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Excitation functions have been measured for elastic and inelastic scattering of protons from 1°Cd, M12Cd,
and Cd at proton energies from 6.0 to 11.0 MeV. The isobaric-analog resonances observed in 11In, 18In,
and In nuclei were analyzed by fitting the elastic excitation functions using a shell-model approach to
reaction theory to extract quantitative nuclear-structure information for the parent analog states in 11Cd,
13Cd, and "Cd. Spectroscopic factors have been evaluated, and their dependence on the choice of optical
and bound-state potentials has been studied. Coulomb displacement energies were also obtained from
these data. Comparisons have been made with existing (d, p) work on 1°Cd, 12Cd, and 1Cd. In general,
there is reasonable agreement between the (p, po) and (d, p) spectroscopic factors, excitation energies,

orbital angular momenta, and total angular momenta.

I. INTRODUCTION

XTENSIVE analyses of proton elastic scattering
of isobaric-analog resonances have been carried out
for nuclei near the closed neutron shells N=2821 and
=126% using the theory of Weidenmiiller and
Mahaux.3 A study of the centroids of the observed
analog levels in the compound nucleus gives information
concerning the order in which neutron shells are filled.
A deviation from the simple shell-model predictions
concerning the order of the nuclear levels can provide
useful information on the pairing energy between two
nucleons.

We have studied isobaric-analog states observed in
the (p, po) reaction with targets of 1°Cd, “2Cd, and
14Cd. Previous MCd(p, po) measurements have been
reported by Hamburger et al* Since the cadmium
nuclei do not have a closed-shell structure, there is a
rather large fractionization of the single-particle states.
One of the aims of the present work is to use the existing
experimental techniques and theoretical analyses to
extract quantitative nuclear-structure information on
the parent analog states in ™Cd, *3Cd, and **Cd from
the measurement of isobaric-analog resonances in the
compound nuclei *In, ®In, and ¥*In. Comparison of
the spectroscopic information thus obtained with
existing (d, p) work on the same targets is of interest.

Rather low-resolution (30keV) (d,p) work on
10Cd5 and high-resolution (12 and 8 keV, respectively)

1 Research sponsored in part by the U.S. Atomic Energy
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(d, p) work on 2Cd ¢ and ™Cd’ have been carried
out. The elastic (p, p) measurements do not have as
high a resolution as the corresponding (d, ) work on
12Cd and 1*4Cd, but they should allow the resolution of
all states observed in the existing °Cd data.

II. EXPERIMENTAL PROCEDURE

Self-supporting targets were prepared from the
evaporation of isotopically enriched cadmium metal.
The isotopic enrichments were as follows: 1°Cd, 96.6%;
12Cd, 98.5%; MCd, 99.09%. The targets were prepared
by evaporating cadmium pellets made from compressed
cadmium powder in a tantalum boat. Because molten
cadmium does not adhere to tantalum, a copper foil
was used as an adherent for the cadmium metal in the
tantalum boat. To prevent the copper base from
evaporating, the temperature of the boat was kept only
slightly above the boiling point of cadmium.

Target thicknesses were determined from the scatter-
ing of 3.6-MeV protons. At this energy, the scattering
was assumed to be purely Rutherford. The target
thicknesses were 108 ug/cm? for "°Cd, 283 ug/cm? for
12Cd, and 305 pg/cm? for 1Cd.

The incident proton beam for the experiments was
obtained from the University of Texas EN tandem
Van de Graaff accelerator. The beam energy was cali-
brated using the ¥Al(p, #) threshold and is believed to
have an uncertainty of 3=20 keV. Four lithium-drifted
silicon detectors were used at laboratory angles of 90°,
120°, 150°, and 170° and were cooled to dry-ice tem-
perature to reduce noise and to improve resolution. The
data consist of excitation functions for elastic scattering
for c.m. proton energies between approximately 6 and
11 MeV andare shown in Figs. 1-3. For 1°Cd and 12Cd,
the energy steps between each data point were about
9 keV; for 4Cd, the energy steps were approximately
18 keV. Each datum point represents from 10 to 10°
counts. The relative experimental errors are caused by

6 L. H. Goldman, J. Kremenek, and S. Hinds, Phys. Rev. 179,
1172 (1969).

7J. B. Moorhead, B. L. Cohen, and R. A. Moyer, Phys. Rev.
165, 1287 (1968).
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Fic. 1. Excitation functions for the elastic scattering of
protons from 11°Cd at laboratory angles of 90°, 120°, 150°, and
170° for c.m. proton energies from approximately 6.0 to 9.4 MeV.
Statistical uncertainties in the cross sections for Figs. 1-3 are
smaller than the data points.

target inhomogeneity and changes in the solid angle as
the beam wanders over the target. Absolute cross
sections are thought to be accurate to 109%,.

