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Differential cross sections for elastic and inelastic scattering of 12.0-MeV protons from
84kr and *®Kr have been measured. Optical-model parameters obtained from the elastic
cross sections were used in distorted-wave—Born-approximation and coupled-channel cal-
culations in order to determine the spin, parities, and deformation parameters of excited
states. The deformation parameters found are B,=0.128 and 0.108 for the first 2* states
in 84Kr and % Kr, respectively, and are B;=0.158 and 0.145, respectively, for the first 3~
states. Most of the scattering strength to the “two-phonon” states proceed through their
one-phonon components. The spins of several higher excited states are suggested.

NUCLEAR REACTIONS ®:8Kkr(p, p’), E=12.0 MeV; measured o(6) and level
energies; deduced optical-model parameters, J™ and B from DWBA and
coupled channels.

I. INTRODUCTION

The interpretation of inelastic scattering as a
direct nuclear reaction with phenomenological
nuclear models provides spectroscopic informa-
tion on the properties of low-lying collective states
in even-even nuclei. In particular, the macroscopic
vibrational model of Bohr! provides a basis for
understanding these states in spherical nuclei
in terms of phonon vibrations with time-averaged
mass deformation parameters 3. Using this model,
the lowest-energy 2% and 3~ states in spherical
nuclei have been extensively investigated with
inelastic scattering, and have been interpreted as
one-quadrupole and one-octupole phonon vibrations
which are excited by a single-step process
described with the distorted-wave-Born-approxi-
mation (DWBA) formalism. If the cross sections
to these one-phonon states are large, the more
sophisticated coupled-channel formalism,?' 2 in
which the interactions are considered to infinite
order, gives a better reproduction of the experi-
mental data. On the other hand, pure two-phonon
vibrational states are also very collective, but
cannot be populated by a single-step process and
hence must be described by the coupled-channel
formalism. It has been established, however,
that many two-phonon states are not pure, at least
in the Cd region, and that much of their inelastic
scattering strength comes from their one-phonon
admixtures.?

In this paper we report the measurement of
differential cross sections for elastic and inelastic
scattering of 12.0-MeV protons from 22 states in
8Kr and ®®Kr. These experimental results are
compared with DWBA calculations in order to
deduce the spins and parities of the residual levels
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I” and their mass deformation parameters B;-

In addition, coupled-channel calculations have
been performed for many levels of ®Kr and 8¢Kr
in order to investigate the extent to which these
states can be described as two-phonon vibrations.

The level structure of both ®*Kr and #Kr has
been previously studied. Spins and parities were
assigned on the basis of y-ray intensities and
log ft values in the radioactive 3 decay of 8 Br3~7
and ®*Br®-1%; however, these assignments were
not unique except for a very few low-lying states.
The deuteron inelastic scattering on *¢Kr by
Rosner and Schneid,!' the ®"Rb(t, &) work by Tucker
et al.,'? and the **Kr(f, p) work by Riley et al.,'?
yielded information on ®Kr. Neutron capture!*
measurements for *Kr primarily determined
excited-state energies, whereas Heydenburg,
Pieber, and Anderson'® measured relative B(E2)
values for the first 2* state of several even-even
krypton isotopes. In addition, McCauley and
Draper!® have investigated ground-state quasi-
rotational bands in the even krypton isotopes.
Some inelastic proton scattering has been done
on %%Kr; however, the primary emphasis was on
87Rb isobaric analog levels.!” In spite of all this
work comparitively little is known about the level
structure of ®Kr and 8¢Kr.

In the present work concrete spin assignments
for excited levels are also difficult to make; how-
ever, several definite and many tentative assign-
ments are possible. In particular, we confirm
the previously tentative® 0* assignment for the
1837-keV level in #Kr. We find that neither #Kr,
which is two neutrons below the 50-neutron shell
closure, nor ®Kr which is at the 50-neutron shell
closure, is described well by a vibrational model,
and that nearly all of the inelastic strength to the
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“two-phonon” states proceed through their one-
phonon components.

