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The level structure of the ¥ Kr-87Kr system has been investigated by means of the inelastic
scattering of protons through isobaric-analog resonances (IAR’s). 24 levels in ¥Kr between
1.55 and 5.07 MeV have been identified in the spectra. Excitation-function data indicate that
coupling of the d;/, single particle to excited states of 8Kr provides important contributions
to the wave function of the IAR’s. The coefficients describing the coupling of single-particle
states to the excited core states in 3Kr were extracted from the angular-distribution mea-
surements of the inelastic proton decay of the 5.348-, 6.826-, and 8.374-MeV IAR’s. The
inclusion of these coefficents together with previously deduced elastic spectroscopic factors
allows a rather full description of the wave functions for the parent analog states of these
IAR’s. A calculation of the wave functions and binding energies in terms of a simple core-
coupling model has been performed for the d and s states in 3Kr. The calculation shows
good agreement with the results of the analysis of the proton decay of the IAR for the low-

lying states.
1. INTRODUCTION

In this paper, paper II, we describe the inelastic
scattering of protons through IAR in ®Rb, and ob-
tain information on the wave functions of parent
analog states in the nucleus ®Kr, as well as on ex-
cited states in ®Kr. In paper I, we expressed the
parent analog states in ®Kr in the form

I‘I’>J= boJl ,@¥,); +2,'by; [®,8%,),,
Ij

and reported the determination of the (b,;)? coef-
ficients, which are related to the elastic proton
partial widths. In paper II we specifically report
on the qualitative and quantitative study of the
(b;;)? coefficients, which are related to the inelas-
tic proton partial widths. In Sec. I of this paper
we describe our experimental results, which con-
sist of both proton inelastic excitation function and
angular -distribution measurements. We then de-
scribe the theoretical analysis used in the extrac-
tion of the (b;;)* coefficients. In Sec. IV we dis-
cuss in some detail our data and their analysis at
individual resonances. Finally, in Sec. V, we cal-
culate wave functions and binding energies in terms
of a simple particle-core coupling model for the

d and s states in ®Kr, and compare the calcula-
tions with our experimentally deduced results.

II. EXPERIMENTAL RESULTS

The experimental procedure has been described
in the previous paper (paper I). A typical pulse-
height spectrum, measured at a center-of-mass
energy of 9.63 MeV, is shown in Fig. 1. Some con-
tamination, caused by carbon and oxygen, present
as carbon dioxide, and by nitrogen, was found to
build up slowly within the gas cell during the

(K3,]

course of the experiment. The peaks caused by
these contaminants are identified in the figure, to-
gether with the observed excited states in %Kr.
The over-all experimental resolution was approx-
imately 35 keV. The inelastic data consist of ex-
citation-function measurements at laboratory an-
gles of 95, 125, 145, and 165° in the energy range
from 4.76 to 10.10 MeV. Angular distributions
were measured at nine IAR’s for proton decay to
inelastic channels.

A. Determination of Excitation Energy
of States in *°Kr

The excitation energies for 24 excited states in
8Kr were determined from proton inelastic scat-
tering at 9.63 MeV. At this energy, many highly
excited states (above 3.5 MeV) were observed to
resonate with considerable strength. The excita-
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FIG. 1. ¥Kr(p, p’)¥Kr pulse-height spectrum taken
at a center-of-mass proton energy of 9.63 MeV. The
excitation energies of the observed states in ¥Kr are
indicated in the figure.
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tion energies of all the observed inelastic proton
groups were obtained by means of a least-squares-
fitting code, using the peak locations of (1) ®*Kr,
180, 4N, and 2C elastic states, and (2) the **C
first excited state. Corrections were applied for
loss of energy of the reaction particles in passing
through the exit gas and Mylar walls using the ta-
bles of Williamson and Boujot.! A quadratic fit
was employed to compensate for the nonlinearity
of the energy loss and possible nonlinearity intro-
duced by the electronics. The procedure was re-
peated for 21 laboratory angles. The results were
checked for self-consistency and then averaged.
The resulting energy level diagram for %¢Kr is
shown in Fig. 2. The spin assignments indicated
are from a previous analysis of the inelastic scat-
tering of 14.82-MeV protons from %Kr.? The ex-
citation energies are assigned a maximum abso-
lute uncertainty of +15 keV.

B. Excitation Functions

The inelastic scattering excitation function data
are displayed in Figs. 3-5. In general, the data
exhibit sharp resonant structure of a simple Breit-
Wigner shape, resting on a rather small, flat back-
ground.