III. THEORETICAL ANALYSIS

The method of analysis has been described previously.
Following Weidenmiiller and Mahaux,® the energy-
averaged scattering matrix for elastic scattering on
spin-zero targets is given by

<Sli>= eXP(Ziali)—i eXp(ziali)[Pli/(E— ER‘*‘%H‘)]:

(1)
where
Ty,=TyW (_1+ ZiIlf_lii—(léll.i/rli))2 (2)
and
exp(ZiBl,.)= eXP(Zialf)[(l_ Yl:)/(l—‘— Yli):l- (3)

8, is the optical-model phase shift for the pC system,
and ay, is its real part. A, is the energy shift due to the
decay of a proton from an isobaric-analog resonance.
All other quantities are defined in Ref. 3.

Code juLius® was used to generate theoretical
elastic-scattering excitation functions using expres-
sions (1), (2), and (3) for the scattering matrix. The
code uses a potential with a surface-peaked imaginary
part and a real spin-orbit part.

88, A. A. Zaidi (private communication).
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V(r)=—Vf(r, ror, ar)—14a:Wp(d/dr)f (7, 70s, a;)
central
01V oo (7i /¢ Y21 (d/r)f (7, Teo, @s)
spin-orbit
+(Ze*/2r.) (3—7%/r?)
+Ze/r

if r<r,
ifr>r,
Coulomb.
The function f(r, 7, @) is the usual Saxon-Woods shape:
f(r, 70, )= {1+ exp[ — (r—rd"?)/a]}~

Zaidi and Darmodjo? showed that the theoretical
proton partial width of an analog resonance can be
calculated from the expression

Ty, (th)= (RTo/E) | (®na | V1| xpc™) 2

The radial wave functions ®,4 and x,¢ are obtained
by numerical integration of the homogeneous part of
the Lane equations. The potentials binding the parent
analog states, used in the calculation of ®,4, and the
real part of the proton optical-model potential for the
pC system, used in the calculation of x,¢™, are related
through the equation

ToVi(r)+Vo(r)=Vau(r),
where

in agreement with the value obtained from analysis
of charge-exchange (p,n) reactions.® A real volume-
type charge-exchange potential Vy(7) = Vif(7, 7, @) was
used. The spectroscopic factor of the analog state is
then given by

Spp= I‘li(A)/I‘li(th)‘

Code cpmaIN,® a modified version of the bound-state
code NEPTUNEY by Tamura, was used for the evaluation
of theoretical proton partial widths, I';,(th). Code

TasirE I. Proton optical parameters used in fitting the
elastic-scattering data.

WCA(p, po)  MCd(p, po) MCA(p, po)

V (MeV) 53.0 57.0  63.0—0.20E,
Wp (MeV) 9.0 9.2 6.5

Veo (MeV) 4.0 4.0 4.0

7or (F) 1.22 1.23 1.22

roi (F) 1.22 1.22 1.22

7so (F) 1.22 1.23 1.22

ar (F) 0.63 0.64 0.63

a: (F) 0.63 0.68 0.63

5o (F) 0.63 0.66 0.63

9 G. R. Satchler, R. M. Drisko, and R. H. Bassel, Phys. Rev.
136, B637 (1964).
1T, Tamura, Comp. Phys. Com. (to be published).
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F16. 2. Excitation functions for the elastic scattering of protons from 12Cd at laboratory angles of 90°, 120°, 150°, and 170° for c.m.
proton energies from 6.5 to 10.9 MeV.

GPMAIN uses the same potential as code JuLIUS, except
that only the spin-orbit and real central terms are
employed, and no imaginary well is used.

In the analysis of 28Ph(p, p) elastic-scattering data,?
an optical potential V, was found that reproduced the
binding energies of the gos, Si2, g7, and dse parent
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Fic. 3. Excitation functions for the elastic scattering of
protons from 114Cd at laboratory angles of 90°, 120°, 150°, and
170° for c.m. proton energies from 6.75 to 10.1 MeV.

analog states in *Pb. The depth and geometry of the
real part of the proton potential used in the scattering
matrix were fixed, therefore, in accordance with the
neutron potential and symmetry term. The imaginary
optical parameters were then adjusted to fit the back-
ground scattering.

Unlike 2®Pb, which is a doubly magic nucleus,
1Cd, 12Cd, and Cd have neither neutron nor proton
magic numbers. Consequently, these nuclei have rather
complex shell structure. As a result, there is rather large
fractionization of the various observed single-particle
levels in the odd cadmium isotopes, so that it was not
possible to determine exactly the binding energies of
the single-particle levels. Consequently, a unique poten-
tial V,a that could reproduce all the single-particle
binding energies could not be found.