II. EXPERIMENTAL APPARATUS

A 12.0-MeV proton beam from the University of
Texas at Austin EN tandem Van de Graaff ac-
celerator was focussed through a 3.2-mm colli-
mator onto target gas contained in a 7.62-cm-diam
thin walled gas cell. After passing through the
target, the beam was collected in a 25.4-cm-diam
305-cm-long Faraday cup and measured with a
BIC Model 1000C current integrator. The walls
of the gas cell were made of 3.0-um Mylar foils
with 0.79-cm by 1.11-cm beam entrance and exit
windows. These beam windows were covered with
0.63-um nickel foils.

The resultant elastic and inelastic protons from
the target gas were simultaneously detected in
four different detector assemblies spaced at 20°
intervals on a rotatable plate on the bottom of a
50.8-cm-diam scattering chamber. Each detector
assembly defined a gas target geometry factor
G using the usual two slit arrangement.'® A
typical value of G was 5.2X10"* ¢cm. The charged
particle reaction products were counted with
2.0-mm-thick, lithium-drifted silicon solid-state
detectors cooled to dry-ice temperatures. Mea-
surements were made with 99.9% isotopically pure
86Kr, 90.1% isotopically pure ®*Kr, and natural
krypton gas which contains 17.4% ®¢Kr, 56.9%
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81Kr, 11.6% %°Kr, 11.6% ®2Kr, 2.3% ®°Kr, and
0.4% ™Kr. The pressure of the gas in the cell
was measured within 2% error with a Wallace

and Tierman Model 15304 gauge which was cali-
brated with a precision oil manometer. An over-
all energy resolution (full width at half-maximum)
of rougly 35 keV was obtained with a gas pressure
of 0.025 atm. Data were taken with about 200 nA
of beam current with typical collection of 1800

to 5200 ;.C of charge.

III. EXPERIMENTAL PROCEDURES AND RESULTS

Spectra were obtained in 5° intervals from 307
to 160° with both the isotopically enriched ®Kr and
86Kr targets. Four spectra were measured si-
multaneously, and many angles were repeated
several times, both with the same detector as-
sembly and with different detector assemblies,
in order to insure consistency in the data. The
bottom part of Fig. 1 shows a typical spectrum
from the ®Kr gas at 80°. This is compared with
the spectrum shown in the top part of Fig. 1 ob-
tained from natural krypton gas at the same angle,
in order to facilitate identification of the proton
groups from other krypton isotopes. Elastic
proton groups from oxygen and nitrogen contami-
nations were observed at all angles. No %3Kr
states and only the one-phonon 2* and 3~ states
of ®®Kr were observed on the ®Kr spectra. Figure
2 shows a similar spectrum from ®°Kr gas at

— T

’ @
w00l VAT Kr 17.4% S6Kr Eri?épo)M y s |
© 56.9% 84Kr p=12.0 Me g |
6% 83K B1gp = 80 e
300} 6% 2kr 4 5 4] !
2.3% 80kr Iz J
200F  Q=1600 uc F i K

l

100 =, . . ol o : |
Part el n e . . [}
REE SRR S VRS Y S iy |
» T VA Fpen, éw,}x . AN, A, :
|~ . N K bl
3
o 84k 41% aiKr . 5 g
a00f 90.1% 2%kr ¢ 3 E 9
54% 83Kr 8 o o
g T8 1

300f  Q=4800 uc
200}

100}

g —58kr(1.57)
o

= 60000) = 180

% “0.88
o Z\.
HAY -
——
2>

300 200 500 600

300

@
of
o

700

CHANNEL NUMBER

FIG. 1. Sample 3Kr(p, p’ ) Kr spectrum (bottom) taken with 12.0-MeV protons at 80°. This spectrum is compared
with a natural krypton spectrum (top) taken at the same proton energy and angle in order to facilitate the identification
of proton groups from other isotopes. The isotopic abundances of the target gases are given in the figure. The excita-
tion energies of all the 84Kr proton groups are listed in Table I.
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120°. Because the ®Kr gas was 99.9% isotopically
pure, only oxygen and nitrogen contaminant peaks
were observed.