The excitation functions for the single-phonon
2 and 3¢ collective -state channels are dis-
played in Fig. 3. The data for the 2] channel are
composed of two sections, 165° being the observa-
tion angle for the data below 7.3 MeV, and 95° for
the data above 7.3 MeV. The contaminant lines in-
terfered with the 165° data in the higher -energy re-
gion. For both channels the excitation function is
dominated by one prominent resonance, the 6.826-
MeV IAR for the 2" channel, and the 8.374-MeV
IAR for the 3¢ channel. The 2{ channel exhib-
its a smaller resonance at nearly every elastic
resonance energy, which is indicated by the ar-
rows along the bottom of the figure. The 3¢ chan-
nel does not appear in the data before 7.5 MeV. It
resonates weakly at the small negative-parity 1=5
resonance, as well as at several of the even-par-
ity IAR’s.

The 2.23-MeV channel, shown in Fig. 4, exhibits
only four resonances over the range of the data,
each in conjunction with an even-parity IAR. The
high spin of this state (4*) apparently inhibits its
participation in the compound -nuclear wave func-
tion. In contrast, the 2.33-MeV channel, with
spin 2*, has an extremely complex resonant be-
havior. It first appears as a small resonance at
the 6.826-MeV IAR (not included in the figure),
then resonates at nearly every other IAR, with
structure continuing to 10 MeV. The 2.71-MeV
channel is essentially inactive, with only one res-

onance at the =2, 7.463-MeV IAR. The three
channels at 2.83, 2.90, and 2.99 MeV exhibit a
similar resonant behavior, each obtaining its larg-
est resonance at the /=2, 8.142-MeV IAR.

Except for the 3.76-MeV channel, which is es-
sentially inactive, each of the remaining channels
shown in Fig. 5 is characterized by a single domi-
nant resonance, which occurs at an energy near
the sum of the ground-state, d;,, IAR energy and
the excitation energy of the channel. For 12 of the
16 channels this characteristic is observed. Only
the 2.23- and 2.33-MeV channels, among those
which exhibit appreciable resonant structure, and
the weakly excited 2.71- and 3.76-MeV channels
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FIG. 2. An energy level diagram for states of 8Kr.
The spin assignments are from the work of Ref. 2.
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FIG. 3. Inelastic excitation functions for the scattering of protons from the 1.55- and 3.08-MeV states in 8¢Kr.
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FIG. 4. Inelastic excitation functions for the scattering
of protons from %Kr. All data, except for scattering to
the 1.55-MeV state, were taken at a laboratory angle of
145°. Excitation energies of the residual states in 36Kr
are indicated in MeV.
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FIG. 5. Inelastic excitation functions for the scattering
of protons from %Kr at a laboratory angle of 145°. Ex-
citation energies of the residual states in %Kr are in-
dicated in MeV.



5 STUDY OF CORE COUPLING IN ®'Rb...II 1649

do not follow this tendency. Table I summarizes
the tendency by listing the energy at which each
channel exhibits its largest resonance, in compar-
ison with the excitation energy of the channel plus
5.348 MeV. Such behavior is indicative of the cou-
pling of the d,,, single particle to the excited **Kr
core states.

C. Angular Distributions

Angular distributions were measured at the nine

IAR’s listed in Table II and are shown in Figs. 6-9.

The solid lines are Legendre-polynomial fits to
the data; the corresponding Legendre coefficients
are listed in Table II. The angular distributions
are reasonably symmetric about 90°, indicating
that the compound-nuclear -reaction mechanism is
dominant. Except for the measurements at the
5.348- and the 7.892-MeV IAR’s, the angular dis-
tributions for a particular inelastic channel were
measured at the energy at which it resonated most
strongly. No measurements were made at the
7.420- and 7.463-MeV IAR where the 44" and 2§
channels resonate most strongly. These reso-
nances occur in a region where there are three
closely spaced IAR’s, and the contributions over-
lap.

III. METHOD OF ANALYSIS

The inelastic spectroscopic factors, S,,(/1;j)
=(by,)?, for the coupling of the single-particle
states to the excited core states are related to the
inelastic proton partial widths (I'}?) in the same

TABLE I. A comparison between the energy, indicated
by the third column, at which the strongest resonance is
observed in a particular ¥Kr(p, p’)8%Kr channel, and the
sum of the excitation energy of that channel and 5.35
MeV. This sum is given in the second column.