In the present analysis, the elastic-scattering excita-
tion functions were first fitted by means of code juLius.
The proton optical parameters were varied to fit the
background scattering, and the resonance parameters,
namely, the proton partial width I';;(4; total width T,
the resonance energy FEpg, and the level shift function
Ay;, were adjusted to give optimum agreement between
the experimental data and the calculated excitation
functions. In fitting the background, Perey’s average
parameters'! were used as starting points. The proton
optical parameters obtained in fitting the background
are shown in Table I. An energy dependence of the real
optical potential was found to improve the background
fit for the ™MCd(p, po) data, and it was therefore used.

U F. G. Perey, Phys. Rev. 131, 745 (1963).
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TasLE II. Neutron binding energies and the resulting bound-state well depths used in the
calculation of theoretical proton partial widths.

lllcd llscd 115Cd
B.E. Ve B.E. Vae B.E. Vac
ly (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
Si/2 5.148 45.80 5.924 46.04 5.742 45.93
a2 5.133 45.80 5.775 45.72 5.642 45.69
dsrz 6.389 45.80 7.057 45.80 6.956 45.80
Jare 4.454 56.40 3.642 53.80 3.642 54.00
Pz 4.354 58.77 3.542 55.94 3.542 56.12

TasiE ITI. Resonance parameters and spectroscopic factors determined from the theoretical fits to the 1°Cd(p, p) elastic-scattering
data. In this and Tables IV and V, I';;(A) is the partial proton width of the resonance, and I'(total) is the total width. Quantities en-
closed in parentheses are probable but not certain assignments. A comparison of the 1°Cd (p, p) and *°Cd (d, p) analysis is also shown.

llOCd(P’ po) llocd llocd (d, P) 110Cd a
Excitation
Eqom. Eem.—6.428 Iy T'(total) energy

(MeV) (MeV) 1 J* (keV) (keV) Spp (MeV) l J*

6.428 0.000 0 i+ 23.0 52.0 0.34 0.00 0 1t

6.695 0.267 2 2+ 1.62 26.0 0.12 0.245 2 $+

6.784 0.356 2 3+ 4.18 25.0 0.17 0.34 2 3+

0.40 5 L1l-

(6.863) (0.435) (0) () 2.30 40.0 (0.03)

(6.961) (0.533) 0) ) 6.70 67.0 (0.09)

(6.993) (0. 565) 2) ¢ 0.48 29.0 (0.03)

7.040 0.612 2 5+ 0.37 30.0 0.02 0.61 2 2+
(7.089) (0.661) 0) C)] 2.20 35.0 (0.03)

(7.143) (0.715) (2) ¢ 1.40 52.0 (0.08) 0.70 @) C)
7.290 0.862 2 3+ 7.60 50.0 0.26 0.86 2 3+
7.458 1.030 0 i+ 12.00 50.0 0.15 1.02 0 Al
7.511 1.083 2 5t 0.08 8.0
7.560 1.132 2 5+ 0.60 32.0 0.03 1.13 2 3+

1.19 0 i+

7.744 1.316 0 e 12.40 90.0 0.02 1.33

7.801 1.463 2 (51 0.32 25.0 (0.01)

7.983 1.555 2 (€] 2.60 35.0 (0.07) 1.55 2 (3%

8.059 1.631 0) (€3] 0.36 24.0 1.66 0 3H

8.173 1.745 2 o) 1.60 35.0 (0.04) 1.72 2 3%

8.219 1.791 2) 5+ 0.20 15.0 (0.01)

8.303 1.875 2 o) 0.40 22.0 (0.01) 1.86 2 M
(8.393) (1.965) 2) (€] 0.26 16.0 (0.01) 1.97 2 (3%
(8.423) (1.995) (2) i) 0.50 17.0 (0.01) 2.02 2 3N
(8.467) (2.039) (2) Ca») 0.46 20.0 (0.01)

(8.572) (2.144) (1) %) 0.56 30.0 (0.01) 2.14

(8.654) (2.226) (2) Ca) 0.50 35.0 (0.02) 2.20

(8.764) (2.336) (0) G+ 1.60 35.0 (0.02) 2.28

(8.810) (2.382) (2) (C) 0.23 15.0 (0.01)

8.906 2.478 3 - 2.00 35.0 0.08

9.012 2.584 0 3t 1.90 38.0 0.02

9.123 2.695 0 y 2.40 30.0 0.03

9.205 2.777 3 T 0.74 28.0 0.03

2 B. Rosner, Phys. Rev. 136, B664 (1964).
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Fic. 4. Theoretical fits to the 19Cd(p, p) elastic-scattering data at c.m. energies between 6.0 and 8.0 MeV. The arrows indicate the
resonance energies determined from the analysis.