The @ values for inelastic scattering to 25 states
in Kr and 32 states in ®®*Kr were measured.
Particle energies were found by performing a
linear, least-squares fit on the laboratory energies
of the measured elastic and inelastic proton groups.
In addition to the elastic groups, calibration en-
ergies were obtained using the low-lying excita-
tion energies determined from Li(Ge)-detector
y-ray work.5''© Each set of excitation energies
shown in Tables I and II is the average of those
taken from six spectra. Corrections for the en-
ergy loss suffered by protons while passing through
the target gas, Mylar walls and nickel window
were made using the tables of Williamson and
Boujot.'® The over-all error in the excitation
energies is estimated to be less than 10 keV for
the low-lying states and somewhat larger for the
higher excited states because the laboratory
energy scale was extrapolated downwards. As
shown in Table I and II our excitation energies
are in reasonable agreement with those measured
by other workers; however, we observe many
new states. The state observed at 3080 keV in
89Kr by other workers perhaps is in fact the ®°Kr
one-phonon 3~ state at £, =3.096 MeV.

The measured differential cross sections for
elastic and inelastic scattering are shown in
Figs. 3 to 11. Where the data point is not ac-
companied with an error bar the relative error
of that point due to counting statistics is less than
3%. The uncertainty in the absolute cross sec-
tion scale is estimated to be 5%. These differen-
tial cross sections and the curves shown on the
figures will be discussed in detail in the next
section.
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FIG. 2. Sample 8%Kr(p, p’ )8 Kr spectrum taken with
12.0-MeV protons at 120°. The target gas was 99.9%
isotopically pure. Most of the weaker proton groups
could only be clearly observed at backward angles. The
86Ky excitation energies are listed in Table II.
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IV. ANALYSIS
A. Optical-model parameters

The differential cross sections for elastic scat-
tering from both 8Kr and ®Kr are shown in Fig.
3 (plotted as the ratio-to-Rutherford) where the
smooth curves are best optical-model fits to these
data. These fits were obtained using the computer
code of Smith?® starting with the average optical-
model parameters of Perey.?! Keeping Perey’s
average real, imaginarv, and Coulomb radii
parameters (v, =%, =%,=1.25 fm) fixed and also
his average spin-orbit parameters (v, =1.25 fm,
a,=0.651fm, V _ =17.5 MeV) fixed, both the real
and imaginary diffusenesses (¢ and a,) and real
and surface imaginary well depths (V, and W)
were allowed to vary in order to minimize the
usual x? quantity. The final set of optical-potential
parameters for both 8Kr and ®®Kr are listed in
Table III, where the X2 per point for these best
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FIG. 3. Comparison of optical-model fits to the ex-
perimental ratio-to-Rutherford cross sections for
elastic scattering of 12.0-MeV protons from 8¥Kr and
84Ky. The optical-model parameters are given in
Table III. The solid line also represents the coupled-
channel prediction for the elastic cross sections, be-
cause reducing the surface imaginary depth by 5 to 15%,
depending on the coupling scheme used, restored the
coupled-channel elastic cross section to within a very
few percent of the optical-model fit.
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TABLE I. Excitation energies E, and spins and parities of ®Kr levels. The over-all
errors of the E, from the present work are estimated to be less than 10 keV for the low-
lying states and 20 keV for the higher excited states.

Hill and Wang

Hattula et al.

Mattsson et al.

Present work (Ref. 5) (Ref. 7) (Ref, 14)
E, E, E, E,
MeV) Im MeV) Im MeV) Im MeV) Im
0.00 o* 0.00 o* 0.00 o* 0.00
0.882 2t 0.882 2+ 0.882 )" 0.882
1.834 ot 1.837 ")
1.900 2+ 1.898 2* 1.898 @2)* 1.898
2.086 4* 2.094 4* 2.095 )" 2.095
2.337 4* 2.345 2.344 4)* 2.345
2,489
2.626 2.623 1,2) 2.622 2,3)* 2.624
2.705 3 2.700 2,3 2.700 (3)” 2.700
2.759 1,2 2.759 1,2)* 2,761
2.775 2+ 2.768 (5)" 2.770
3.048 3.040 3,4,5,6)
cee 3.082 2,3 3.082 (2,3)* 3.082
3.225 1) 3.218 (3,4,5,6)
3.366 1,2 3.366 1,2)*
3.335
3,477 1~ 3.475 1,2,3 3.476 4)*
3.570 3 3.587 (3,4,5,6)
3.650 57 3.638 (3,4,5,6)"
3.721 (37) 3.706 1,2,3 3.706 2,3)* 3.715 3,4,5,6)"
3.795
3.870 1,2,3
3.879 1,2,3
3.916 3.927 1~ 3.928 1,2)"
4.006 4,000 (3,4,5,6)”
4,084 (1*,2%)
4,061 4,084 1,2)*
4,116 17,27,37 4,117 2,3)"
4,157
4,189 1,2,3
4.707
4,898
5.358
5.466

fits were about one with 3% error bars for the
experimental data. In addition, this procedure
was repeated with different normalizations of

the experimental elastic cross sections to insure
that the x2 was a true minimum with respect to

the measured absolute cross section scale. These
optical-model parameters were used in the fol-
lowing distorted-wave Born-approximation (DWBA)
and coupled-channel analyses.