E* E*+5.35 Eg MAX
(MeV) (MeV) (MeV)
1.55 6.90 6.83
2.23 7.58 742
2.33 7.68 7.42
2.71 8.12 746
2.83 8.18 8.14
2.90 8.25 8.14
2.99 8.34 8.14
3.08 8.43 8.37
3.32 8.67 8.57
3.52 8.87 8.91
3.57 8.92 8.91

3.76 9.11

3.92 9.27 9.25
4.26 9.61 9.63
4.40 9.75 9.63
4.53 9.88 9.63

manner as the elastic spectroscopic factors for
the coupling of the single-particle states to the
ground state are related to the elastic proton de-
cay width, i.e.,®

i-‘lsl;’ =S”:I";p|a)\)\:|'2. (1)

The single-particle inelastic widths I'{, were ap-
proximated by the same procedure as the elastic
single-particle widths. Each width was determined
by calculating the Lane-model elastic proton par-
tial width of the isobaric analog of a single-neu-
tron state of spin j; and orbital angular momentum
{; lying below the observed analog state at the ob-
served energy of the proton leading to the inelas-
tic channel.®> The values for |a,y|? were taken
from the elastic IAR analysis. Thus the inelastic
spectroscopic factors were calculated from the
ratio

Sppll13) =T |ars:2/T5, (2
with
S LA PPN 2
13 = sp- El Xp'elvll‘l’nA)l M (3)

TABLE II. Legendre coefficients Aj, A4,/A4,, and 4,/4,
for the fits to the 8Kr(p, p*)%Kr inelastic proton angular-
distribution data shown in Figs. 6—9. The fits are the
solid lines shown in the figures.

Ep E*
(MeV) J™ (MeV) IT Ay A Ay A A,

5.348 ? 1.55 2* -0.0825 0.3709 0.0099
6.826 -g-*, -23‘ 1.55 2* -0.3696 -0.3517 -0.0086
233 2t -0.0126 -0.2555

7892 # 283 -0.0105 -0.6764  0.0682
2.90 0.0177 -0.4791 0.0774
2.99 -0.0045 -0.5941 0.0010
8.142 $ 283 0.0132  0.7123 -0.1978
2.90 -0.0290  0.0218 —0.1224
2.99 0.0391  0.2550
8.374 §  3.08 37 0.1928 0.2904 —0.0425
8.573 ¥  3.31 0.1849
8.893 §  3.52
3.57 0.2708  0.0815
9.250 3.92 0.0179  0.0183  0.0099
9.630 3.92 0.0112  0.6060
4.26 0.0119  0.5195
4.40 -0.0149  0.2598
4.53 -0.0092  0.2597
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To extract the inelastic partial widths, the on-resonance angular distributions were fitted using the follow-

ing expression for the differential cross section*:

(-1)/2°F
o) = S[aE £, + 7]

X 3 (~1Y1*7z cos(8; ~ 6, ) (TP,

LT
iz

This expression describes the decay of a com-
pound -nuclear resonance of spin J, and orbital an-
gular momentum [, to the residual nuclear state of
spin I by emission of protons of spin j; and orbital
angular momentum ;. T';, T, and Ej are the
elastic proton partial width, total width, and reso-
nance energy. The §;, are optical-model phase
shifts calculated at the energy of the outgoing pro-

ton. The (+)('{)"/? are the inelastic proton partial-

width amplitudes and are the only free parameters
in the equation. The derivation of the above ex-
pression assumes that no direct processes are in-
volved, and that the Hauser -Feshbach compound-
nuclear contributions are negligible. The data in-
dicate that these conditions are fulfilled rather
well, as the resonance to off-resonance ratios for
the observed cross sections are greater than 10 to
1, with essentially flat off-resonance backgrounds
in the excitation functions, and the angular distri-
butions show rather strong symmetry about 90°.

IV. RESULTS AND DISCUSSION

The cross-section expression given above was
programmed into the computer code BACCHUS-
APOLLO® and was used to fit the inelastic angular-
distribution data by variation of the partial widths.
The extraction of these widths were prejudiced in
the sense that the largest value for the d;,, partial
width was sought, since the energy for the d,,,
single-particle wave function lies nearest to the
correct energy to couple with the core excitation
to provide the total excitation energy of the com-
pound system. It was necessary to include some
S,/ admixture in all cases.

A. 5.348-MeV IAR

The 5.348-MeV resonance was identified in pa-
per I as the IAR of the d;,, ground state of ®Kr,
with an elastic spectroscopic factor of 0.62. The
only inelastic transition observed at this energy
is a resonance in the 1.55-MeV (2*) channel. The
on-resonance angular distribution of protons to
this channel and the fit generated with Eq. (4) are
presented in Fig. 6. The wave function for this
IAR is dominated by the d;,, single-particle wave
function coupled to the 0* ground state of %Kr.

2Jp+1 _
(2J,+1)cos?B 3 Pr(cos0)Z(l,dylyd o 3L)
L=0

VRENT R, 2 Z (1, 5,1y 5o 5LYW (5, dody Jo3 IL) - (4)

—
The next largest contribution, 11%, arises from

coupling the d,,, single particle to the 1.55-MeV
(2*) excited core state. Coupling of the s,,, single-
particle state to the 2* core also provides a small
contribution.
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FIG. 6. Inelastic angular distributions for the scatter-
ing of protons from 8 Kr at IAR’s in 8TRb. The excitation
energies of the residual states in 8Kr and the energies
of the IAR’s at which the data were measured are in-
dicated in the figure.
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FIG. 7. Inelastic angular distributions for the scattering of protons from #Kr at the 7.89- and 8.14-MeV IAR’s in 8'Rb.
The excitation energies of the residual states in 8Kr are indicated in MeV.

