experimental partial width of the ana-
log resonance to be obtained from the fitting. S,,
is the elastic spectroscopic.factor and 'y, is the
theoretical single-particle partial width for an iso-
lated analog state for which only the elastic proton
channel is open. It is evaluated from the expres-

sion
Fsp'_‘(kTo/E)I(Xf:c), V1I¢nA>|2

by the use of code GPMAIN.”? The radial wave func-
tions x§¢ and ¢,, are obtained by solution of the
homogeneous Lane equations and the xg’g wave
function is normalized to a 0 function in the energy
E. The strength of the phenomenological symme-
try potential V, is fixed by the emperical relation,

LT,V,=26(N - 2)/A,
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and is taken to be a Woods-Saxon potential with the
same geometry as the real central potentials in
the pC and nA channels. The quantity I'splay, -2,
which we write as I'y,, corresponds to the partial
width of an analog resonance with a spectroscopic
factor of unity. In terms of the Y,,

1
P142Y, +Y,2(1+447/T )

fsp=rsplaml—2=r

The product S,,I'¢,, often called I, is a reduced
partial width; that is, the partial width that an ana-
log state would have in the absence of background
absorption. The elastic spectroscopic factor then
may be written as

Spp =5,/ p=T,/Ty,

Although both quantities have been used in the lit-
erature, f,,, rather than [',, must be used for com-
parison of partial widths with those extracted by
other methods of resonance analysis, or for sub-
sequent inelastic cross-section calculations. This
distinction can be especially important for cases
where values of Y,, which are related to the pene-
trability, are significantly greater than zero.

In the extraction of resonance and optical param-
eters, the efforts at fitting are first concentrated
on the off-resonance regions, since this allows the
determination of the ¥',. That is, the S matrix re-
duces to a single term,

1-Y,+2i(a/T )Y,

S: S =
ISl T+Y, +2(A/T, )7, |’

which can be solved for Y,:

(S2+1) - 2[ 2~ (S - 1)*(A/L4p)?] V2
(1= SH[1+4(a/T )7 ’

T's; and the other quantities expressed in terms of
the Y, are put back into the full S matrix, and the
resonance regions are then fitted by varying the
resonance parameters E, S,,, and I,

In the present analysis A was also treated as a
free parameter. For all but the f,,, IAR at 10.209
MeV, good fits were obtained with negligibly small
values of A, Inall cases, (A/I',)?Y,*< 1. Thus,
I,=fr,=[1/(1+2Y,)],, where we have defined
f as la,,|~? and have kept the first two terms in
the expansion of f in terms of the Y,; i.e., f
=1/(1+2Y,). In our analysis 0<Y,<1. Conse-
quently, f<1 and f‘,, < I, as expected, since the
observed width [, results from the inclusion of
the effects of the mixing of the analog state with
the surrounding 7° states.

Y=

B. Optical and Resonance Parameters

The optical potential utilized by the elastic scat-
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TABLE I. Optical-model parameters for proton elas-
tic scattering from 13'Te, Results of this work using a
surface-peaked imaginary term and an energy-depen-
dent real-well depth,

JULIUS parameters

(MeV) (F) (F)
Vg=(63.0—0.5E) 71=1.22 a;=0.67
W'*=11.0 7,=1.23 a;=0.67
Vyo=1.50 7,=1.22 a,=0.67

7,=1.25

tering code JULIUS contains a surface-peaked imag-
inary part and a real spin-orbit part. It is of a
Woods-Saxon type and is given by the following
expression:

V(J,l, ’)’):—stl_ 4a3iW/d_‘i(f3) Central
G ﬁz ? Vso d . .
o 2’<mﬂc> r dr (f4) Spin-orbit
Ze? y2 -
+2RC(3_R02>, 7 <R
or Coulomb
+Z€2/’}’, V>RC,

where

Ji=F(r, Ryya) =[1+elr-Ro ]

TABLE II. Optical-model parameters for proton elas-
tic scattering from 1*'Te, Results of Ref, 1 using both
surface and volume absorption terms. The notation fol-
lows that of Ref. 1.

OPTIX I parameters

(MeV) (F) (F)
Vs=58.7 7y=1.22 a;=0.65
W=3.50 7,=1.22 a,=0.65
W’=6.00 7r3=1.22 a3=0.65
Vo =7.50 7;=1.10 a;=0.65

7,=1.22
and
Ri = ViAI/S .

This potential does not include the volume absorp-
tion term —iWf, used by Foster, Riley, and Moore,
in fits to off-resonance angular-distribution data.

The optical parameters determined in the pres-
ent work are in good agreement with those ob-
tained previously by Foster, Riley, and Moore,’
as can be seen in Tables I and II. An energy-de-
pendent real-well depth was used in the present
work, since it resulted in slightly improved fits.
Over the energy range fitted, V, varied from 59.1
to 57.0 MeV, in good agreement with Foster’s val-
ue of 58.7 MeV.