B. DWBA analysis

A DWBA anslysis was performed on the dif-
ferential cross sections to twelve excited states
of ®Kr and eight excited states of 8Kr with the
computer code JUPITOR-122 in order to determine
the deformation parameters 8, and spins and par-

ities I" of these states.

Many of these states were

also investigated with coupled-channel calculations;
in which case, the DWBA results provided a
starting point for the more involved coupled-chan-
nel analysis. JUPITOR-1 was used to obtain DWBA
cross sections by performing calculations with a
one -phonon coupling scheme taking 8, =0.01. With
this small deformation parameter, the effect of
the coupling is negligible. The DWBA deformation
parameters were then determined by scaling the
calculated cross sections by j3,% to give the best
visual fits to the exp~rimental cross sections. The
exact optical-mode parameters of the previous
section were used waith both real and imaginary
form factors. The amplitudes from Coulomb ex-
citation were not considered because of the large
computer time needed to include this effect.
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TABLE II. Excitation energies E, and spins and parities of *Kr levels. The over-all
errors of the E_ from the present work are estimated to be less than 10 keV for the low-
lying states and 20 keV for the higher excited states.

Riley et al. Tucker et al. Achterberg et al.
Present work (Ref. 13) (Ref. 12) (Ref. 10)
E, E, E, E,
MeV) Im MeV) Im (MeV) I MeV) Im
0.00 ot 0.00 ot 0.00 ot 0.00 0*
1.566 2+ 1.565 2* 1.565 2% 1.565 2t
2,241 4* 2,248 4* 2,249 4*
2.340 2* 2.355 2* 2.346 2+ 2.350 1,2)
2.715 2,733 [ 2.724 %)
2.848 2.847 2%) 2.850
2,923 2,917 3,4) 2,926 (1,2)
3.012 3.010 1,2)* 3.009
3.096 3" 3.109 37 3.099 37)
3.330 4*) 3.322 ot, 1%, 2%
3.535 3.542 0* 3.534 0*,1%,2*
3.575
3.783 3.783 1+, 2% 3.782
3.809 3.832 o+
3.938 (57) 3.959 (37,4%,57) 3.930
4,048 4.072 4.037 (37) 4,038
4,090 4.111 2*
4,175 4%) 4,194 2% 4,173 4,164
4,275 4,298 2% 4,277
4.308 4316  (27,37)
4,399
4,559
ces 4,668 2%
4,700 4,708 4*)
4,795 4.826 2%
4.928 4%) 4,948 (2%)
e 4,991
5.127
5.203
5.315
5.397
5.576
5,795
5.850
5.928

Figure 4 shows the DWBA fits to the cross sec-
tions of the one-quadrupole phonon states 2; at
0.882-MeV and 1.566-MeV of excitation in 8Kr
and ®8Kr, respectively. The calculations fit the
shapes of the experimental angular distributions
well, particularly 8Kr. The strength of these
transitions are given by 3, =0.131 and 0.106,
respectively, for 8Kr and 8®Kr. Similarly Fig. 5
shows the DWBA fits to the one-octupole phonon
states 37. Again the experimental shapes of the

angular distributions are reproduced reasonably
well, with that of 8*Kr being best. The strengths
of these transitions are given by 3,=0.157 and
0.142, respectively, for ®Kr and 8Kr. The
deformation parameters for these states are
summarized in Table IV.

The DWBA deformation parameters for the
“two-phonon” states were also determined. With
the pure vibrational model® these states, of course,
cannot be excited with a single-step (DWBA) pro-

TABLE III. Optical-model parameters for 12.0-MeV protons.