B. 6.826-MeV IAR

The 6.826 -MeV resonance was identified in pa-
per I as the IAR of the second 1=2 state of ¥Kr,
at an excitation energy of 1.468 MeV, with possi-
ble spin assignments of d;,, or d,,,. The 1.55-
MeV channel displays a very prominent resonance
at this IAR, as seen in Fig. 3. The energy of
6.826 MeV, which is 1.478 MeV above the ground -
state d;,, IAR, is favorable for the coupling of the
ds,, single particle to the 1.55-MeV state. The
only other inelastic channel with any activity is
the 2.33-MeV channel, which exhibits a small res-
onance.

The on-resonance angular distributions of the
inelastic protons to these two channels and the fits
generated with Eq. (4) are presented in Fig. 6.
Equally good fits were obtained under both the d;,,
and the d,,, spin assumptions for the IAR. For the
spin value 3* the large d,,, inelastic partial width
indicates that the wave function for this IAR has a
large component composed of the d,, single-par-

ticle state coupled to the 1.55-MeV excited core
state, and actually the wave function appears to
be dominated by this configuration. In addition
there is a significant contribution arising from the
s,/ single-particle state coupled to this excited
core state, with minor contributions involving the
2.33-MeV excited core state.

C. 8.374-MeV IAR

The 8.374-MeV IAR was identified in paper I to
be an odd-parity, /=3 IAR and was assigned a
spin of £~. This is the first /=3 resonance to ap-
pear in the data, and falls below the expected cen-
troid energies of both the f,, and f,, orbits. The
elastic analysis indicated a small spectroscopic
factor for the coupling of the single-particle state
to the 0* ground state. As was the case for the
6.826-MeV IAR, the energy is favorable for the
coupling of the d;,, state to the 3.08-MeV excited
core state. The 3.08-MeV channel resonates
strongly at this energy, and since the 3.08-MeV
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state carries spin and parity of 3, vector cou-
pling with the d;,, state to a compound state of
spin f,,, is easily attained.

The on-resonance angular distribution of the in-
elastic protons to this channel is presented in Fig.
6 along with the fit generated with Eq. (4). The
analysis indicates that the IAR is dominated by
coupling to the 3.08-MeV excited core state, with
the coupling to the d;,, single-particle state being
the most important, but also with significant cou-
pling to the s,,, single-particle state. The wave
function for the parent analog state in #Kr then
has the form

,‘1’7/2> =i(o'03)1/2 I ¢0®f7/2> + (0'31)l/2 I¢3® d5/2>7/2
£(0.21)Y2[$,® s, 500 /n +°

The sum over the (b;;)? coefficients totals 0.54, in
contrast to nearly unity for the 6.826-MeV IAR.
The parent state in ®Kr is highly excited at 3.028
MeV, but this is still somewhat low for the ener-
gy expected for the f,,, single-particle state,

1 I 1 I 1 1 I 1

3.53 DOUBLET
AT 8.89 MeV

04

0.3

0.2
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FIG. 8. Inelastic angular distributions for the scatter-
ing of protons from 36Kr at IAR’s in 8"Rb. The excitation
energies of the residual states in ¥Kr and the energies
of the IAR’s at which the data were measured are in-
dicated.
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which lies across the energy gap in the next major
neutron shell. Apparently, only a small fraction
of the f,,, strength is mixed into this state, which
has the major portion of its wave function made
up from even-parity single-particle states cou-
pled to the 3™ excited core state. Single-particle
widths, experimental partial widths, and cou-
pling coefficients derived from the fits to the in-
elastic angular distributions at the 5.348-, 6.926-,
and 8.374-MeV resonances are listed in Table III.

D. 9.63-MeV IAR

The 9.63-MeV IAR could not be analyzed to ex-
tract the ! value, partial width, and total width.
However, some features about this resonance
should be discussed. In the inelastic excitation
function data, Fig. 5, a group of states above 4
MeV is observed to resonate at 9.63 MeV. In fact,
at this energy many states of excitation energy in
the neighborhood of 4.5 MeV are seen for the first
time in the data.