The data and fits obtained in the present work for
proton elastic scattering from *°Te are shown in
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FIG. 1. Complete c.m. excitation functions for proton elastic scattering from 13Te from 7.80 to 12.0 MeV and labora~-
tory angles of 90, 120, 150, and 170°. The data are that of Ref. 1, whereas the fits are from the analysis presented in
this work. The region from 10.3 to 12.0 MeV is shown scaled up by a factor of 1.5 to clarify the detail at the higher en-

ergies.
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TABLE III. The c.m. resonance energies, L values,
probable J values, and partial widths for elastic proton
scattering from !3Te, The partial widths from two
other analyses are included for comparison, The cor-
rection factor for absorption due to the T< states is
tabulated as f. The values in parentheses are in some
doubt,

N T, T,
Eg T, (keV) (keV)
Mev) L, f (keV)  (Ref.1)  (Ref.9)
7.798 dyy  0.89 5.9 8.5 4.1
8.282 sy,  0.72 9.1 10.2 11.1
10.209  fyp, 085 18.2 18.4 15.8
10.453  py,  0.67 8.7 3.2 5.0
10.500 pg,  0.61  14.9 14.7 8.8
10.905  py,  0.63 154 18.9 19
11,020  fy,  0.79 0.8 (0.6)
11.085 f5,  0.79 1.6 2.7°2
11170 py,  0.62 3.7
11.295 f5,  0.78 1.3 22
11.505 py, 0.61 (23.2) 7.6
11.597  f5,  0.76 2.3
11.660 f5,  0.75 1.0
11.680. py,  0.59 3.3

2L, of fy;, assigned to these levels.

Fig. 1. The resonance parameters for the 14 res-
onances identified in this analysis are listed in
Table III. We have included the values for f as
well as for I,. It is apparent that ¥, depends on
the / value of the resonance, resulting in a smaller
value of f and thus a greater percentage difference
in I, and f‘, for the lower partial waves as expect-
ed. We show also, for comparison, partial widths
obtained in the analysis of Ref. 1, and partial
widths taken from the recent work of Burde et
al.® In most cases, there is good over-all agree-
ment between the above partial widths and the val-
ues of I, obtained in the present work.

| BINDING ENERGIES OF SINGLE - PARTICLE NEUTRON
2L LEVELS IN "P're 4
L —_— f72 |
b ft2——————— .
3t 1
=
6r .
N hisa A
da/o° i
of Gz d3/2
sz — sz A
EXPERIMENTAL THEORETICAL
10

FIG. 2. Comparison of the positions of the centroids
of the 3sy/5, 2ds/5, 1hyy/p, and 2fq/, single-particle neu-
tron levels. The experimental values were determined
from the (d,p)® and (d,t) 13 results, whereas the theo~
retical values are those necessary to bind a single neu-
tron at the appropriate level in the potential described
in the text.
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C. Theoretical Partial Widths and
Spectroscopic Factors

Code GPMAIN was used to calculate the bound-
state wave functions of the various single-particle
neutron levels in !Te and the single-particle par-
tial widths for elastic proton scattering. Code
GPMAIN-uses the same potential geometry (radius
and diffuseness) as does JULIUS except that only
the spin-orbit and real central terms are em-
ployed, and no imaginary well is used. It was
possible to find a single potential which reproduced
reasonably well the binding energies of the first
four single-particle neutron levels in *!Te. The
well depth used was 47.3 MeV, in excellent agree-
ment with the real proton well depth after subtrac-
tion of the symmetry potential term, 7,V,. The
binding energies deduced using this potential are
shown compared in Fig, 2 with the “experimental”
binding energies, calculated from the results of
(d, p),® and (d, t) ** work,

The deduced spectroscopic factors are shown in
Table IV, together with the spectroscopic factors
of Ref. 1 and the (d, p) assignments of Graue et
al.® In addition, the deduced spectroscopic factors
of Burde et al.? are given. The method of analysis
of Burde et al.? is similar to that employed in Ref.
1. Over-all, the spectroscopic factors of the four
analyses are in good agreement, with some notable
exceptions. The spectroscopic factor of the first
state (3%), S,,=0.48, in the present work, is nearly
a factor of 2 larger than the spectroscopic factors
for the same state obtained in the other three ana-
lyses, although the ratios of I,/I for this reso-
nance are all comparable, Similarly, the spectro-
scopic factor of the second state (3*) of $,,=0.10
obtained in the work of Ref. 1 is notably low.
There is excellent over-all agreement in the val-
ue of the spectroscopic factor (S=0.50) of the first
17, 1=3 state.

There is some disagreement in the spectroscop-
ic factors for the first two rather closely spaced
4~ states observed at approximately 10.5 MeV in
the elastic scattering data. The spectroscopic fac-
tors for these two states obtained in the present
work are approximately a factor of 2 greater than
the values obtained in the work of Burde et al.®
The value given in Ref. 1 for the first of these
states agrees with that of Burde et al.%; the value
for the second state is in agreement with the pres-
ent study. The (d, p) work of Graue et al.® gives
tentative spectroscopic factors of 0.06 and 0.22,
respectively, for the parent analogs of these two
states, in reasonable agreement with available
elastic data. Some disagreement in the spectro-
scopic factors deduced from the elastic scattering
analyses can be expected, especially when several
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resonances are rather close together, because of
differences in the methods used to describe the
background scattering. The unusually large values
for the partial width, total width, and resulting
spectroscopic factor for the p,,, IAR at 11.505
MeV are included in parentheses since at this en-
ergy the data and the theoretical fit exhibit a cross-
over at 170°, The fits at the other angles do not
reflect such large widths for this resonance, nor
is a large p,,, state evident in the (d, p) work near
the corresponding excitation energy.