Target 7R ag Ve 7y ar Wp 7o ag Ve 7.
By 125 0.646 53.2 1,25 0.467 14.9 125 0.65 7.5 1.25
8Ky 1.25 0.604 53,5 1.25 0.565 10.6 1.25 0.65 7.5 1.25
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FIG. 4. Measured differential cross sections for FIG. 5. Measured differential cross sections for

exciting the one-quadrupole phonon states in #Kr and
88Ky with 12.0-MeV protons. The best visual fits to

the experimental data for both coupled-channel and
DWBA calculations are shown by the smooth curves
with the corresponding deformation parameters given
in the figure. The difference between the coupled-chan-
nel and DWBA predicted cross sections is negligible.

cess; however, it is well known that much of the
strength to these states comes from their wave
function’s one-phonon admixtures. The dashed
curves in Figs. 6 and 7 show the DWBA fits to
the cross sections of the likely “two-phonon”
states in ®'Kr. In particular these are the first
excited 0" state at 1.834 MeV, the second 2* state
at 1.900 MeV and two 4* states at 2.086 and 2.337
MeV. In all cases, the shapes of the angular dis-
tributions are not fitted well by the DWBA. The
deformation parameters from these DWBA fits
are given in the last column of Table V.

Only two states in 8Kr have the correct excita-

TABLE IV, Deformation parameters for one-phonon
quadrupole and octupole vibrations determined from
DWBA and coupled-channel calculations.

Target Coupling scheme By B3
8K DWBA 0.131 0.157
07 -2f and 07-3} 0.128 0.160
0f -2{-37 0.128 0.155
86K r DWBA 0.106 0.142
0{-2{ and 0f-37 0.108 0.145
0f-2{-37 0.105 0.142

exciting the one-octupole phonon states in 3Kr and #Kr
with 12.0-MeV protons. The best visual fits to the ex-
perimental data for both coupled-channel and DWBA
calculations are shown by the smooth curves with the
corresponding deformation parameters given in the
figure. The difference between the coupled-channel
and DWBA predicted cross sections is negligible.
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FIG. 6. Measured differential cross sections for

exciting the 0 and 2j states in ¥Kr with 12.0-MeV

protons. The dashed curves are DWBA fits with
3,=0.019 and 8,=0.063. The solid curves are coupled-
channel fits assuming these states to be two-quadrupole
phonon vibrations with large one-phonon admixtures.

The deformation parameters are summarized in Table

V.
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TABLE V. Coupled-channel 8f; and DWBA B, deforma-
tion parameters for two-quadrupole phonon states. For
the coupled-channel calculations By,=,, =B, =0.128 and
0.105 for #Kr and ®Kr, respectively. DWBA analysis
does not determine the sign of g;.

Energy
Target Im (MeV) BS; By
By 25 1.900 0.062 0.063
05 1.834 -0.012 0.019
4 2.086 0.057 0.064
43 2.337 0.048 0.056
8K r 25 2.340 0.045 0.047
4f 2.241 0.069 0.079

tion energy to be considered possible “two-phonon”
excitations; a 4" state at 2.241 MeV and a 2% state
at 2.340 MeV. The DWBA fits to these cross sec-
tions are shown in Fig. 8 and the extracted de-
formation parameters are also given in Table V.

In particular, note the poor fit to the angular
distribution to the second 2" state which is con-
siderably different from the corresponding state

in 8Kr and the one-phonon states in both 3Kr

and %¢Kr.
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Ol Pastaea, j
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0.02F .
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FIG. 7. Measured differential cross sections for
exciting the 4] and 4; states in ¥Kr with 12.0-MeV
protons. The dashed curves are DWBA fits with
B,=0.064 and 0.056, respectively. The solid curves
are coupled-channel fits assuming these states to be
two-quadrupole phonon vibrations with large one-phonon
admixtures. The deformation parameters are summa-
rized in Table V.

Most of the other proton groups recorded on the
84Kr and *®Kr spectra had widths which indicated
that they were doublets, or rose above the back-
ground sufficiently for a quantitative analysis only
at very backward angles. However, 10 other
strong groups appeared to arise from single
transition. In particular cross sections to three
states in ®*Kr at 3.477, 3.570, and 3.650 MeV of
excitation were measured and are shown in Fig.
9. The smooth curves are the best DWBA fits
to these data and were obtained for /" =17,3~, and
57, respectively, with deformation parameters of
B3, =0.057, B,=0.063, and B, =0.051. These states
have excitation energies very near to the sum of
the energies of the one-phonon quadrupole and
octupole states and perhaps contain a large ad-
mixture of two-phonon quadrupole-octupole vibra-
tion.