The expected excitation energy centroid for
[d5 ,;2®8,,2~ '], » neutron particle-hole excitations
from the N=50 closed shell is near 4.5 MeV. In
8Sr, Cosman and Slater,® using the reaction 'Sr-
(d, p)®Sr, observed six rather strong transitions

o.16}- A
0.2} i
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0.081~ AT 9.66 MeV
0.04 [_ —
—_ — a—
K 4.26
€016 AT 9.66 MeV .
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g 0149k -
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o.12f 4
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0.08}F 4.53 ~
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0.04 ] ] ] ] ] ] ] ]
40 80 120 160
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FIG. 9. Inelastic angular distributions for the scatter-

ing of protons from 86Kr at the 9.63-MeV IAR in 8'Rb.
The excitation energies of the residual states in 8Kr are
indicated.
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TABLE III. Single-particle widths, I‘f,P', experimental partial widths, T'$P, and core coupling coefficients (b”)2 de-

duced from the analysis of the 8Kr(p, p/)¥Kr data at the 5.348-, 6.826-, and 8.374-MeV IAR’s, respectively.

Ep Ex* rip  Tip Tih T TR TR

(MeV) J7 (MeV) I™ (keV) (keV) (keV) (keV) (keV) (keV) (bop)? (bys)® (bryp)? (brap? D(bpp?
5.348 ¥ 155 27 20 325 0.22 0.92 0,10 0.62 0.11 0.03 0.75
6826 § 1.55 2 10.0 54.0 140 6.1 94 0.7 0.8 0.61 0.18 0.05

2.33 25 2.7 440 0.45 0.08 0.02 <0.001 1.04

# 155 2 100 540 5.3 8.9 0.22 0.54 0.17

233 25 2.7 440 045  0.02 0.02 <0.001 0.95

8.374 4 3.08 3] 10.0 540 23 11.0 0.03 0.31 0.21 0.54

to states centered about 4.57 MeV, which prob-
ably have this particle-hole configuration. Ball
and Fulmer”’ investigated states of this nature in
80Zr with the reaction *'Zr(p, d)*°Zr, and also ob-
served six rather strong transitions to states cen-
tered about 4.79 MeV. It is thus reasonable to as-
sume that the states in %Kr near 4.5 MeV in exci-
tation energy that resonate at 9.63 MeV are mem-
bers of the [2*, 3%, 4%, 5%, 6%, 7*] multiplet possible
from the angular momentum coupling of a d;,, neu-
tron to a g, neutron hole.

As the results for the 6.826-MeV and the 8.374-
MeV IAR indicate, when an IAR occurs at an en-
ergy which is near the sum of the ground-state
ds,, IAR plus the excitation energy of a state in
8Kr, it is possible for the wave function for that
IAR to be dominated by the coupling of a d;,, sin-
gle particle to the excited ®Kr core state. Thus
the IAR at 9.63 MeV could have, as a major con-
figuration, a d,,, single-particle state coupled to
the excited core states which have an excitation
energy near 9.63 —5.38=4.28 MeV.

Assuming that the states in ®*Kr near 4.28 MeV
which resonate at 9.63 MeV are the [d;,,®g,,," ']~
neutron particle-hole excitations, and that the
IAR has as a component of its wave function a

TABLE IV. Excitation energies, possible spin assign-
ments, and relative d;, partial widths for the 88Kr states
observed to resonate at the 9.63-MeV IAR. These states
are assumed to have a neutron particle-hole character.

E*

(MeV) I Frsn
3.92 5 0.75
4.26 T 0.79
4.40 4* 1.00
4.53 4+ 0.61

ds,, particle coupled to the excited core state, this
component of the IAR wave function would then
consist of two particles in the d;,, orbit, and one
hole in the g,,, orbit. The simplest structure
would have the two d;,, particles coupled to zero
angular momentum, with the angular momentum
of the IAR provided by the g, , hole.

The angular distributions for the inelastic pro-
ton decay to the four strongest states, namely
those at 3.92, 4.26, 4.40, and 4.53 MeV, were
calculated under the above assumption using Eq.
(4). Only the decay of a d,,, particle was consid-
ered. The final state spins in ®*Kr were searched
to reproduce the shape of the angular distributions,
and the magnitude of the cross-section data re-
produced by adjusting the size of the d,,, inelastic
partial width. To obtain the calculated cross sec-
tions shown in Fig. 9, the following spin assign-
ments were required: 3.92 MeV (5*), 4.26 MeV
(7), 4.40 MeV (4%), 4.53 MeV (4*). Since the
magnitude of the elastic proton partial width was
not available, only relative magnitudes for the
dg,, inelastic widths are extracted, and are listed
in Table IV.

Under the above assumptions, the parent ana-
log wave function the 9.63-MeV IAR would have

TABLE V. A comparison of experimental and calcu-
lated centroid binding energies of neutron single-particle
states in 8'Kr.