Over-all, the present analysis tends to give
rather large spectroscopic factors, particularly
for low orbital angular momentum transfer values,
Other than the ambiguity associated with the ex-
traction of partial widths for overlapping reso-
nances, additional discrepancy is clearly associat-
ed with the method of extraction of I'y,. At higher
energies, where the level spacings approach the
resonant widths, the determination of the partial
widths, and consequently the spectroscopic factors,
becomes uncertain in all elastic analyses.

III. INELASTIC ANALYSIS
A. Introduction

Neutron particle-hole states in *°Te, populated
by inelastic proton emission of a 2d,,, or 3s,,, pro-
ton at the f,,, IAR, have been previously reported.™
These states are easily observed since the f,,, IAR
in ' has a rather large spectroscopic factor, and
the d;,, and s,,, subshells in '*Te are relatively
full, Figure 3 shows the excitation functions from
10.15 to 10.75 MeV for elastic and inelastic scat-
tering of protons from *°Te, The sharp resonance
in the group of states at excitations from 4.366 to
4.496 MeV at the energy of the f,,, IAR indicates
that these states are neutron particle-hole states
in *°Te, with the particle in the f,,, level, The
preliminary analysis of six of these states was
reported in Ref. 14.

New inelastic data were taken at the f;,, IAR in
1311 at 10.209 MeV and exhibit a much better peak-
to-background ratio and better resolution than that
of the previous work; and since, in addition, the
present analysis provides new elastic resonance
parameters, the neutron particle-hole states ob-
served were reanalyzed. New inelastic data were
also taken at the d,,,, s,,,, and second p,,, IAR at
7.978, 8,282, and 10.500 MeV, respectively. The
second p,,, IAR was chosen, since it has a signifi-
cantly larger spectroscopic factor than the first
Pss» IAR at 10.453 MeV, Both at the d,,, and at the
second p,,, IAR, states whose behavior is consis-
tent with their identification as neutron particle-
hole states were observed. Consequently, the in-
elastic analysis was extended to include all states

| o
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identified as particle hole in nature.
B. Experimental Procedure

The proton beam was obtained from the Universi-
ty of Texas EN tandem Van de Graaff accelerator.
The targets were fabricated by vacuum evapora-
tion of 99.9% isotopically enriched *°Te onto thin
carbon backings (~10 pg/cm?. The target thick-
nesses were typically between 100 and 300 wug/cm?
and were determined by the elastic scattering,
assumed to be purely Rutherford, of from 3- to 4-
MeV protons.

20 .
4.366 -4.965
15 | .
1.0 f .
n. *
L ‘e J
- . o o o
. .
8 04} 3 4
€ 1.571 +1.617
= 03f .
Z
9 .
5 o02f . .
& of
- CJd * N
8 Q.l . . .
g ]
& L ,
@ :. 0s8l6 ]
3 20| i )
f . L[]
’ A3
1o | ] .
- J
-
200 | .
10.0 |- .
| - |
10.0 10.5 1.0
ELAB(MeV)

FIG. 3. Laboratory excitation functions at 170° for
proton scattering from *Te from 10.15 to 10.75 MeV.
The elastic and first 2* state at 0.816 MeV are shown,
as well as the sums of the yields of the 1.571+1.617~
MeV doublet and of a group of states from 4.366- to
4,965-MeV excitation, The latter group is subsequently
identified as arising from neutron particle-hole states in
107e, The three resonances evident in the elastic and
2" curves correspond to the 10.209-MeV f7/2, 10,458~
MeV pg/y, and 10.500-MeV p3/o IAR.
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Most of the data were taken in a 40-in.-diam
scattering chamber; for some of the mearure-
ments, however, a 20-in.-diam chamber was used.
In all cases, 2-mm-thick lithium-drifted silicon
detectors cooled to dry-ice temperature were used.
Improved preamplifiers, more thorough detector
shielding, and a better beam focus are believed to
be chiefly responsible for the improved peak-to-
background ratio of this data over that of the
earlier work.’ The data taken at each IAR con-
sist of angular distributions, mostly at backward
angles, at the energy of the analog resonance.
Each resonance was located by taking excitation
function measurements in 10-keV steps in the
neighborhood of the elastic resonance, and search-
ing for a maximum in the yield to the 2 collective,
first excited state in *°Te at an excitation of 0.816
MeV. The absolute inelastic cross sections are
very sensitive to the determination of this maxi-
mum and thus may be accurate to only 10~15%,

400 . ,

but the relative errors are expected to be less.

The inelastic data analyzed in the present work
at the d,,, resonance (7.978 MeV) consist of angu-
lar distributions from 70 to 170 in 10° steps for
eight states ranging from 2.173 to 2.674 MeV in
excitation. The angular distributions at the f7,2
resonance (10,209 MeV) were taken from 50 to 160°
for nine states with excitation energies from 4.366
to 4.496 MeV. The data at the p,,, resonance
(10.500 MeV) consist of angular distributions from
80 to 170° in 10° steps for two strong states at
4,778~ and 4.838-MeV excitation. No angular-dis-
tribution data are presented for the s,,, resonance
(8.282 MeV), since no state or group of states was
observed in the spectra with the approximate ex-
pected excitation energy for neutron particle-hole
states.