In order to calculate I';;(th), the approximate
binding energies of the sy, d3/2, Tsy2, f7/2, and D312 single-
particle levels in MCd, ™Cd, and “Cd, respectively,
were deduced from the Cd(d, p) analyses. The bound-
state well depths were then searched to give approxi-
mately these binding energies, holding the same
geometry (radius and diffuseness) for the #C system as
had been used for the pC system. The binding energies
and the deduced well depths are tabulated in Table II.
For all the three isotopes, significantly deeper well
depths were obtained for the fy2 and pgs single-particle
states lying above the closed N =82 shell than for the
s and d single-particle states below the closed shell.

The theoretical proton partial widths were then
calculated using code GpMAIN. The appropriate neutron
well depths, given in Table II, were used in the calcula-
tion of ¢,4. The proton real-well depth V,, used in the
calculation of x,c, was related to the neutron well depth
V. through V,=V,+52(N—Z)/A, corresponding to a
symmetry term 37,V;=26(N—Z)/A in the proton
potential. Finally, the spectroscopic factors were
evaluated using

Spp= Fli(A)/Fli(th)'

IV. RESULTS AND DISCUSSION

For each isotope, the data clearly show a strong =0
ground state followed by one or more prominant /=2
resonances. The resonances become progressively
weaker at higher excitation energies. Above a proton

energy of 9 MeV, however, clearly defined /=3 resc-
nances appear in all three cases. Fits to the data were
made in overlapping sections. In general, good fits were
obtained; however, at the highest proton energies,
where the analog resonances are weak and overlapping,
good fits could not be obtained. Consequently, the
resonance analyses, and particularly the spectroscopic
factors, are not considered to be reliable at the highest
energies. Although it is usually easy to determine the
I value of an observed resonance from its shape at
different angles, the shapes of the resonances are insensi-
tive to the J values. The J-value assignments are there-
fore based on shell-model considerations and on
previously reported (d, p) and (d, t) results.

The low-lying states with high orbital momenta /=4
and 5 were not observed in the elastic-scattering data
because of the low penetrability of these waves to the
Coulomb barrier. Further, the high resolution of the
12Cd(d, p) and MCd(d, p) work allowed the identifica-
tion of more levels than could be observed in the (p, po)
measurements. However, the identification of the /=3
states at rather high excitation energies appears more
reliable in the (p, po) work than in the corresponding
(d, p)_measurements.

Theoretical fits to the data are shown in Figs. 4-9.
The arrows on the energy axis indicate the positions of
the resonances. For each resonance, the resonance
parameters were kept the same for all four scattering
angles. The resonance parameters obtained from the
theoretical fits to the experimental data, the ! and J
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Fi6. 5. Theoretical fits to the 1°Cd(p, p) elastic-scattering data at c.m. energies between 7.8 and 9.4 MeV. The arrows indicate the
resonance energies determined from the analysis.
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resonance energies determined from the analysis.
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Fic. 7. Theoretical fits to the 2Cd(p, p) elastic-scattering data at c.m. energies between 8.8 and 11.0 MeV. The arrows indicate
the resonance energies determined from the analysis.

assignments, and the spectroscopic factors .S,, are given
in Tables ITI-V. The results of the previously reported
(d, p) work are also shown. Spectroscopic factors are
not available for the °Cd(d, p) work. For most states,
there is a one-to-one correspondence between the low-
lying levels as observed in the two experiments. In
nearly all cases, the spectroscopic factors S,, for sy
states are larger than the spectroscopic factors Sy, ob-

tained for their parent states. Morrison? reports that
Spp values for low I values are in general greater than
Sap values and concludes that for /=0, this discrepancy
may be due to an underestimate of Sq, caused by the
lack of experimental data at 0°, where the maximum for
the (d, ) /=0 angular distribution lies, and by the
high sensitivity of DWBA calculations for /=0.

The tables are discussed in detail below. The over-all
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F1c. 8. Theoretical fits to the Cd(p, p) elastic-scattering data at c.m. energies between 6.7 and 8.4 MeV. The arrows indicate the
resonance energies as determined from the analysis.
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TasLE IV. Resonance parameters and spectroscopic factors determined from the theoretical fits to the 12Cd(p, p)
elastic-scattering data. A comparison of the 2Cd (3, p) and *2Cd(d, p) analyses is also shown.