E g, (exp) Ep, (cal)
JT (MeV) (MeV)
3" 5.005 5.266
1 4.329 3.955
$* 3.058 3.205
3 2.997 4.077
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the structure:

|on

I ) 298 =N{(bo.9/2) | ®,®8/2)0/2% (0.75)'72 I [ds/z ®g9,2"]5+®d5,2>9,2 +(0.79)| [d5/2 BEysz ‘J.,+®d5/2}.,/2
+(1.00)"/2|[d,,, 88'9/2-l]‘v‘@)ds/z)s;/z:t (0.61)'2[[dy/, ®8o/2™ 14+ @ 5)g/p ++ * -}

Entrance to the IAR would be necessary through
the |®,®g,,,) configuration. The elastic excita-
tion function data would reveal the presence of
this term by an /=4 resonance at 9.63 MeV. The
data, shown in paper I, do show some structure
at this energy, but the characteristic /=4 shape
is not discernible in this region. However, by
9.63 MeV, the density of states is becoming rath-
er high, and the individual resonances are over-
lapping. Ball and Fulmer’ have investigated par -
ent analog states of the two-particle—one-hole con-
figuration with the neutron pickup reaction %2Zr -
(p, d)**Zr, where the neutron is taken from the
8y, Orbit. It is certainly possible that a two-parti-
cle—one-hole state is seen here as an IAR, with
the d,,, proton decay to the [d,,,®g,,,],= neutron
particle-hole excited states of ®Kr. Similar IAR’s
have not previously been reported in this or any
other mass region.

Much of the above is speculation. However, the
ability to reproduce the angular distributions with
the assumptions made, and using only the single
inelastic decay width is surprising.

V. CALCULATION OF NEUTRON STATES
IN ¥Kr

The experimental study of the elastic and inelas-
tic proton decay of the IAR indicates that the cou-
pling of single-particle states to the excited states
of ®Kr provides a significant contribution to the
wave functions of states in 8Kr. It was of interest,
therefore, to attempt a calculation for the states
of ®Kr in terms of a core-coupling model.

A. Coupled Equations

The Schrédinger equation for the #Kr system is
HY=EV , (5)

where the Hamiltonian H is assumed to have the
form

H=T+H,+ Vpipc +Veoun - (6)

T is the kinetic energy operator for the neutron,
H, is the Hamiltonian for the ®Kr system, Vpag
is a real Woods -Saxon optical-model potential for
the extra neutron, and V oyp, is the interaction

TABLE VI. A comparison of the experimental and calculated binding energies and core-coupling coefficients for -2‘1*,
-g-*, and -%3‘ states in the 8'Kr system.

E* Ep (exp) Eg(cal)

(MeV)  (MeV)  (bg)?  (bysp)®  (byyp)?  (MeV)  (BFDE (b5%0)7  (b§hp? (bFLE (b5hY (5507
JTT +

0.000 5.516 0.62 0.11 0.03 5.340 0.720 0.118 0.005 0.122 0.006 0.029

1.468 4.044 0.18 0.61 0.18 3.461 0.094 0.005 0.006 0.862 0.003 0.030

1.996 3.516 0.10 2.480 0.001 0.923 0.075
J‘IT +

0.529 4.983 0.62 4.903 0.594 0.370 0.036

2.080 3.432 0.20 3.004 0.295 0.605 0.100

3.225 2.287 0.11 1.343 0.118 0.019 0.864
JT=35*

2.112 3.400 0.50 4.252 0.524 0.130 0.265 0.030 0.051

2.775 2.737 0.10 3.511 0.129 0.097 0.723 0.014 0.037

2.823 2.689 0.11

3.015 2.497 0.08

3.545 1.967 0.03 0.241 0.002 0.316 0.001 0.680
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potential which provides the coupling of the vari-

ous single-particle bound states to the core states.

The wave function for the system is assumed to
have the form
(W), = boJ|<1>°® Vi g+ by; |®;® Vg
13 (7)
='Zj>bu @9 v;)s,

where the sum extends over the states 7 of the
core and the available single-particle states j.
The radial portion of the single-particle wave
function is separated out such that

I‘I’J>=%?_)“ blfUn(")f‘I’n@qH)m- @)

The &, satisfy the Schrédinger equation for the
core system

Hd =w &, ©)

where w; is the excitation energy of the Ith state.
The |v,) are the neutron single-particle bound-
state wave functions of spin j and satisfy

(T+ Vo) lv;)=Eg(j)]v;). (10)

Ep(j) is the centroid binding energy for a neutron
in the single-particle orbit j bound in the Woods-
Saxon well V.

If we insert Eq. (9) into Eq. (5), we can obtain,
after some algebraic manipulation, the following:

az l(l+1) Vv
[d_pz"_pz——'%;@'*l by Uy (r)
1
=— bprjr
E; (S0t

X((¥;,98) | Veoup, [¥;11:@8, WU+, 7).
(11)

The above set of coupled differential equations for
the radial bound-state wave functions Uy, (»), has
been programmed into the code NEPTUNE for nu-
merical solution by Tamura.® With a given set of
optical-potential parameters, the solution to the
equations provides the set of coupling coefficients
(by; ) associated with a particular value for the
energy E,;=Ez(j) -w,.

