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The inelastic scattering of 64.8 MeV protons has been studied on the stable even 4-82Ge isotopes.
The inelastically scattered protons were momentum analyzed in a magnetic spectrograph with a re-
sulting energy resolution of approximately 20 keV. Levels up to the excitation energy of about §
MeV were investigated. Many new levels were observed for the isotopes studied. The angular distri-
butions obtained were compared with the predictions of distorted-wave Born approximation and
coupled-channels calculations and a number of new spin assignments were proposed. Several 4+
states with comparable strengths were found at about E, =2.0—5.0 MeV, showing large fragmenta-
tion of octupole and hexadecapole transition strengths, in contrast to the case of Zn isotopes. The
distributions of the transition strengths for the 2%, 37, and 4* states were compared with the
theoretical calculations based on the random-phase-approximation model for spherical nuclei.

I. INTRODUCTION

Nuclei from Ge to Sr, with neutrons in the 1gy,, shell,
show various interesting behavior! associated with the
structure change around the neutron number N =40—42:
Studies? on >~ 7%Ge(p,t) and """’ Gelt,p) reactions have
demonstrated that the shape transition occurs between
"2Ge and Ge. It has also been shown in *~%Kr(p,p’)
studies® that the neutron number dependence on strengths
of the transition to the 27 and 4;" states cannot be repro-
duced with simple macroscopic models, implying the oc-
currence of the shape transition between *~%Kr and
84—86y .

The ground state band up to the 4+ state in the
isotopes has been studied by Matsuki et al.* via inelastic
scattering of polarized protons at 64.8 MeV. They have
pointed out that a static or dynamic hexadecapole shape
transition occurs between the light 7*7678Se and the heavy
80,82G¢ jsotopes, and that the hexadecapole degree of free-
dom may play an important role in the structure of
74-82Ge nuclei.

Besides the behaviors of the ground state band, the
low-lying states also show interesting transitional
behavior. Matsuki et al.’ have found the octupole vibra-
tional strengths splitting to two states in light 7*~%Kr iso-
topes. Delaroche et al.’ have reported a systematical in-
vestigation of the "~%2Se(P,p’') reactions and have also
suggested that the first 3~ states of 7®7%3%Se do not have
a simple vibrational character of the octupole modes.

In contrast to the strong occurrence of the octupole vi-
brational mode in the low-lying 3~ states, a few collective
hexadecapole states have been reported; only in the even
isotopes of Zn, Cd, and Pb have 4 states with transition
strength of more than seven single-particle units (spu)
been observed.”~!% No strongly collective 4% states have
been observed in Ge, Se, or Te.!'!> These results may in-
dicate that the hexadecapole vibrational strengths split
into many states in these nuclei.

In view of these circumstances, high-resolution studies
of low-lying excited states up to ~5 MeV are important.
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In spite of may previous studies of Se isotopes with vari-
ous reactions, no detailed high resolution studies of Se iso-
topes up to higher excited states have been reported yet.
In the present study of "4~%Se isotopes with the high-
resolution (p,p’) reaction, many levels with excitation en-
ergy up to 4.8—5.5 MeV were observed for the first time.
Angular distributions obtained were analyzed with both
distorted-wave  Born-approximation (DWBA) and
coupled-channels (CC) calculations, and spin-parity as-
signments are proposed to most of the levels. The present
paper contains experimental data and the comparison
with other experimental studies. Furthermore, the present
experimental results were compared with the theoretical
predictions based on the random-phase approximation
(RPA) in addition to the calculation reported previously.!?

II. EXPERIMENTAL PROCEDURE

The inelastic scattering was studied with 64.8 MeV pro-
tons from the azimuthally-varying-field (AVF) cyclotron
of the Research Center for Nuclear Physics (RCNP) of
Osaka University. Targets of about 0.5 mg/cm? in thick-
ness were fabricated by vacuum evaporation of enriched
selenium metal on thin Au backings. The enrichment was
71.71% for "*Se, 96.88% for "°Se, 98.58% for *Se,
99.45% for %°Se, and 96.813% for %2Se targets, respective-
ly. The isotopic contents of the selenium targets are listed
in Table I. The target thickness was determined by
weight and checked by the comparison of elastic-
scattering cross sections with the optical model prediction.