1Cd (p, o) 12Cd

12Cd (d’ ?) 13Cda

Excitation
Eem. Eom.—6.799 I;8  T'(total) energy
(MeV) (MeV) l J* (keV)  (keV) Spp (MeV) 1 J* Sap
6.799 0.000 0 3t 21.0 50.0 0.4 0.00 0 i 0.34
0.27 5 i~ 0.40
7.106} 0.307 2 3+ 7.2 33.7 0.38 0.30 2 &+ 0.40
0.32 2 2+ 0.14
0.46 4 I+ 0.26
0.53 4 i+ 0.36
7.343 0.544 2 2+ 1.0 45.0 0.05 0.59 2 ) 0.05
7.457 0.658 2 3+ 3.5 47.0 0.15 0.68 2 39 0.27
0.76 0 3+ 0.14
0.82 4 I+ 0.12
7.664 0.865 0 i+ 7.0 50.0 0.11 0.88 0 3t 0.07
0.90 2 2+ 0.21
0.96
7.783 0.984 0 3+ 4.60 50.0 0.07 0.98 0 3+ 0.04
1.01
1.1340.02
1.1740.02
7.990 1.191 2 £+ 0.96 25.0 0.04 1.20 2,3
1.28 2 3" 0.08
1.32
1.3940.02
1.43 2 (3% 0.06
1.4540.02
8.305 1.506 2 3+ 0.88 30.0 0.03 1.49 2 C) 0.06
1.54
1.58 3? F)e 0.02
8.404 1.605 2 g+ 0.97 31.8 0.03 1.61 2 C) 0.02
1.67 2) (3% 0.02
(8.599) (1.800) 2) 3h 0.26 35.0 (0.01) 1.81
1.84 1,2
1.88
1.90 0) 1) 0.02
1.99
2.04 3 - 0.04
2.08 0) t) 0.01
2.11 3? - 0.02
2.1240.02
2.144-0.02 0??
8.959 2.160 0 i+ 1.50 30.0 0.02 2.17 1 3= 0.04
(9.012) (2.213) (0) 3h 1.40 40.0 (0.02) 2.18 1 i 0.03
9.057 2.258 3 - 1.73 58.0 0.06 2.24 3??
2.27
2.31 1? 7 0.01
2.33
2.37
2.41 4?7
(9.251) (2.452) (1) 3 0.60 18.0 (0.01) 2.44
2.54 3? 7 0.03
9.392 2.593 1 3= 1.80 34.0 0.02 2.58 1? & 0.02
2.63 0? 31 0.04
9.434 2.635 3 - 0.54 25.0 0.02 2.69
(9.526) (2.727) 1 3 0.30 30.0 2.75
9.555 2.756 3) ) 0.63 38.0 (0.02) 2.77 1? e 0.02
(9.600) (2.801) (0) €] 1.80 40.0 (0.02) 2.81 0 1+ 0.03
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TaBiE IV. (Continued).

12Cd (p, po)112Cd

1204 (d, p)1sCds

Excitation
Eom. Eom.—6.799 Ty, T'(total) energy
(MeV) (MeV) l JT (keV)  (keV) Spp (MeV) l J* Sap
9.674 2.875 3 = 0.62 29.0 0.02
(9.717) (2.918) 3) ) 0.70  70.0 (0.02)
(9.796)  (2.997) (2) (3  0.20 25.0
(9.850) (3.051) 0) (3t 1.70  35.0 (0.02)
9.887 (3.088) (2 (Y 1.20  60.0  (0.02)
9.954 3.155 1 3= 1.80 32.0 0.02
10.062 3.263 1 3= 1.60 55.0 0.02
10.152 3.353 3 - 0.40 34.0 0.01
(10.260) (3.461) (1) %) 2.00 70.0 (0.02)
(10.419)  (3.620)  (0) (&%) 1.40  40.0  (0.01)
10.513 3.714 1 2= 1.80 32.0 0.02

2 L. H. Goldman ef al., Phys. Rev. 179, 1172 (1969).

sums of the spectroscopic factors >S,, and 3 .Sq, for the
single-particle states are tabulated in Table VI.

A. 1Cd(p, po) and 1°Cd(d, p)

In general, there is a good one-to-one correspondence
of states observed in the (p, po) and (d, p) measure-
ments, although it is not clear why the s12(d, p) state
at 1.19-MeV excitation was not seen in the (p, po) work.
More levels are observed in the elastic-scattering work
than were reported in the (d,p) measurements, and it
is probable that the energy resolution (30 keV) pre-
vented identification of these states in the (d, p)

H
o

ad—g(rnb/'sr)

IR

analyses. A comparison of spectroscopic factors for the
two measurements is not possible since .Sg, values are
not reported.