C. Energy Levels and Spectra
Typical on- and off-resonance spectra at the

. 1 1

T ] gl
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2 C 2 i
g 3
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CHANNEL NUMBER

FIG. 4. Pulse-height spectra for the inelastic scattering of protons from !¥Te at a scattering angle of 170°, The
upper spectrum was taken at a laboratory energy of 8.026 MeV which corresponds to the dj/, IAR at 7,978 MeV, whereas
the lower spectrum was taken 100 keV above the resonance. The accumulated charge for each spectrum was 1000 uC.
The excitation energies indicated are for states in 13Te. The group of states appearing in the on-resonance spectrum at
excitation energies from 2.2 to 2.6 MeV are subsequently identified as neutron particle-hole states. The broad peak
identified as the 1.78-MeV state in 28Si arises from inelastic scattering in the detector of protons from the !¥Te elastic

peak.



| eo

912 HIDDLESTON, HOLLAS, MISTRY, AND RILEY
600 T T T T T T T T T T T T T T
500\ -
(=]
o S
N - N
4001 > Cy o —~
a - = [
0 S C3 g’ 2
Z 3001 ||® ' ~ “
8 o +
© - o
©
200}~ ® -
o
IOO—J . ]
i s § |
600 700 800

100 200 300 400 500
CHANNEL NUMBER

FIG. 5. Pulse-height spectrum for the inelastic scattering of protons from *Te at a scattering angle of 150° and a

laboratory energy of 8.281 MeV which corresponds to the sy/2 IAR, The target is the same as for the spectra of Fig, 4
and the charge accumulated is 500 uC. No resonating states are observed at the expected excitation energies, from 2.8

to 3.0 MeV, for formation of neutron particle-hole states.
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FIG. 6. Pulse-height spectrum for the inelastic scattering of protons from 3Te at a scattering angle of 160° and a
laboratory proton energy of 10.296 MeV which corresponds to the f172 IAR at 10.209 MeV. The excitation energies of

states observed in 13Te are indicated. The inset shows the group of states which resonate strongly at this energy and

which are subsequently identified as neutron particle-hole states.
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d,,, IAR are shown in Fig. 4. The 2.731- and 2.505-
MeV states do not indicate resonant behavior. How-
ever, the remaining levels from 2.268 to 2.674
MeV exhibit large on- to off-resonance yield ra-
tios. On the basis of their resonant behavior and
their excitation energies we identify these states

as neutron particle-hole states with the particle

in the d,, shell above the *°Te Fermi surface,

and holes from the d;,, and s,,, subshells. The
positions of the elastic scattering peaks for *°Te,
80, and 2C, as well as the inelastic proton peak
from the 4.433-MeV state of '2C, serve to span the
energy region of interest and are easily identifi-
able in all the spectra. These were used in a least-
squares calibration for the identification and de-
termination of the excitation energy of the *°Te
levels. The deviations of the energies of these
levels at the various angles at which they were
identified, is for the most part, well within +10
keV. The excitation energies shown in the spec-
tra are the average energies determined by appli-
cation of the above method to each angle.

A typical spectrum taken at the s,,, IAR is shown
in Fig. 5. We expect neutron particle-hole states,
with the particle in the s,,, shell above the *°Te
Fermi surface, and with the hole in the d;,, or
Sy, subshells, to have excitation energies between
2.8 and 3.0 MeV. It is clear that no such states
are visible in the spectra. It should be pointed
out, however, that not only does the s,,, IAR have
a much lower spectroscopic factor than that of the
d,,, TAR, but also that the experimental measure-
ments at the s,,, IAR were carried out for only
one half of the total charge accumulation used at
the d,,, IAR. Thus, it is possible that the sensi-
tivity of the experimental measurements was not
sufficient to observe states of a neutron particle-
hole character at the s, IAR.

A typical spectrum at the f;,, IAR is shown in
Fig. 6. The levels from 4.366 to 4.496 MeV, which
are identified as the neutron particle-hole states,
are shown on a larger scale in the inset. A total
of 35 levels in *°Te have been identified from the
spectra at the f,,, IAR. These are shown in Fig. 7.
Again, the elastic scattering peaks and the '2C-
(p,p") peak at 4.433 MeV are easily identifiable in
all of the spectra, and were used in a linear least-
squares calibration for the identification and deter-
mination of the excitation energy of the **°Te levels.

A typical spectrum taken at the p,,, IAR at 10.500
MeV is shown in Fig. 8, The spectrum shows a
group of many states which resonate at 10,500
MeV and which are spread over more than 1 MeV
in excitation. The *°Te p,,, spectrum is rather
similar to those taken for the N =82 nuclei,'® being
characterized by two closely spaced states with
yields several times greater than those of the

other resonating states. The centroid energies of
the resonating levels are consistent with the par-
ticle-hole interpretation, and thus we tentatively
identify these states as neutron particle-hole
states, with the particle in the p,,, shell and the
holes again in the s,,, and d,,, subshells. Approxi-
mately 25 states have been identified as resonating
at this energy and are shown on a larger scale in
Fig. 9.