Scattered protons were momentum analyzed with the
QDDQ magnetic spectrograph RAIDEN,'* and detected
in the focal plane with a long multiwire proportional-
counter system.!> The overall energy resolution was typi-
cally 20 keV full width at half maximum (FWHM). Data
were taken in steps of 4° typically from 8° to 60° in labora-
tory angle.

Momentum spectra of inelastically scattered protons at
61, =20° are shown in Figs. 1-5. Yields for overlapped
peaks were resolved with the method of automatic peak
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TABLE 1. Isotope contents of selenium targets used in the present study.

Atomic Target

percent
(%) Se 76Se 8Se 80ge 82ge
Se 77.71 0.14 0.06 0.03 0.13
6Se 4.55 96.88 0.11 0.08 0.19
"Se 2.06 0.85 0.17 0.05 0.30
8Se 4.97 0.99 98.58 0.19 0.60
8ge 7.85 0.95 1.00 99.45 1.96
825 2.86 0.18 0.08 0.19 96.81

fitting by a computer. By careful comparison of the
peaks observed in the enriched "*~%2Se and natural Se tar-
gets with each other, contaminant peaks were identified
and eliminated.

Absolute cross sections were estimated to be accurate to
within £10%. The uncertainties in the observed level en-
ergies were typically +2 keV below 3.0 MeV and +4.0
keV above 3.0 MeV in excitation energies.

III. EXPERIMENTAL RESULTS AND ANALYSES
A. Elastic-scattering data and optical-model analysis

The present elastic-scattering data were used to deduce
optical-model parameters. The optical-model analysis

L, T4selpp)

O, ,=20°
ook lab

- x017 x0.5
x0.06

400

200

COUNTS/CHANNEL
o

600

400]

200

1 1
400 800 1200 1

CHANNEL NUMBER
FIG. 1. Momentum spectra of protons from the "*Se(p,p’) re-
action at 6,,,=20°. Unlabeled peaks correspond to other Se iso-
topes in the target or impurities. The numbers on top of the
peaks refer to level numbers listed in Table III.
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was made by the search code MAGALL'® which employs
an optical-model potential of the form

Ulr)=— VRf(r,RR,aR )-—-in(r,Rw,aw)
+l4as Ws%(r,Rs,as)
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where Ry=ryA4!”? (X=R,W,S,LS,C) and f(r) is the
standard Woods-Saxon shape function. V. is the
Coulomb potential. The calculated angular distributions
of the elastic scattering divided by the Rutherford cross
section o /0y are shown in Fig. 6 together with the ex-
perimental data. The optical-model parameters used in
this calculation are listed in Table II.

B. Inelastic-scattering data and DWBA and CC analyses

As seen in Figs. 1—5, many levels (more than 20 levels)
were observed in each Se isotope in the region below about
5.0 MeV of the excitation energy. Those levels are listed
in Tables III—VII. The observed angular distributions are
shown in Figs. 7—11.
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FIG. 2. Momentum spectra of protons from the *Se(p,p’) re-
action at 6,,,=20". The numbers on top of the peaks refer to
level numbers listed in Table IV.
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FIG. 3. Momentum spectra of protons from the "*Se(p,p’) re-
action at 0,,,=20". The numbers on top of the peaks refer to
level numbers listed in Table V.

1. General description of analysis

The theoretical differential cross sections were calculat-
ed in the framework of the vibrational model with both
the CC code EcCIs79 (Ref. 16) and the DWBA code
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FIG. 4. Momentum spectra of protons from the ¥Se(p,p’) re-
action at 0),,=20°. The numbers on top of the peaks refer to
level numbers listed in Table VI.
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FIG. 5. Momentum spectra of protons from the %2Se(p,p’) re-
action at 6y,,=20". Unlabeled peaks correspond to other Se iso-
topes in the target or impurities. The numbers on top of the

peaks refer to level numbers listed in Table VII.

DWUCK-4 (Ref. 17) using the standard collective-model
form factors. The CC calculations for the 2} and 4;
states were performed usmg the second-order harmonic
vibrational model with 0,;s —2{ —4f couplings. In this
model, the 4{ state was assumed to have mixed com-
ponents of one- and two-phonon states in the form

| 41 ) =cos@ | one phonon ) +siné | two phonon) .