Figure 10 shows cross sections to three isolated
states in ®Kr at 2.775, 3.225, and 3.721 MeV of
excitation where the DWBA smooth curves indicate
that these states perhaps have /™ =2",1", and 3",
respectively, with deformation parameters very
close to 0.04. The fit to the 2" state is very good,
whereas the fit to the 17 state is perhaps specula-
tive. Only four higher excited states in 8¢Kr ap-
peared to be sufficiently isolated to allow cross-
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FIG. 8. Measured differential cross sections for
exciting the 2§ and 4] states in 8®Kr with 12.0-MeV
protons. The solid curves are DWBA fits with 3,=0.047
B,=0.079. The dashed curves are coupled-channel fits
assuming these states to be two-quadrupole phonon vi-
brations with large one-phonon admixtures. The defor-
mation parameters are summarized in Table V. Note
the shape of this 2* angular distribution with those on
Tigs. 4 and 6.
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section measurements. These are shown in Fig-
ure 11. Three of these states at 3.330, 4.175,

and 4.928 MeV could perhaps be 4" states with
3,=0.031, 0.042, and 0.098, respectively, whereas
the state at 3.939 MeV of excitation is best fit

as al” =5 with g, =0.10. Many of these experi-
mental cross sections were also compared with
coupled-channel calculations.

C. Coupled-channel analysis

Using the optical-model potentials and mass
deformations determined in the previous two sub-
sections as starting parameters, coupled-channel
calculations were performed for the cross sections
to the one-phonon quadrupole and octupole states
in #Kr and ®¢Kr, possible two-quadrupole phonon
states in #Kr and ®¢Kr, and possible octupole-
quadrupole phonon states in 8*Kr. With the coupled-
channel formalism, the inelastically scattered
waves are obtained from potentials which undergo
vibrations about a spherical shape. The coupling
potentials are expanded to second order in the
deformation parameters and the solution with
these potentials is carried out to infinite order.
Extensive details of the formalism are given in
Ref. 2. Usually, for vibrational nuclei, the exact
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FIG. 9. Measured differential cross sections for
exciting states at 3.650, 3.477, and 3.570 MeV of ex-
citation in 8‘Kr with 12.0-MeV protons. The solid
curves are DWBA fits assuming these states to be
57, 17, and 37, respectively, with B;=0.051, B,=0.057,
and B,=0.051. The dashed curves, divided by the num-
bers in parentheses, are coupled-channel predictions
assuming these states to be octupole-quadrupole vibra-
tions with B53=0.155 and 3,=0.128.
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optical potential determined from a standard opti-
cal-model analysis are used except for the surface
imaginary well depth W,. Part of the absorption
is now explicitly taken into account by the coupling
potentials and hence the absorption implicit in

W, must be reduced. As with the previous DWBA
analysis, complex form factors were used and
Coulomb excitation was not considered.

1. One-phonon quadrupole and octupole states

Cross sections to the ®*Kr and ®¢Kr one-quad-
rupole and one-octupole phonon states were fitted
using two different coupling schemes. The first
method considered 0] -2 and 0, -3 couplings
separately, whereas the second method used
0, -2/ -37 coupling schemes. Explicitly coupling
in the inelastic channels reduces the elastic cross
section. For vibrational nuclei, the ground state
remains spherical and slightly reducing W,
restores the optical fit to the elastic cross sections
almost exactly. The correct optical parameters
for the excited states are, of course, unknown
and those determined from the elastic fits were
used. With the 0 -2 couplings the optical fits
were restored by reducing W, by 10 and 5% for
8Kr and ®¢Kr, respectively, and the 0] -3] couplings
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& = g
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FIG. 10. Measured differential cross sections for
exciting states in 8Kr at 3.225, 3.721, and 2.775 MeV
of excitation with 12.0-MeV protons. The smooth
curves are DWBA, hest-visual fits to these cross
sections assuming the states to be 17, 37, and 2*,
respectively. The fit to the 2.775-MeV angular distribu-
tion is very good, whereas the fit to the 3.225-MeV
angular distribution is perhaps speculative. The defor-
mation parameters are given in the figure.
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FIG. 11. Measured differential cross sections for
exciting states in 8®Kr at 3.330, 4.175, 3.938, and
4.918 MeV of excitation with 12.0-MeV protons. The
cross sections to these states are relatively flat and
are fitted best with high angular momentum transfers
as shown.

required W, to be reduced by 5% for both isotopes.