B. Coupling to the 0° Ground State

The calculation was performed first with only
the coupling to the ground state of ®Kr considered,
i.e. with Vqup, set to zero. This calculation
yields the centroids for the binding energies as-
sociated with the neutron single-particle states,
and the neutron bound-state wave functions. The
energies are listed in Table V along with the ex-
perimentally determined centroid separation en-
ergies E;,(EXP), as determined for a particular

spin J, from the expression
EBn(Exp)ZE(bM)izEﬂn(J)i/Z‘: (bos)i?, (12)
i

where (b,,;)? is the elastic spectroscopic factor de-
termined in paper I from the analysis of the elas-
tic decay of the IAR for the ith resonance of spin
J. Epg,(J); is the experimental separation energy
of the parent of that state.

The bound-state calculations were made using
the Woods-Saxon geometric parameters used in
the (d, p) analysis of Haravu ef al.,® with a real-
well depth of 48.8 MeV and spin-orbit well depth
of 6.25 MeV.

The d and s centroids are in fairly good agree-
ment with the experimental values, while the high
spin value g,,, appears bound much less strongly
than the calculated value. By varying the real
well depth it was possible to reproduce precisely
the experimental separation energies for each
spin value. The final value of the potential depth
was selected as an average value from the indi-
vidual sets available.

C. Coupling to the 0" Ground State
and to the 2* First Excited State

Using the same optical-potential parameters as
in the preceding section, the calculation for the
dsses Sy/2 and d,,, states were repeated with cou-
pling to the first excited state (2%, 1.55 MeV) of
®Kr included. The coupling strength parameter
in Veouprs By =0.11 was taken from the coupled-
channel analysis for the proton inelastic scatter-
ing to the 1.55-MeV state.?

The single-particle strength for each spin value
was split into three levels by the introduction of
the coupling interaction. The binding energies
and the calculated coefficients (b53)? and (b§3')2
are listed in Table VI, along with the experimen-
tally determined values. A calculated level was
assigned a correspondence to that experimental
level having a separation energy and a spectro-
scopic factor coupling to the ground state nearest
to the calculated values. A comparison of the
calculated and experimental results is shown in
Fig. 10.

1. d5/2 States

The calculated d,,, binding energies were, re-
spectively, 5.340, 3.461, and 2.480 MeV. The
first value corresponds to the experimentally ob-
served ground state of ®Kr, which has a separa-
tion energy of 5.516 MeV. The elastic spectro-
scopic factor of 0.62 compares favorably with the
calculated value of 0.72. The remainder of the
wave function for this state is largely accounted
for by coupling the dj,, single particle to the 2*
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core in both the experimental [(b, 5,,)*=0.13] and
calculated [ (bS);,,)*=0.122] results. There are
minor contributions resulting from coupling the 2*
core to the s,,, and d,, states.

The second calculated level at 3.461 MeV can be
associated with the /=2 experimental level at
4,044 MeV if the spin is assumed to be d;,,. The
elastic spectroscopic factor was found to be 0.18,
compared with a calculated value of 0.094. As
previously discussed, we believe that the 4.044-
MeV state is dominated by a dy,, single particle
coupled to the 2* core, with the (b, s,,)* value of
0.61. The calculation supports this contention, as
indicated by the large (b$*,,)*=0.862 value. Both
the experimental and calculated results indicate
small contributions from the 2* core coupling to
the s,,, single particle.

The third calculated binding energy of 2.480
MeV cannot be associated with any of the observed
levels. The calculation indicates a very small
elastic spectroscopic factor, and that the wave
function is dominated by the 2 core coupled to
the g,,, single particle.

2. Sy/2 States

The calculation yields three s,,, binding ener-
gies at 4.903, 3.004, and 1.343 MeV. The lowest
level can be associated with the second excited
state of ®’Kr with a separation energy of 4.983
MeV. The elastic spectroscopic factor (b, ,,,)
=0.62 is in good agreement with the calculated
value of 0.59. No analysis was performed on the
inelastic proton decay of this IAR, and thus no

Si2 0.12
3545 1967 ds,, 0.03
3.225 2.287 Si2 011 ds,, 0.002
3.015 2497 ds/2 0.08 ———— —_—
2.823 2.689 aoil_____ ds/2 0.001
2775 2737 dy, 010
i,z 0.300
2.112 3400 ds, 0.50 i3
2.080 3432 S1/2 020 : > ds,, 0090
1.996 3516 (ds/z,3/2/010 ) d3/2 0.130
S
SN
1,468 4.044  (ds/p.3/2)0.18 —————— ANy
ds,2 0.520
0.529 4.983 .2 0.62 = == =777 —_——52 0590
ds/2 0.720
0000 5.516 d,, 0.62
E E 2 caL 2
(Mev)  (Mev) 4 (boy) 2, 05y

FIG. 10. A comparison between the experimental and
calculated dy/y, dy/9, and sy, states in 8Kr. The first
two columns list the respective experimental excitation
energies and separation energies. The calculated binding
energies are indicated by the position of the second col-
umn of horizontal lines. The correspondence between
experimental and calculated states is indicated by the
dashed lines.
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(b, ;)? values are available for comparison with the
calculated values. The calculation indicates that
the remainder of the wave function may be consid-
ered to be a d;,, neutron coupled to the 2" core.
In the excitation function measurements, (Fig. 3),
a resonance is observed in the 1.55-MeV channel
at this IAR.