The mixing parameter 6 was chosen to give the optimum
fit with the angular distribution for the 4] state and the
deformation parameters B, were thus obtained. The CC
calculations for the other states were performed using the
first-order vibrational model with OF-2}* and O -J"
couplings, in which the same deformatxon parameters ob-
tained from the second-order vibrational model were used
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FIG. 6. Differential elastic scattering cross section (divided
by the Rutherford differential scattering cross section) for 64.8
MeV protons on ™~%Se. The solid curves show the optical-
model cross sections calculated with the parameters listed in
Table II.
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TABLE II. The best fitted optical model parameters of proton elastic scattering on 7*~%2Se nuclei.

Vr R ag Wy ry ay Ws rs as Vis rLs ars
Nuclei (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm)

MSe 39.768 1.163 0.751 7.227 1.403 0.621 2.020 1.311 0.296 6.045 1.002 0.785
®Se 41.324 1.156 0.752 7.091 1.379 0.624 2.542 1.390 0.310 6.039 1.019 0.791
8Se 41.556 1.156 0.750 6.951 1.375 0.633 3.027 1.389 0.340 6.045 1.022 0.791
80Se 41.828 1.157 0.752 6.955 1.375 0.627 3.356 1.382 0.362 6.043 1.036 0.788
2S¢ 41.037 1.161 0.748 7.391 1.378 0.639 3.289 1.358 0411 6.076 1.040 0.741

for the 2; states and other states were assumed to be the 3 EBLR)? me?

natural parity states. The present results of the J” values S= 2 L (2L +1)? (Fic)? '

thus obtained are summarized in Tables III—-VII. The de-

formation parameters for the 2%, 37, and 4% states were where E, is the excitation energy. These AS values for
deduced in terms of B; R values from the CC calculations  the 2%+, 37, and 4% states are also listed in Table VIII—X.
by using a relation R =ryA4'/? where a real-well radius

was assumed to be ro=1.22 fm. Those values are listed b gt ot +

in Tables VIII—X, and errors are estimated to be less than 2. The 27, 41, 27, and 07 states

+10%. The angular distributions for the 2; states have similar
The energy weighted sum-rule (EWSR) fraction (AS)  shape in all isotopes, and are better described with the CC

for the observed states were calculated from the formula calculations than the DWBA as seen in Figs. 7—11. The

TABLE III. Levels populated in the present "Se(p,p’) reaction and comparison to the other data.

Present Previous®
E, E,

No. (MeV) L JT (MeV) JT
1 0.635 2 2t 0.6348 2t
2 0.856 0 ot 0.8538 o+
3 1.268 2 2%+ 1.2689 2+
4 1.363 4 4+ 1.3632 4+
5 2.350 3 3- 2.3497 3~
6 2.844 3 3= 2.8318
7 2.903 4 4+ 2.9188
8 3.002
9 3.080 4 4+ 3.0782

10 3.259 4 4+ 3.2500

11 3.529 5 5- 3.5396

12 3.579 2 2+ 3.5803

13 3.602 5 5-

14 3.749 4 4+ 3.749 (57)

15 3.780 4 4+ 3.7882 (17)

16 3.845 3 3~ 3.847 (77)

17 3.920

18 3.980 (6) (6%) 3.9729

19 4.005 (2) (2%) 4.000

20 4118 4.100

21 4.224

22 4.279 4 4+ 4.2667 (17)
4.290

23 4.337 (2) 2%) 4.3425

24 4.362 4.3799 (17)
4.5863

25 4.595 4 4+ 4.5930 (7)

26 4.677 3 3~ 4.6617

27 4.758 (3) (37) 4.7572

28 5.146 3 3=

29 5.426 3 3-

*Reference 18.
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TABLE IV. Levels populated in the present "Se(p,p’) reaction and comparison to the other data.