B. 2Cd(p, po) and Cd(d, p)

For the si2 ground state and for the sy, states at
excitation energies of 0.865 and 0.984 MeV, .S,, values
are consistently larger than the corresponding Sa,
values. Three sis levels at (d, p) excitation energies
of 0.76, 1.90, and 2.08 MeV were not observed in the
(p, po) work. The 1.90- and 2.08-MeV levels have very
low Sa, values (0.02 and 0.01, respectively.) It is not

8/ 82 83 84 85 87 88 89
c.m, PROTON

1 D ”sle 54 95

88
ENERGY (MeV)

98 10,0 10,2

Fic. 9. Theoretical fits to the 1Cd(p, p) elastic-scattering data at c.m. energies between 8.1 and 10.1 MeV. The arrows indicate the
resonance energies as determined from the analysis.
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TaBLE V. Resonance parameters and spectroscopic factors determined from the theoretical fits to the Cd(p, p)
elastic-scattering data. A comparison of the 1Cd(p, p) and #Cd(d, p) analyses is also shown.

MCd (p, po)14Cd MCq(d, p)MCde
Excitation
Eqm. Eem.—7.126 I, T'(total) energy
(MeV) (MeV) l Jm (keV) (keV)  Spp (MeV) ! Jr Sap
7.126 0.000 0 3t 32.0 65.0 0.63 0.000 0 + 0.35
0.178 5 11- 0.33
7.363 0.237 2 3+ 9.80 45.0 0.49 0.227 2 i+ 0.53
7.491 0.365 2 2+ 1.70 32.0 0.09 0.357 2 2+ 0.096
0.389 4 I+ 0.27
7.593 0.467 2 3+ 0.469 2 3+ 0.184
0.503 2 3+ 0.103
(7.742) (0.616) (2) (3  0.42 19.5  (0.02)
7.774 0.648 0 i+ 10.0 55.0 0.16 0.644 0 3t 0.085
0.695 3) &) 0.0023
7.870 0.744 2 3+ 0.62 30.0 0.02 0.743 2 3+ 0.049
7.915 0.789 2 3+ 1.40 23.0 0.05 0.770 2 g+ 0.126
(7.951) 0.825) (0) (3%  4.20 85.0  (0.06) 0.803 0 1+ 0.0061
0.872 3 o 0.004
0.896
8.068 0.942 0 3t 2.40 50.0 0.04 0.955 0 i+ 0.014
1.02 (1) 3 0.0018
1.062 4 i+ 0.045
8.196 1.070 2 $+ 1.085 2 5+ 0.024
1.125
(8.313) (1.187)  (0) (3  4.60 70.0  (0.06) 1.175 0 1+ 0.021
1.214 3 - 0.024
1.248 2 ) 0.012
1.265 Sy
(8.398) (1.272) (2) 3% 0.26 28.0 (0.01) 1.308 2 €] 0.011
(8.454) (1.328) (2) %) 0.30 25.0 (0.01) 1.326 2 (3% 0.022
1.348  (4) G4 0.029
8.501 1.375 2 Co)] 2.00 50.0 (0.07) 1.365 2 3% 0.047
(8.515) (1.389) 0 3 7.40 58.0 0.10
1.479
(8.619) (1.493)  (2) (39  1.20 26.0  (0.04)
(8.688) (1.562) (0) 3Y 3.40 4.0 (0.04) 1.574
1.597 2 (59 0.005
(8.744) (1.618) (2) (3%  1.00 65.0 (0.03) 1.620  (2,0) (3%
1) 0.0092
1.725
1.818 2 D) 0.0071
1.840 (2,0) 5+
'S 0.004
1.876  (2) ) 0.013
1.906  (2,4) (3
%) 0.021
9.036 1.910 1 2= 1.50 22.0 0.02 1.928 (1) 3 0.016
(9.082) (1.956) 0) D) 1.90 40.0 (0.02) 1.954
1.976  (2,4) (5%
)] 0.079
(9.104) (1.978) 1) %) 0.20 15.0 1.999 1 = 0.032
2.019 1 - 0.013
(9.154) (2.028)  (0) (&Y  0.16  20.0
9.201 2.075 3 = 1.20 60.0 0.04 2.112
9.624 2.498 3 I~ 3.80 75.0 0.12

2 J. B. Moorhead et al., Phys. Rev. 165, 1287 (1967).
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F1e. 10. A plot of spectroscopic factor as a function of real radius (ry,) and diffuseness for the 12Cd(p, py) analyses.
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TaBLE VI. A comparison of the sums of the spectroscopic
factors =Sy, and 2.5y, for the single-particle states, indicated as
obtained in the respective (p, ) and (d, p) analyses.

iy 13Ty 1mCqd 15T 15Cd

l;i Zsmr Zspp ZSdp Zspp stp
iz 0.72 0.71 0.69 1.12 0.55
ds2 0.57 0.63 1.02 0.57 1.00
dsi2 0.34 0.08 0.24 0.27 0.28
Sz 0.11 0.14 0.11 0.16 0.03
Daiz 0.01 0.10 0.14 0.02 0.06

clear why the analog of the 0.76-MeV state was not
seen. The parent analogs of s, levels at 2.160- and
2.213-MeV (p, p) excitation energies have I-value
assignments of 1 in the (d, p) work.