With both the 2] and the 3] states coupled to the
elastic channel the imaginary strengths were
reduced further; 13% for ®Kr and 10% for ¢Kr.
The deformation parameters required to fit the
one -phonon strengths are summarized in Table IV
and are nearly the same for the DWBA and both
coupled-channel coupling schemes. Furthermore,
the fit to the elastic, 2; and 3] cross sections are
the same within a few percent for DWBA and
coupled channels, so each smooth curve shown

in Figs. 3-5 is the result of three different calcu-
lations.

2. Two-quadrupole phonon states

Coupled-channel calculations were performed
for strongly excited states at roughly twice the
excitation energies of the one-quadrupole phonon
states, which couid be considered candidates for
two-quadrupole phonon states. In ®Kr there are
four such states; a 0, state at 1.83 MeV of ex-
citation, a 2] state at 1.90 MeV, and two 4" states
at 2.10 and 2.34 MeV. In ®5Kr there is only a 4;
state at 2.241 MeV and a 2; state at 2.340 MeV.

The many mass deformation parameters j3
needed to describe the excitation of these states

are defined in complete detail in Ref. 2 and are
only briefly discussed here. In addition to the
usual j,, to the one-phonon 2* state, there is a
B,; Which connects the one-phonon 2" to the two-
quadrupole phonon state of spin / where [ =0, 2,
or 4. The deformation parameter 3; connecting
the ground state to the two-phonon state, arises
from the second order expansion of the potentials,
and is usually set equal to (8,,8,)'/2. If the

two phonon state is pure, then 3, =3,; =3¢;; how-
ever, experimentally this is usually not the case,
and a deformation parameter 3, is introduced
which is a measure of the one-phonon admixture
in the two-phonon state and is analogous to the

B; parameter from the DWBA analysis. Both the
magnitude and sign of 3;; affect the cross section
because there is interference between the direct
path and two-step path through the 2, state.

The angular distributions to these states are
fitted very poorly when treated as pure two-phonon
vibrations; the cross sections have the wrong
shape and are considerably smaller than the ex-
perimental data. The fits to these states are
markedly improved when a one-phonon component
(Bgr #0) is allowed in their wave functions. In fact
most of the strength to these states comes from
their one-phonon components.

With both one- and two-phonon components, the
previously determined j3,, were kept fixed. The
B,y were incremented from 0.0 to + gy, with both
the magnitudes and signs of the B,; varied for each
value of B,, to give the best visual fit to the ex-
perimental cross sections. The j3;, were always
set equal to (By,83,;)'/?. Using this procedure it
was found that the cross sections were somewhat
insensitive to the two-step path and that the best
fit to the data were with g3, = 3., for all the states.
Allowing the 3, > 3,, did not appreciably improve
the fits. The pg; extracted from the data are listed
in Table IV and are very similar to the DWBA
deformations for these states. The best fits oc-
curred for positive 3j, except for the *Kr 0, state.
The DWBA analysis of course does not determine
the sign of 3;.

Figure 6 shows the resulting fits (solid curves)
for the ®Kr 0, and 2; states. The 0, cross sec-
tion is fitted best at forward angles with coupled
channels and is fitted best at backward angles with
the DWBA. In any case, the state definitely is
I™ =07 and has a monopole deformation between
—-0.10 and -0.20. On the other hand, the calculated
angular distribution to the 2, state does not depend
strongly on the path through the 2] state and gives
a somewhat reasonable fit to the data with a one-
phonon deformation parameter nearly one-half
of the 2 state. The calculated cross sections to
the two 8*Kr 4" states are shown in Fig. 7. Neither
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DWBA nor coupled channels can reproduce the
rather flat shape of the 4; angular distribution,
whereas coupled channels provide an excellent
fit to the 4; cross section.

The results for the two possible two-quadrupole
phonon states in ®Kr are shown in Fig. 8. The
fit to the 4, cross section is very good, partic-
ularly at forward angles. Both the DWBA and
coupled channels under estimate the very pro-
nouned 80° maximum in the 2] angular distribu-
tion by a factor of 2.