Present Previous®
E, E,

No. (MeV) L JT (MeV) JT
1 0.559 2 2+ 0.5591 2+
2 1.122 0 o+ 1.1224 ot
3 1.216 2 2+ 1.2161 2+
4 1.330 4 4+ 1.3308 4+
5 1.787 2 2+ 1.7877 2+
6 2.429 3 3- 2.4288 3-

2.616
7 2.621 4 4+ 2.628
8 2.658 2.6555 (1)
9 2.691 (3) (37) 2.6698 (2)

10 2.807 4 4+ 2.805
11 2.853 4 4+ 2.862
12 2915 4 4+ 2.923
13 3.001 2 2+ 3.010

3.022
14 3.042 6 6%
15 3.103 3 3- 3.1065
16 3.160 3 3- 3.1601
17 3.216 + 4 37447 3.212
18 3.289 4 4+ 3.268 (3-,47)
19 3.408 4 4+ 3.417

20 3.443 3 3- 3.442

21 3.475 4 4+ 3.4652

22 3.565 3.5565

23 3.655 (3) (37)

24 3.697 3.700

25 3.732 3 3- 3.741

26 3.776 4 4+ 3.790

27 3.806 5 5- 3.808

28 3.862 4 4+ 3.856

29 3917 4 4+

30 3.948 4 4+ 3.955

31 3.999 3 3- 3.999

32 4.042

33 4.119 4.103

4.133

34 4.170 4 4+ 4.173

35 4.218 3 3- 4.216

36 4.340 3 3= 4.343

37 4.399 4 4+ 4.400

38 4.476 (2) (2%) 4.475

39 4.523 3 3~ 4.527

40 4.611 3 3~ 4.604

41 4.658 3 3- 4.647

4.677

42 4.723 4 4+ 4.729

43 4.771 (3) (37) 4.755

4 4.811

45 4.859 4 4+ 4.858

46 4.935 3 3- 4.938

47 4.998 5.013

48 5.081 3 3~ 5.091

49 5.174 3 3-

50 5.261 4 4+

51 5.303 3 3-

52 5.401

*Reference 19.
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TABLE V. Levels populated in the present "*Se(p,p’) reaction and comparison to the other data.

Present Previous®
E, E,
No. (MeV) L J7 (MeV) Jr
1 0.614 2 2+t 0.6138 2%t
2 1.308 2 2+ 1.3086 2+
3 1.503 4 4+ 1.5026 4+
4 1.993 2 2+ 1.9960 (2%)
5 2.330 2 2+ 2.3273 (2%)
2.3347 0,1,2)
6 2.508 3 3~ 2.5076 3~
7 2.678 4 4+ 2.6801
2.6821 (17,2,37)
8 2.840 2.8386 (1,2%)
2.8984 (1,2%)
9 2.906 4 4+ 2.9145
10 3.003 3.0052 (1,2%)
11 3.049 (3) (37) 3.0484
12 3.085 5 5- 3.0903 (ks
13 3.140 4 4+ 3.1396 <4
14 3.176 3.1819 (1,2)*
3.2429 (1,2%)
15 3.249 2 2+ 3.2551 (1,2%)
16 3.288 4 4+ 3.2884 0,1,2)
17 3.376 3 3- 3.3727 (1,2,3)
18 3.414 3 3~ 34114 (1-,2,3)
19 3.453 3 3~ 3.4477
20 3.546 3.5225 2,3)*
21 3.605 2 2+ 3.5926 0,1,2)
3.6038 <4
22 3.683 3.6857 (1,2,3)~
23 3.710 3.7114 (1,2,3)
24 3.774 3 3-
25 3.881 3 3=
26 3.995 5 5- 3.9992 0,1,2)
27 4.050 (5 (57) 4.0365
28 4.120 4 4+
29 4.157 3 3~ 4.1523 o, 1)~
30 4.254 4) (4%)
31 4.424 (2) (2%)
32 4.493 (3) (37) 4.490 (1,2,3)"
33 4.557
34 4.622 5 5~
35 4.741 4 4+
36 4.902 3 3~ 4910 (1,2,3)~
37 5.296 3 3-

*Reference 20.

47 and 27 states in ¥’Se were not resolved in this experi-
ment, because the excitation energies for these states are
very close. The angular distributions for these states in
823e were assumed to be of the same shape as those of the
corresponding states in 80Ge, and the absolute values for
these states were obtained so as to reproduce the un-
resolved and summed angular distributions by a linear
combination of the two assumed cross sections for the 4;
and 23 states with a X2-fitting criterion. The angular dis-
tributions for the 47 and 23 states resolved with this
method are shown in Fig. 11. A similar procedure was
also applied to the unresolved 4; and 0F states in "*Se.