D. Angular Distribution and Fits

The angular distributions were analyzed using
the following expression for the scattering of pro-
tons from spin-zero targets® 16:

497
4.93

488

4.82

— / 478
473

Z 470

~465
-4.58

T\\45¢
—————‘—\4.43
\4.43

437

—3.98
391

(3°47)

(3'.4')\
(3‘.4‘)§
(3747 —
(34)7

(3°,4°,57)

—3.62
~~3.56

——336
323
~ai8

3" — ——273

_ 25l
243

_232

227

—2I7

}2.:3
—_—208
——-——Qn.ss

— .88
2’\_______\l.80
22— \\162
157

082

0t —7— 000
I3OT e

FIG. 7. An energy-level diagram for states of 1¥Te
observed at the fq/, IAR at 10.209 MeV in this work. The
spin assignments for the 1,57- and 1.62-MeV states are
from Ref, 9, whereas those in parentheses are tentative
spin assignments from this work.
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FIG. 8. Pulse-height spectrum for the inelastic scattering of protons from ¥Te at a scattering angle of 120° and a
laboratory proton energy of 10.580 MeV which corresponds to the p;/, IAR at 10,500 MeV. The excitation energies indi-

cated are for states observed in 1*Te,
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figure.
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Eg, [,, T, J, and L are, respectively, the reso-
nant energy, proton elastic partial width, total
width, spin, and orbital angular momentum of the
analog state as obtained from the fits to the elas-
tic scattering data. The spin and orbital angular
momentum of a given hole state are j, and ;, re-
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FIG, 10. Angular distributions for a group of states in
130Te appearing at the dy/, IAR at 7.978 MeV. Fits and
tentative spin assignments are shown for the five states
which have been identified as neutron particle-hole states
at this resonance. The excitation energies are indicated
for each state.

ISOBARIC ANALOG RESONANCES IN PROTON... 915

oo™ T
byt
-4 3
002480 4 4.366 ] 034
0.22 ] 0.28
. ole 4,428 | 0.22
\;, -
€ 032
0.4
§ 0.26 ;
E 4.479 040
3 o20f t
"
2 022 ]
3 454|
& 0.50
o
g 0Ol4 ]
8 - 0.42
048 45791 . -
(3,47 4932
4 0.14
040 / i
0.10

6, m, (deq)

FIG. 11. Angular distributions and fits for nine of the
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hole states. The excitation energies in MeV and possible
spin assignments are indicated for each state.

spectively, while I is the spin of the residual nu-
cleus. The only free parameters are the inelastic
proton partial widths T 1js- Using the above formu-
la, theoretical cross sections were evaluated for a
particular final-state spin using the University of
Texas CDC 6600 computer. The results and the da-
ta were both displayed on an oscilloscope console
from which new values of I'j;; could be entered
from a keyboard. The best fits were determined
by inspection, and for final adjustment of param-
eters, the x? values were minimized.

The states we shall discuss are expected to have
configurations in which the particle is in a level
above N =178 (2d,,,, 35,5, 2fy5, 3Ps»), and the hole
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FIG, 12, Angular distributions and fits for the two
strongest among a widely spaced group of many states
in 1¥Te resonating strongly at the py/, IAR at 10.500
MeV and identified as neutron particle-hole states. The
fits are shown as dotted lines to indicate the inclusion
of the largest possible dj/, decay width still consistent
with the data. The excitation energies in MeV and possi-
ble spin assignments are shown for each.
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is in a level below the *°Te Fermi surface (2d,,,,
111/, 3845, 2dg,,). The possibility of &,,,, hole
states will be ignored in the present analysis be-
cause of the high angular momentum barrier in-
volved in #,,,, decay. Since the d;,, hole state is
almost an MeV from the Fermi surface in **°Te,

it is also ignored. Particle-hole states will there-
fore be considered to be populated through the de-
cay of the analog state by inelastic emission of a
d,, or s, proton.

The use of the above expression assumes that
we may ignore the direct contributions to the in-
elastic cross section. Since the ratio of on-reso-
nance to off-resonance yields at backward angles
is greater than 10/1, this is not unreasonable,
and we thus confine our fits to angles of 90° or
greater. We also neglect interference effects be-
tween the direct and compound inelastic scattering
amplitudes, since no method for treating the prob-
lem is yet available to us. These assumptions
have allowed reasonable results in the application
of this method of analysis to particle-hole states
in 1%%Xe,®

Fits were undertaken for each state for all
possible values of the final-state spin. As shown
in previous work,® only a few values of the final
spin lead to unique theoretical angular distribu-
tions. Thus the analysis serves only to eliminate
certain possible spin values and does not allow the
unambiguous determination of the final spin for
any of the states investigated.

Experimental angular distributions at the d,,,
IAR for a group of eight states in *°Te ranging

TABLE V. Excitation energies, partial decay widths,

MISTRY, AND RILEY 3

from 2.1 to 2.7 MeV in excitation are given in Fig.
10. Fits are shown for the 2.400- 2.452-, 2,562-,
2.593-, and 2.674-MeV states. Theoretical fits
and experimental angular distributions for 9 of the
13 resolved particle-hole states at the f;,, IAR are
shown in Fig. 11. At the p;,, IAR, because of the
presence of a large number of closely spaced
states with rather low yields, only the two strong-
est states at excitations of 4.778 and 4.838 MeV
were analyzed. The angular distributions and fits
are presented in Fig. 12,

Figure 13 shows angular distributions for states
between 2.7 and 4.0 MeV at the f,,, IAR. Although
these states resonate at the f,,, IAR, they do not
have excitation energies in the region expected for
particle-hole states and consequently are not ana-
lyzed. It is believed that some of these states are
collective in nature; in particular, the 2.731-MeV
state has been previously identified from 16-MeV
inelastic proton scattering investigations!” as the
3~ octupole state. Angular distributions for the
2.505-, 2.226-, and 2.173-MeV states at the d,,,
IAR are shown also in Fig, 10 but were not ana-
lyzed, since they appear also at the f,,, and pg,
TIAR. Although neutron particle-hole states may
have particle configuration admixtures, they are