The binding energy eigenvalue of 3.004 MeV can
be associated with the second s,,, state with a sep
aration energy of 3.432 MeV. The elastic spectro
scopic factor of 0.20 is comparable to the calcu-
lated value of 0.295. The calculation indicates
that a large portion, (b5%,,)?=0.605, of the wave
function is found in the d,,, particle coupled to the
2" core component. The 1.55-MeV channel does
resonate strongly at this energy; however, there
are several closely spaced resonances in this en-
ergy region, and the effects of the individual res-
onances are difficult to separate.

The third binding energy eigenvalue of 1.343
MeV can probably be associated with the only oth-
er observed s,,, state, with separation energy of
2.287 MeV. The elastic spectroscopic factor for
this IAR was determined to be 0.11, while the cal-
culation yields a value of 0.118. The calculation
suggests that the remainder of the wave function
lies in the d,,, particle coupled to the 2* core com-
ponent.

3. d3/2 States

The calculated d,,, binding energies were, re-
spectively, 4.262, 3.511, and 2.411 MeV. The
4.262-MeV level has a calculated (b} ,)? value of
0.52. Other than the ground state, the only ob-
served /=2 level with a large elastic spectroscop-
ic factor is the state with separation energy of
3.400 MeV and with (b, ;,,)*=0.50. We therefore
believe that we can associate these two states with
each other. No experimental (b,;)* coefficients
are available for comparison with the calculated
values.

The 3.511-MeV state has a calculated elastic
spectroscopic factor of 0.129. Of the I=2 states
available, there are three candidates for associa -
tion with this calculated level; the 2.775-MeV lev-
el with (b, ;,,)*=0.10; the 2.823-MeV level with
(b, 327 =0.11; and the 3.015-MeV level with
(bg, 3/2)*=0.08.

The third value for the binding energy, 2.411
MeV, has a small, (55, ,)?=0.002 value associ-
ated with it. Correspondence to any observed lev-
el is not possible.

VI. SUMMARY AND COMMENTS

The level structure of ®*Kr has been investigat-
ed by means of the inelastic scattering of protons.
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24 levels between 1.55 and 5.07 MeV have been
identified in the spectra.

Excitation function data at IAR’s indicate that
the coupling of the d;,, single-particle wave func-
tion to the excited states of ®Kr provides impor -
tant contributions to the wave function of the IAR’s.
For 12 of the 16 inelastic channels at which exci-
tation-function measurements were carried out,
the data can be characterized by a single domi-
nant resonance, which occurs at an energy near
the sum of the ground-state, d;,, IAR energy and
the excitation energy of the channel.

The core-coupling coefficients describing the
coupling of the single-particle states to the excit-
ed core states in %Kr were extracted from the
angular distribution measurements of the inelas-
tic proton decay of the 5.348-, 6.826-, and 8.374-
MeV IAR’s. The inclusion of these coefficients
together with the previously deduced elastic spec-
troscopic factors allows a rather full description
of the wave function for the parent analog states
of these IAR’s. The 6.826-MeV IAR wave function
is dominated by a configuration consisting of a
d,,, particle coupled to the 1.55-MeV core state.

The 8.374-MeV IAR wave function is dominated by
the coupling of a d;,, single particle to the 3.08-
MeV excited core state, with, in addition, signifi-
cant coupling of an s,,, single particle to the 3.08-
MeV state.

A group of states of excitation energy of approx-
imately 4.5 MeV is observed to resonate at the
9.63-MeV IAR. We speculate that the observed
inelastic states are members of the [d;,,® g, ] jn
neutron particle-hole multiplet, and that conse-
quently the 9.63-MeV IAR is dominated by a d;,
single particle coupled to neutron particle-hole ex-
cited core states. Thus, the IAR would essential-
ly consist of a two-particle-one-hole configura-
tion, with subsequent d;,, proton decay.

A calculation of the wave functions and binding
energies in terms of a simple core-coupling mod-
el has been performed for the d and s states in
8Kr. The calculation shows good agreement with
the results from the analysis of the proton decay
of the IAR for the low-lying states, but the agree-
ment deteriorates as higher excited levels are
considered.
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