The cross sections for this 4;" state are about ten times
larger than those for the 0 state at all angles measured.

The second-order vibrational model with 07 -2 -4
couplings was used to calculate the angular distributions
for the 2{ and 4; states, and the results are shown in
Figs. 7—11. The angular distributions for the 25 states
are also shown and are well described with the CC predic-
tions using the first-order vibrational model.

As shown in Fig. 2, the cross sections are in the order
of o(2)>0(4{)>>0(05). The 0F states were only
weakly observed in "*7Se and not observed in 3*%2Se: At
around 6., ~30°, the cross sections for the 05 states are
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TABLE VI. Levels populated in the present 3Se(p,p’) reaction and comparison to the other data.

Present Previous?
E, E,

No. (MeV) L JT (MeV) J7
1 0.666 2 2t 0.6662 2t
2 1.449 2 2t 1.4493 2+

1.4791 ot
3 1.701 4 4+ 1.7015 4+
4 1.871 2 2+ 1.8734 0,2+
5 1.960 2 2+ 1.9602 24
6 2.497 4 4+ 2.4953 2,3,4)
2.5147 20+
7 2.718 3 3~ 3.7174 3-
8 2.819 (2) (2%) 2.8142 24
9 2.946 (2) (2%) 2.9475 (=24)
10 3.033 4 4+ 3.0250 (1,2%)
11 3.226 4 4+ 3.2266 (1,2)
12 3.284 3 3- 3.2804 (1,2%)
13 3.354 3 3- 3.3504 (1%)
14 3.445 2 2+ 3.4414 (0%)
3.6065 (2%)
15 3.619 (2) (2%) 3.6197 (0t)
16 3.753 3 3- 3.754
17 3.868 3.8703 (1,2)
18 3.931 (2) (2%) 3.9305
19 3.960 (2) (2%) 3.9520 (1,2)
3.965
20 3.996 5 5~ 4.011
4.023
21 4.039 4.0471 (£4)
22 4.130 3 3- 4.125
23 4.173 (2) (2%) 4.169
24 4.225 4.233
25 4.295 4.303
26 4.322 4.333
27 4.352
28 4.420 (2) (2%)
29 4.442 5 5-
30 4.511 4 4+
31 4.570
32 4.682 4 4+
33 4.950
34 4.993
35 5.325 3 3-

*Reference 21.

~70 ub/sr for *Se, ~200 ub/sr for "°Se, and less than
20 pub/sr for 882Se, respectively. The feature of the most
prominent excitation for the 05 state in "%Se is consistent
with the result by Delaroche et al.’

C. ™Se(p,p’) reaction

Twenty-nine levels of "*Se were populated up to 5.5
MeV excitation energy. The measured angular distribu-
tions are shown in Fig. 7. The results are summarized in
Table III together with the known data for energy, spin,
and parity obtained from Ref. 18. In the present experi-
ment, there were several contaminant peaks due to the

poor enrichment (77.71%) of the "*Se target. A careful
comparison between the spectra of the 7*Se target and
those of other Se targets (enriched "~®2Se and natural Se)
allowed us to eliminate such contaminant peaks.

L =2 transition: The angular distributions of 0.635
MeV (2{) and 1.268 MeV (25) states are well reproduced
with the CC calculations as shown in Fig. 7. A tentative
assignment of J"=2% was obtained for the 3.579 MeV
level.

L =3 transition: The lowest 3~ level at 2.350 MeV
was strongly excited. The measured excitation energy was
in good agreement with those of previous studies. Five
levels above 2.5 MeV excitation energy were observed
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TABLE VII. Levels populated in the present %2Se(p,p’) reaction and comparison to the other data.

Present Previous®
E, E,
No. (MeV) L J7 (MeV) J7
1 0.654 2 2+ 0.656 2t
1.414 (0%)
2 1.731 2 2+
3 1.734 4 4+ 1.753 2+,4%
4 2.552 2.546
5 2.899 5 5~ 2.897
6 3.015 3 3- 3.012 3-
7 3.106 4 4+ 3.101 (57)
8 3.293 4 4+
9 3.384 3 3=
10 3.587 2 2+ 3.581 2t
11 3.624
12 3.677 4 4+ 3.669 2+
13 3.750 2 2+ 3.748 2+
14 3.798 4 4+
15 3.866 3 3- 3.834 0t
16 3.916 2t 2+ 3.921 2t
17 4.026 4.010 2+
4.134 2t
4.396 2t
4.466 (4%)
18 4,538 4,518 (4%)
19 4.586 4 4+ 4.578 (4%)
4.809 (17)
4.969
5.029 (17)