TABLE VI. Excitation energies, partial decay widths,
and spectroscopic factors for proton inelastic scattering
through the fy/, IAR in *!I at 10.209 MeV to neutron par-
ticle-hole states in 13*Te, The deduced final-state neu-
tron particle-hole configurations are indicated in the
last column. d~1and s-1 are used to indicate respective
dy, or sy, holes. Parentheses indicate small hole con-
figuration admixtures.

and spectroscopic factors for proton inelastic scattering E* f‘uz 7 fa/z J
through the dy, IAR in B! at 7.978 MeV to neutron par- (MeV) I™ (keV) (keV) Syp1(3) Spr(3) Configuration
ticle-hole states in 1¥9Te. Final-state spins shown are
those for which essentially identical fits were obtained. 4.366 3~ 0.217 0.0035 0.035 0.028 fs~l+fa-!
The -5- and -g- refer to decay of the IAR by sy, and dy, 4~ 0,194 0.023 0.023 0.015 fs~1+fd~!
protons, respectively. The deduced final-state neutron 57 0.205 0.107  fd-!
particle~hole configurations are indicated in the last 4.428 3~ 0.599 0.041 0.102 0.036 fs~i+fd~!
column. d~! and s~! are used to indicate respective da, 4= 0.564 0.082 0,075 0,056 fs~l+fd~!
or sy holes. Parentheses indicate small hole config- 57 0.640 0.360 fd™!
uration admixtures, 4.479 3~ 0.787 0.176 0.143 0.168 fs~l+fd!
= = 4~ 0.763 0.176 0.109 0.180 fs~l+fa~!
Ex* Typg Loy 57 0.957 0.580 fd!
(MeV) I (keV) (keV) Sppr(§) S,p(3) Configuration 4.541 37 0.0023 0.681 0.0003 0.708 (fs~1)+fd~!
4= 0.616 0.070 0.095 0.058 fs~'+fa!
2.400 1* 0.200 0.200 0.16 0.28 @ds™) +da-1 4,579 3~ 1.644 0,070 0.342 0.077 fs~l+(fa™Y)
2+ 0.200 0.150 0.03 0.12 (ds~1) +da-1 4~ 1.614 0.106 0.262 0.090 fs~1+(fa-1)
2.452 17 3,000 0.150 0.84 0.22 ds—1+(dd-1) 4.649 3~ 0.974 0.176 0.222 0.216 fs~l+fq-1
2+ 2,700 0.400 0.45 0.36 ds™1+dd™) 4= 0.047 1.115 0.008 1.062 (fs~1)+fa~!
2.562 1% 0.725 0.125 0.24 0.22  ds~l+da-! 4.775 3~ 0.423 0.082 0.115 0.122 fs~l+d™!
2+ 0.675 0.125 0.14 0.14 ds~l+dd? 4~ 0.018 0.517 0.0035 0.599 (fs=1)+fa-1
2.593 1% 1,400 0.030 0.48 0.06 ds~1+dd1) 4.873 3~ 1.820 0.029 0.569 0.050 fs~i+(fd™)
2+ 1.300 0.100 0.27 0.11  ds~'+dd™) 4~ 1.796 0.053 0.438 0.072 fs~l+(fd7Y)
2.674 1* 1,375 0.018 0.53  0.08 ds~l+@dd™) 4.932 3~ 0.446 0.035 0.153 0.068 fs~1+(fa~1)
2+t 1,200 0.100 0.28 0.13  ds~1+(@d™) 4= 0.458 0.041 0.122 0.061 fs~l+(fa™1)
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FIG. 13. Angular distributions for several additional
states in ®¥Te, some of which also resonate at the fq/,
IAR at 10.209 MeV but are not consistent with the inter-
pretation as neutron particle-hole states.
energies are shown for each and no fits have been at-

tempted.

Excitation

TABLE VII. Excitation energies, partial decay widths,
and spectroscopic factors for proton inelastic scatter-
ing through the py, IAR in 131 at 10.500 MeV to neutron
particle-hole states in 13Te. The deduced final-state
neutron particle~hole configurations are indicated in the
last column. d~! and s™! are used to indicate respec-
tive dy/, or sy holes. The dy/, partial widths and spec-
troscopic factors are upper limits and are shown in
parentheses. .Small hole configuration admixtures are
also included in parentheses.

Ex* Tyag Tarn g

(MeV) IT (keV) (keV) Spr(3) Spe(3) Configuration

4,778 17 1.200 (0.040) 0.27  (0.04) ps~l+(pd~1)
2= 1.150 (0.100) 0.15  (0.07) ps=t+(pd™Y)

4.838 1~ 1,350 (0.025) 0.33  (0.08) ps~l+(pd~Y)
2= 1.300 (0.080) 0.19  (0.06) ps~i+(pd~Y)
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expected only for like-parity resonances.

E. Spectroscopic Factors

Following the method of Ref. 8, spectroscopic
factors were calculated from the expression
27+1 £y,

27 +1 ICR

by first estimating the single-particle widths F(,s}})
corresponding to the observed transitions. These
were determined (approximately) by using the ex-
pression for the elastic proton partial width of
the isobaric analog of a single-neutron state of
spin j and orbital angular momentum ! lying below
the observed analog state by an energy equal to
the excitation energy of the final state. Here ['(})
were essentially the same as the [}, since f=1
at these excitation energies.