3. Octupole-quadrupole phonon states

Finally, cross sections were calculated for
17,27,37,47, and 5~ octupole-quadrupole states
in ®Kr. The angular distributions of the one-
quadrupole phonon state at 0.882 MeV and the
one-octupole phonon state at 2.705 MeV are
fitted well with g, =0.128 and 3, =0.155 and fixing
these deformations, cross sections were calcu-
lated for the expected octupole-quadrupole states
near 3.59 MeV which is the sum of the 2] and 37
energies. The 2~ and 4~ strengths are predicted
to be very small; however, those for the 17,37,
and 5° states are not and are compared with pos-
sible experimental candidates for these states in
Fig. 9. The coupled-channel results (dashed
curves) have been multiplied by the factors shown
in parentheses in order to have the same strength
as the experimental cross sections. Although the
excitation energies of this triplet of states are
correct for them to be octupole-quadrupole vibra-
tions, the calculated cross sections have the
wrong shape and are too small in magnitude.
There are many states in this excitation energy
region and probably nearby states with the same
spins and parities are heavily mixed with the
predicted! octupole-quadrupole phonon states.
This mixing would surely affect the cross sec-
tions to these states.

V. DISCUSSION AND CONCLUSIONS

Differential cross sections have been measured
for 12.0-MeV elastic and inelastic proton scat-
tering from thirteen states in ®Kr and nine states
in 8Kr. Optical-model parameters have been
extracted from the elastic cross sections and
used in DWBA and coupled-channel analyses of
the inelastic data. Tables I and II list the energies
and [ " assignments of **Kr and #%Kr levels,
respectively, as determined from the present
experiment and recent reports from other workers.
The present excitation energies for ®Kr levels

agree fairly well with those from Hill and Wang.?
For ®Kr levels the agreement is best with Tucker
et al.’® In addition to the states already identified
by previous workers we observe many new states
at higher excitation in these nuclei.

Spin and parity assignments of 0%, 4%, and 4°
to the “two-phonon” levels at 1.834, 2.086, and
2.337 MeV of excitation, respectively, and 3~ to
the one-octupole phonon state at 2.705 MeV ex-
citation in ®Kr confirm the previous assignments
for these levels, whereas ou:i rather firm 2*
assignment to 2.775-MeV level contradicts the
possible 57 assignment made by Hattula et al.”
The spins and parities of the remaining states in
%Kr agree with the assignments made by Hill and
Wang.? The determination of ®®Kr spins and pari-
ties for the one- and “two-phonon” states agree
well with those made by other workers!®''2:13;
however, the present 4" fits to the 4.175- and
4.928-MeV levels contradict the 2* assignments
from the (t,p) measurements.'® In addition, the
4" fit to the 3.330-MeV level does not agree with
the conclusions of Tucker et al.'> Most of the
angular distributions to the higher excited states
are either nearly isotropic or symmetric around
90° and can only be fitted with deformation param-
eters of around 0.05 to 0.10. Hence, important
compound-nuclear contributions to the (p,p’)
cross sections of these states cannot be excluded,
and perhaps the fits in some cases are fortuitous
and should be considered speculative.

The cross sections to the one-phonon 2% and
3~ states are fitted well with the DWBA; the
coupling to the elastic channel is small. In general
the two-quadrupole phonon states are not very
pure and much of their excitation proceeds through
the direct transition to their one-phonon compo-
nents. It is interesting to note that the magnitude
and shape of the cross sections to the 2; states
in ®Kr and %¢Kr differ appreciably from each other
and the theoretical calculations. Only one of the
two low-lying 4% states in **Kr is described well
as a two-phonon vibration and its angular distribu-
tion is almost identical to the corresponding state
in ®Kr. The ®%Kr 2.715-MeV 0* state contains an
appreciable fraction of the pair-vibrational
strength’®; however, it could contain a large two-
phonon amplitude. Its angular distribution could
only be measured at very backward angles. The
DWBA and coupled-channel deformation param-
eters for the one-phonon and two-phonon states
are summarized in Tables IV and V. Considerably
more experimental and theoretical work is re-
quired to understand fully the nature of the low-
lyving levels of these nuclei.
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