*Reference 22.

with L =3 transitions and proposed to be J"=3",

L =4 transition: The previously known 47 level at
1.363 MeV was weakly observed. The angular distribu-
tion of this state was not reproduced by the one-step
DWBA calculation with the L =4 transition, but was
well described by the CC prediction with a positive defor-
mation parameter B, as shown in Fig. 7. Seven levels ob-
served above 2.5 MeV excitation energy have a shape with
the L =4 transition and their spins are proposed to be
J™=4% as shown in the figure.

Other transitions: Two levels with L =5 transitions
were identified at 3.529 and 3.602 MeV and assigned as
JT=5".

D. "%Se(p,p’) reaction

Fifty-two levels in 7®Se were populated up to 5.5 MeV
excitation energy. The measured angular distributions are
shown in Fig. 8. The results are summarized in Table IV
together with the previously known data obtained from
Ref. 19. Below 2.5 MeV, the present results for excitation
energies are in excellent agreement with those of the pre-
viously known states.

L £2 transition: The known levels at 0.559, 1.216, and
1.787 MeV with J™"=2" were also observed in this experi-
ment. The 3.001 MeV level showed that the angular dis-
tribution was similar to those L =2 transitions for the

1.216 and 1.787 MeV states, and was proposed to be
J7™=2%. The 0f level was weakly excited at 1.122 MeV.

L =3 transitions: The first 3~ level in "Se was strong-
ly excited. Fourteen levels with L =3 transitions were ob-
served above 3.0 MeV excitation energy and then assigned
as J"=3".

L =4 transitions: The first 4% level which was known
in previous studies was observed at 1.330 MeV. Sixteen
levels observed above 2.5 MeV excitation energy have an-
gular shapes with L =4 transitions and are proposed as
JT™=4%. The angular distribution for the 4;" state was
well reproduced using the CC calculation with a positive
deformation parameter S;.

Other transitions: The angular distribution for the
3.216 MeV level was excited strongly, and found to be a
doublet with L =3 and 4 transitions. Each angular distri-
bution for these two levels was obtained by fitting the un-
resolved angular distributions to a linear sum of the
known cross sections for the 3~ (E, =3.103 MeV) and 4*
(E, =2.807 MeV) levels in "%Se, and both the deformation
parameters were obtained. The same methods to repro-
duce the summed cross section with other combinations
of the L transitions were done, but no good fit was ob-
tained. A level at 3.806 MeV has a shape of L =5 transi-
tions and proposed to be J"=5". The transition of L =6
was also observed at 3.042 MeV and J"=6" was pro-
posed for this level.
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E. "Se(p,p’) reaction

Thirty-seven levels were populated up to 5.4 MeV exci-
tation energy. The measured angular distributions are
shown in Fig. 9. The results are summarized in Table V,
together with the known data for energy, spin, and parity
cited from Ref. 20.

L £2 transitions: The 2% levels at 0.614 and 1.308
MeV were observed and the excitation energies were in
good agreement with previous studies. Weak L =2 tran-
sitions were seen at 1.993, 2.330, 3.249, and 3.605 MeV
and these levels were proposed as J7=2%.

L =3 transitions: The first 3~ at 2.508 MeV was
strongly excited and this excitation energy was in good
agreement with the previous result. Eight levels with the
L =3 transition was observed above 3.0 MeV excitation
energy and proposed as J"=3".

L =4 transitions: The first 4% level was observed at
1.503 MeV. Six levels observed above 2.5 MeV excitation
energy have a shape with the L =4 transition and are pro-
posed as J™=4%. The angular distribution for the 4

level was well reproduced using the CC calculation with a
small deformation parameter f,.

Other transitions: The 3.085, 3.995, and 4.622 MeV lev-
els were weakly excited with L =S5 transitions.

F. %Se(p,p’) reaction

Thirty-five levels in ®°Se were populated up to 5.5 MeV
excitation energy. The measured angular distributions are
shown in Fig. 10. The results are summarized in Table VI
together with the previously known data for energy, spin,
and parity cited from Ref. 21.