Three ds; levels at 0.90, 1.43, and 1.67 MeV, respec-
tively, reported in the (d, ) work, were not observed
in the elastic-scattering measurements. In general,
however, S,, values for dj; analog resonances are in
reasonable agreement with the corresponding Sip
values. The disagreement in the sums of the spectro-
scopic factors for dyj» states >,Ss, and >.S,, is partly
explained by the observation of more ds; states in the
(d, p) work than in the (p, p) measurements.

The rather strong ds, state at 0.32-MeV (d, p) excita-
tion energy was not observed in the (p, po) work.
This state, apparently was not resolved from another
d level only 20keV below it with a total width of
33.7keV. Consequently, there is a rather large dis-
crepancy in the sums of the spectroscopic factors Sap
and S,, for ds, states.

The f7/; resonances observed in the (p, po) work are
all above 9-MeV proton energy. The low-lying frs
states observed in the (d, ) work at 1.58-, 2.04-, and
2.11-MeV excitation were not observed in the (, po)
data, probably because of penetrability considerations.
However, the (d, p) I-value assignments for these very
weak states are questionable. The parent states of the
f12 analog resonances at 2.258- and 2.635-MeV excita-
tion energies are observed in the (d, ) work, but no
spin assignments are given. The parent of the f7/; analog
resonance at 9.555 MeV was assigned an / value of 1.

The analogs of the weak ps; states at 2.17- and 2.31-
MeV excitation in the (d, p) work were not observed.
The parent analogs of the ps, analog resonances re-
ported above 2.87-MeV excitation energy in the elastic-
scattering work were not reported. However, a com-
parison of the ps/» states observed in the two measure-
ments is difficult because the ps states appear at high
excitation and the p/2 single-particle strength is highly
fractionized.

C. 'MCd(p, po) and *Cd(d, p)

The parent analogs of the observed sj, states at
1.562- and 1.956-MeV (p, p) excitation energies are

HIDDLESTON, AND RILEY 1

reported in the (d, p) work, but spin assignments are
not given. The sum of spectroscopic factors .Sy, for
s1e states is 1.12, whereas the corresponding figure for
>S4y is only 0.55, indicative of the discrepancy between
Spp and Sgp, values for I=0 states. Except for the
excellent agreement between the .S,, and Sa, values for
the dy level at 7.363-MeV proton energy, the Sip
values are, in general, larger than S,, spectroscopic
factors for ds/s states. A good fit could not be obtained to
the elastic-scattering data in the region of 7.6-MeV
proton energy. Possibly, the analogs of the two closely
spaced dys states at (d, p) excitations of 0.469 and
0.503 MeV had rather large total widths and could not
be resolved by the single-level formula due to inter-
ference effects. The parent states of the ds;» analog
resonances at excitation energies of 0.616 and 1.493
MeV are not reported in the ™Cd(d, p) work. The
analogs of the ds» parent analog states at 1.248-,
1.597-, 1.818-, 1.840-, 1.876-, and 1.906-MeV excitation
energies were not seen in the elastic-scattering data. All
of these states have rather low spectroscopic factors
and, in some cases, questionable spin assignments. In
general, however, most of the ds/; analog resonances have
spectroscopic factors in reasonable agreement with
corresponding Sg, values.

The five weak levels (0.896, 1.125, 1.265, 1.479, and
1.725 MeV) reported in the (d, p) work with no spin
assignments are not observed in the (p, po) measure-
ments. It is probable that these states either have very
low spectroscopic factors or correspond to high orbital-
angular-momentum transfer values. As in the case of
12Cd, a comparison of the fy; states seen in the two
measurements is difficult. The three f7/2 states indicated
in the (d, p) data lie below 1.3-MeV excitation, while

10 110
: N Cdip.p) Cd(0'gs) O p=I70"
60 - T
7""“%\ A 0 O
- : V\N\%\,\ ||
Y LA Ao, v
Ve,
20r 1 e
L 80 22 2 20 O i
= 2°r 1o, N0 y/o+ 7
% L Cd(p,p’) ~Cd(2%,0.650 MeV) 120°
") A
E ot e p
bld g S g S
ol|T -
30 -
L 150°
101 L v'( L ae . X §
|romsente sro AT Sl Sy ]
30 -
3 . I70°
. s
10 - o i
o N AR et s
6.0 65 70 7.5 8.0 85 9.0 95

INCIDENT PROTON ENERGY (MeV)