Tables V-VII list the inferred final spins, par-
tial widths, and spectroscopic factors resulting
from the application of the above analysis to the
particle-hole states observed at the d4,,,, f,,,, and
pss2 IAR. Although the analysis limited the possi-
ble spin values for each state to those indicated in
the tables, essentially identical fits were obtained
for a given state for those spin values listed.

The sums of the d;,, and s,,, spectroscopic fac-
tors should account for the fullness of the d,, and
S/, subshells, i.e.,

Espp'(j) = ij(zj +1) s

From the (d, f) measurements,’® values for the full-
ness of the d,, subshell, V2(3/2)=0.73, and for
the s/, subshell, V31/2)=0.65, were previously
obtained.

At the d,,, IAR the 255,,/(3/2) and 7S,,/(1/2) val-
ues depend somewhat on the choices for the spins
of the states. Simultaneous assignment of 1* for
all the states would more than exhaust the s,,,”*
strength and is not believed to be reasonable. How-
ever, no combination of spins allows the d,,,™*
strength to be more than about one-half accounted
for. Since states with 0* and 3* final spins, which
would arise from a pure d,,,®d,,,”! configuration,
were not observed in this group of states, it is
reasonable that not all of the d,,, strength is ac-
counted for,

At the f,,, IAR, the 23S,,/(1/2) and 235,,/3/2)
values depend rather strongly on the spin assign-
ments for the 4.541-, 4.649-, and 4.775-MeV
states. The results for the remaining states
change very little with the possible spin assign-
ment chosen., It was not possible to satisfy fully
both the expected s,,, and d;,, strengths with any
assumed spin values. Since no state could be fit
with a shape consistent with a 27 assignment, it
is again to be expected that the sum rule for the

Sppr(7) =S140=

where j=dg, or Sy,,.
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d,,, strength is not satisfied.

The two strong states at 4.778 and 4.838 MeV
analyzed at the p;,, IAR contain a predominant
pas2® 8., admixture, and exhaust about ; of the
total s, strength. The fits to these angular dis-
tributions were generated so as to include the
largest d;,, decay width consistent with a reason-
able fit, and are shown in Fig. 13 as dotted lines.
For this reason, the resulting d,,,”! spectroscopic
factors are to be interpreted as upper limits and
are included in Table VI in parentheses.

The analyses at the dg,, f;,, and p,;, IAR indi-
cate several features. In all cases the stronger
states contain predominant J® s,,,”! admixtures,
and we conclude that the s,,,”" strength can be
essentially accounted for. On the other hand there
is a conspicuous absence of all but a very few
states with strong d;,,”' admixtures. Further,
those admixtures detected account for at most
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FIG. 14. Total inelastic partial widths for proton de-
cay of the fq/5 IAR to neutron particle-hole states in the
nuclei shown. The predominant configurations are indi-
cated by brackets, where the f stands for an fy/, neutron
coupled with dy/, and s/, neutron holes, represented
by d~! and s~1 respectively. The spins shown are those
consistent with the geometry and fits to the data, where
available, and the underlined values are the assignments
of the various authors. The sources for these results
are (a) Ref. 18, (b) Ref. 5, (c) Ref. 6, (d) Ref. 7, (e)
Ref, 8, (f) Ref. 14, and this work.
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only about half of the expected d,,,”! strength. It
may be seen from the expression used in this anal-
ysis that the coherent admixing of the different
hole configurations gives rise to interference
terms in the resulting cross sections. It is pre-
cisely these interference effects which allow the
small d;,,~" admixtures to be detected. The cross
section arising from a pure J®d,,,”" configuration
is expected to be smaller than that for the J®s,,,™"
on the basis of penetrability considerations. Since
such cross sections contain no interference terms,
states with the former configuration are rather
difficult to observe. Consequently, the d,,, decay
is best observed as an admixture in states contain-
ing appreciable J®s,,,~! configurations.

F. Comparison with N = 82 Isotones

A comparison of the partial widths for the proton
decay of the particle-hole states at the f,,, IAR in
180Te with those in the N =82 isotones '**Xe, **Ba,
140Ce, 2Nd, and '*‘Sm'® is shown in Fig. 14, The
diagram is similar to one presented by Morrison
for the N =82 isotones.'® The partial width for
each state in which admixtures are present is
graphed as the sum of the d;,, and s, partial
widths, the sum being independent of the final-
state spin. For many states, the same fit could
be obtained for more than one final-state spin, and
the underlined values represent the choices of the
respective authors. The results for *°Te are very
similar to those for the N =82 isotones. In all
cases the particle-hole states fall into two main
groups. The groups lying higher in excitation are
the result of predominant s, ,, decay, and those at
lower excitation, from d;,, decay. The centroids
of the d,,, and s,,, decay strengths are consistent
with those calculated from the binding energies of
the d,,, and s,,, neutron holes and the f7/2 particle,
as determined from respective (d, {) and (d, p) mea-
surements,

Since the f,,, IAR in *°Te has a smaller spectro-
scopic factor than those of the N =82 isotones, and
since the sy, and d,,, subshells in *°Te are not
full, one expects and observes that the inelastic
widths for particle-hole states in *°Te are approxi-
mately a factor of 2 less than the corresponding
widths for the N =82 isotones. Fractionization in
130Te is more pronounced, since it is four neu-
trons away from the closed neutron shell at N =82,

Except for the two states at 4.778 and 4.838 MeV,
the high density of particle-hole states at the p,,,
TIAR makes a realistic analysis of the data impos-
sible with the present experimental resolution. At
these energies direct excitation of these states is
quite low and they disappear into the background
a few hundred keV off resonance. Consequently,
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it is not possible to deduce reliably from the data
which states at the p,,, IAR also correspond to
states appearing at the f;;, IAR. Although the ex-
citation energies are approximately the same for
the 4.775-MeV state at the f;,, IAR and the 4.778-
MeV state at the p,,, IAR, the final-state spins
consistent with a good fit to the data (37 or 4 at
the f,,, IAR and 1~ or 2" at the p,, IAR) indicate
that these are not identical states. In the case of
the N =82 nuclei, the two strong particle-hole
states at the p;,, IAR have been assigned possible
spins of 17 or 27, consistent with the results of
the present work.