L <2 transitions: The 27 levels were observed at 0.666
and 1.449 MeV with L =2 transitions in good agreement
with the previous data. Other L =2 transitions were also
observed at 1.871, 1.960, and 3.445 MeV. These levels
were also proposed as J7=2%.

L =3 transitions: The known first 3~ level at 2.718
MeV was strongly excited. Other previously unknown
L =3 transitions were also found at 3.284, 3.354, 3.753,
4.130, and 5.325 MeV and proposed as J"=3".



80

KOYA OGINO

da/dQ(pb/sr)

vl gl ol el gl il

3, : L

i .;fn

el sl gl sy

i

4

|

3
1
Fy
N
2.658
3
st

t:"ﬁﬂ(?f’——v—a

¢

2t 4ol
{

3

Hﬂnqﬁh‘rﬂ?ﬁ"rm:f"(
Lyt taanul

=Xt

X

n h“‘m:%
11 puul

*rr:;icFﬂTﬂ‘mf'—H

PR YRR Sy |
\G

X

sttt gl e ol e il ]

-
?ﬁﬁ:qh'—fb'mo
—
—
-
.
e
=
ped)
=
== x
= o -
a1 ol ol
\

3

PR TTTY ST R WA |
G @

Y

¢

5

11

AL}

Hﬂ-rrrr;‘rr”—v—r-rmwr-l

10

—TTH;_T—TTTH?R
> 3
rr—rrm?—r—mmH
[~ ——
-
L =~
-
-
u -
s =
—
i —
— -
—— w -
s = -
e
l‘ul‘ 11 l))lllll
¢

D
) 4

1 1 'S i A
0 10 20 30 40 50
0cm(deg )

3

0 10 20 30 40 50 60
Oc.mfdeg )

™

0 10 20 30 40 SO 60 70
8cm(deg )

L A
0 10 20 30 40 S0 60
6cmfdeg)
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L =4 transitions: The known first 4% level at 1.701
MeV was observed. Other L =4 transitions were also
found at 2.497, 3.033, 3.226, 4.511, and 4.682 MeV and
proposed as J"=4"%. These levels were previously un-
known. The shape of the angular distribution of the 4;
level was well reproduced by the CC calculation with a
negative deformation B;.

Other transitions: Two levels at 3.996 and 4.442 MeV
were weakly populated with L =5 transitions and pro-
posed as J"=5".

G. %Se(p,p’) reaction

Twenty levels in 32Se were populated up to 4.8 MeV ex-
citation energy. Except for the first 2% and 3~ levels,
these levels were weakly excited. The measured angular
distributions are shown in Fig. 11. The results are sum-
marized in Table VII together with the previously known
data for energy, spin, and parity obtained from the
80Se(t,p)¥?Se reaction study.?

L £2 transitions: The 0.654 MeV 27 level was strongly
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FIG. 9. Angular distributions of protons from the ®Se(p,p’) reaction. See also the caption for Fig. 7.

excited. Other L =2 transitions were observed at 1.731,
3.587, 3.750, and 3.916 MeV and proposed as J"=2"%.

L =3 transitions: The first 3~ level at 3.015 MeV was
strongly excited. Two levels at 3.384 and 3.866 MeV were
observed with L =3 transitions and proposed as J"=3".

L =4 transitions: Five levels at 3.106, 3.293, 3.677,
3.798, and 4.586 MeV were populated with L =4 transi-
tions and proposed as J"=4"%,

Other transitions: The 2.899 MeV level was well repro-
duced with L =5 transition and proposed as J"=5".

IV. DISCUSSION

A. The energy levels and transition strengths

1. General

Many levels (more than 30 levels) were populated in the
low energy region of 7%7%%Se, while in 74%Se fewer levels

(20—30 levels) were observed. The 2{ and 3] states were
observed with large strengths in all Se isotopes. Several
4% states with comparable strengths (less than 3.0 spu)
were observed in the E, =2.0—5.0 MeV region. Besides
the 2i states, only a few 2t states were excited weakly.
This feature means that only the 2{ state has large collec-
tivity, in marked contrast with the fragmentations of the
transition strengths into many states in the case of L =4
(JT=4%).