Fic. 11. 1Cd(p, po)1°Cd and 0Cd(p, p1)°Cd excitation
curves. The yield to the 27 first excited state of °Cd is given. The
location and respective l-value assignments of some of the more
prominent of the elastic-scattering analog resonances are indicated
in the figure.
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the two observed f-wave analog resonances appear at
excitations above 2 MeV. Two p3/s levels were observed
in the (p, po) work, compared with four in the (d, p)
analyses. However, the tentative ps/, state at an excita-
tion of 1.042 MeV in the (d, p) work has an extremely
small spectroscopic factor.

mCd, ®Cd, and “5Cd have 63, 65, and 67 neutrons,
respectively, and it is to be expected that the sums of
the spectroscopic factors for dss, dsj2, and sy» single-
particle states should generally decrease with the filling
of the respective neutron subshells, that is, with the
addition of neutrons. There is, however, very little evi-
dence for such behavior. The sums of the spectroscopic
factors >.S,, for the three single-particle states remain
remarkably constant for the three nuclei studied, with
the exception of the low value of 0.08 for S, for ds2
states in “8In. This discrepancy is apparently caused
by the low resolution of the (p, p) work, as a result of
which the analog of a strong (d, p) state at 0.32-MeV
excitation was not resolved. However, it would appear
that a state so strong should have been observed in the
elastic-scattering work even if unresolved, so that the
discrepancy must be considered rather puzzling. Al-
though the sums of the spectroscopic factors for sy and
ds states are approximately constant for the different
nuclei in the (p, p) work, the lowest sy, and dss states
show a systematic increase in the spectroscopic factor
with increasing mass number. Such effects could pos-
sibly be explained by the effects of the quadrupole-
quadrupole force.

The dependence of the spectroscopic factor .Sy, on
the radius parameter 7o and on the diffuseness a. has
been studied by evaluating the spectroscopic factor for
a given radius for several different values of diffuseness.
The results for 2Cd (p, po) are shown in Fig. 10. As 7y,
is varied, it is necessary, in order to maintain a good
fit to the background elastic-scattering data, to vary
@, in such a way that the change in the spectroscopic
factor is very small. That is, good fits to the elastic-
scattering data can only be obtained for a certain range
of 7o, and a,, all of which predict approximately the same
result for Spp. The dot in each set of curves gives the
real radius, and the real diffuseness for which a best fit
to the experimental data was obtained.

The Coulomb displacement energy AE¢ between the
analog and the parent state is given by the relationship
AEc¢= Ep+Qap+ Ea, where E, is the c.m. proton energy
at which the analog resonance in the nucleus (N, Z4-1)
occurs, Qup is the (d, p) reaction Q value, and Ey is the
deuteron binding energy. The resulting Coulomb dis-
placement energies for the analog pairs !Cd-!n,
18CJ-18In, and Cd-"*In are, respectively, 13.40, 13.34,
and 13.27 MeV. These values are in good agreement
with the respective values of 13.43, 13.34, and 13.26
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MeV predicted by the empirical relationship of Long
et al.?
AEc=—1.032+1.448(Z/A'3),

where Z and A are the charge and mass numbers,
respectively, of the parent analog nucleus.

The cross sections for inelastic proton scattering were
generally low, as is expected since the analog resonances
occur at rather low incident-proton energies and since
the single-particle states in the parent nuclei are highly
fractionated. The yield to the first excited (2%) state
in Cd, (E,=0.65MeV) is shown in Fig. 11. The 2,*
state resonates strongly at the pronounced low-lying
dsjs and dy/s analog resonances and less strongly at the
low-lying s1/2 resonances. It is probable that the wave
function of the core nucleus can be thought of as being
built from not only the ground state but also from the
first 2+ excited state and that this second component
contributes mainly totheinelastic-scattering resonances.

V. SUMMARY

Extensive measurements and analyses of proton
elastic isobaric-analog resonances have been carried out
using targets of 1°Cd, "2Cd, and ™Cd. A shell-model
description of the analog resonances has been used in the
analysis of the data. A comparison of the present work
has been made with existing (d, ) work on the same
targets, with good over-all agreement. Some of the low-
lying analog resonances with high orbital-angular-
momentum quantum numbers /=4 and 5 were not ob-
served because of penetrability considerations. In
addition, very weak (d, p) levels observed and analyzed
in the high-resolution ™Cd(d, p) and ™Cd(d, p)
measurements were not observed in the (p, po) work.
Good over-all agreement was obtained between the
deduced spectroscopic factors obtained in the two
analyses. However, the spectroscopic factors Sy, for
1=0 states were generally found to be larger than the
corresponding Ss, values for the parent analog states.
The spectroscopic factors deduced from the analysis of
the proton-elastic-scattering data for the analog states
have been shown to be rather insensitive to the choice
of optical parameters. Within the experimental un-
certainties, the experimentally found Coulomb dis-
placement energies agree very well with the valus ob-
tained using the empirical relationship of Long ef al.12
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