The large number of resonant inelastic states at
the p,/, IAR indicates that the single-neutron parti-
cle-hole picture is far from being realized. A

T_[ I¢>3/2"]-.ﬁ:_—

(21"
(27, +1)¥2

Elastic scattering results from the first term in
the above expression, and inelastic proton decay
to the 2 excited state from the second term. Con-
figurations indicated by the third term decay pref-
erentially to particle-hole states, with the particle
in the pg,, state, and the hole in one of the sub-
shells lying below the closed N =82 shell, the d,,,
and S,,, subshells being preferred from penetrabil-
ity considerations. Configurations indicated by
the fourth term decay preferentially to neutron
particle-hole states built on an excited 2; core,
with the particle in the f,,, state above the N =82
shell.

It is possible that mixing may occur between the
particle-hole states built on the ground state and
those built on the 2] excited states, and that this
mixing may contribute to the large number of
weakly excited resonating states observed at the
P32 IAR in the (p,p’) spectra of the N =82 nuclei.
|nA*) states should be observed more easily in
130Te than in the N =82 nuclei because of the larger
value of 8% in *°Te of approximately 0.8.° Also,
the mixing of [#A*) with |nA) states is expected
to be greater in *°Te than in the N =82 nuclei be-
cause of the smaller spacing between the 2; state
and the ground state in *°Te. The centroid ener-
gies for such |nA*) states in *°Te should lie at an
excitation energy approximately 800 keV higher
than those of the [nA) states. The observed exci-
tation energies of the group of resonant states span
the expected excitation energies expected for both
[#4) and |nA*) particle-hole states. Consequently
we conclude that we do see indirect evidence for
neutron particle-hole states in *°Te built on the

similar situation is observed at the p,,, IAR in the
N =82 nuclei.’® It has been shown' that the p,,
IAR parent state is well described by mixing the
configuration formed by coupling an f,,, neutron to
the 27 core with that formed from the p;,, neutron
coupled to the 0" core, i.e.,

[‘/)>3/2‘ = al"a/z‘ ®C(0+))3/2~ +B|"7/2'®C*(ZT)?3/2' .

C(0%) and C*(2}) represent the respective wave
functions of the ground state and the 2" first ex-
cited state. For the N =82 nuclei, the elastic spec-
troscopic factor a? is approximately 0.3 to 0.4,

and the value of B? is approximately 0.6 to 0.7.*°
Consequently, the p,,, IAR wave function should be
well described by

NEE [ Ips/z' @ C(0+)>3/2‘ +Blp7/2' ®c*(21+)>3/2‘]

[a]ng .- ®A(0%)),,,- +8l Ngya= ®AX(20))g/0- 1.

2; core. However, because of the large number
of weakly excited and closely spaced states ob-
served, and because of the possibility that con-
siderable mixing of states is involved, the appli-
cation of the type of analysis described in this
paper is believed to be difficult and ambiguous at
the pg,, IAR.

1IV. SUMMARY

130Te proton elastic scattering excitation func-
tions from 7.8 to 12.0 MeV have been reanalyzed
using the approach of Zaidi and Darmodjo to ob-
tain energies, partial widths, and total widths of
the IAR. The compound-nuclear states in *'I are
analogs of states in *!Te formed by the addition of
a neutron to the *°Te core. Single-particle decay
widths were calculated in the framework of the
Lane model, and after correction for absorptign
due to the background of T states, were used to
calculate the elastic spectroscopic factors. The
results for a total of 14 resonances analyzed com-
pare favorably with those of the other elastic ana-
lyses and with the (d, p) investigations.

Excitation energies of 42 states in *°Te were
determined from the spectra taken at the various
IAR. The resonant behavior of three groups of
states observed, respectively, in the inelastic
scattering data at the dy,, f;/,, and pg,, IAR at
7.978, 10.209, and 10.500 MeV was found to be
characteristic of neutron particle-hole excited
states. Fits to the on-resonance angular-distribu-
tion data for five states at the d,,,, nine states at
the f,,,, and two states at the p,,, IAR have allowed
us to determine inelastic partial widths, hole con-
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figurations, and possible spins and parities for
these states. Approximations for the single-par-
ticle partial widths again enable spectroscopic
factors to be evaluated. The sums of the spectro-
scopic factors for d,,, and s,,, decay indicate the
Sy.” ! strength to be mostly accounted for and the
d,,,”" strength to be about 3 accounted for at these
resonances,

The widely spaced group of a large number of
states resonating at the p,,, IAR at 10.500 MeV
is believed to arise from the mixing of ordinary
neutron particle-hole states built on the 0* core
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with states of a similar configuration built on the
2% first excited state at 0.816-MeV excitation.
Because of this additional complication, only the
two strongest states at the p,,, IAR were analyzed
in the framework of the present investigation.
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