74Se: There have been many experimental stud-
ies!®23-26 of 7Se with B decay, in-beam B-y spectros-
copies, Coulomb excitation, and (p,t) reactions, whereas
the works on inelastic scattering studies have been rare.
As seen in Table III, many states with excitation energy
higher than 2.5 MeV are newly observed in the present ex-
periment. The 3~ (4%) level observed at 2.844 (3.259)
MeV in our experiment may correspond to those observed
at 2.84 (3.253) and 2.856 (3.262) MeV, respectively, in the
(p,t) reactions.?%26
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FIG. 10. Angular distributions of protons from the 2°Se(p,p’) reaction. See also the caption for Fig. 7.

76Se: The lower levels of "°Se were previously stud-
ied!®?728 via inelastic scattering, B decays, and Coulomb
excitations.”® Recently, in-beam spectroscopic studies of
76Se were performed with the (a,2n),? (Li,2n),*° and (n,y)
(Ref. 31) reactions. The observed levels with these studies
are different from the results of the present study except
for lower excitation levels. Tentative assignments of
J™=3" or 4% were reported to the states of 2.614, 3.232,
3.458, 3.693, and 3.980 MeV from the (p,t) study by Bor-
saru et al.?® These levels may correspond to the states at
2.621 (4%), 3.216 (3~ +4%), 3.443 (37), 3.697 (37), and
3.999 (37) MeV, respectively, in the present study.

78Se: There have been several studies?® reported for the
8Se with the (p,p’) and (d,d’) reactions. Hinrichsen
et al.’? studied "®Se by the "®Se(p,p’) reaction at 10 MeV
with the best energy resolution of about 17 keV. They
tentatively assigned J=(1,2,3) or (1,2) to the states at
2.839.9, 3000.7, 3250.4, 3383.4, and 3412.8 keV. These

levels may correspond to the states at 2840, 3003, 3249
(2%), 3376 (37), and 3414 (37) keV in the present study,
respectively. The levels obtained with the other studies®®
such as in-beam spectroscopies, Coulomb excitation, and
B decays are different levels from the results of the
present study, except for the lower levels.

80Se: Previously, #°Se was studied with the (p,p’) reac-
tion by Darcey et al.3* Unfortunately the energy resolu-
tion of these studies (50—100 keV) was not enough to
separate higher excited states. Most of the levels above
2.5 MeV excitation energy listed in Table VI are newly ob-
served in the present experiment. The 27 states in 1.871
and 1.960 MeV observed in the present study are in good
agreement with the results?! of the studies of the (v,7’)
reaction, Coulomb excitation, and 3 decay of ¥°As.

82Se: There are several studies?”* with the inelastic
scattering, the (t,p) reaction, and the S decay of 3?As. The
lower levels have been assigned in %2Se at 0.654 (27),
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FIG. 11. Angular distributions of protons from the 8’Se(p,p’) reaction. See also the caption for Fig. 7.

1.731 (27), and 1.734 (4]) MeV, and several levels such
as 37 were tentatively proposed. Recently, Watson
et al.?? have studied ®’Se with the *°Se(t,p)®?Se reaction at
15 MeV, and 24 levels have been identified up to approxi-
mately 5.0 MeV excitation as listed in Table VII. The lev-
els at 3.106 (4%), 3.587 (2%), 3.750 (2+), and 4.586 (4™)
MeV in the present study may correspond to the levels at
3.101 (57), 3.581 (2%), 3.748 (2%), and 4.587 (4%) MeV
studied by Watson et al.?> The 5~ level at 2.893 MeV ob-
tained in the present study may correspond to the 2.893
MeV level assigned tentatively J™=(4") by Kratz et al.’*

2. Systematics of 2+ strengths

The 2% states observed in this study are distributed in
the lower excitation energy. The lowest 2{" states were
strongly excited in all Se isotopes. Several 27 states above
the excitation energy of the 2 state were observed with
small transition strengths (less than about 1.0 spu). The
transition strengths for these 2% states in the EWSR frac-
tion are presented in Table VIII. The observed EWSR
fraction of the 2% states in the energy region
E,=0.5—4.0 MeV was about 11.4% for *Se, 11.5% for
%Se, 11.3% for "®Se, 8.0% for ¥Se, and 6.8% for $2Se,
respectively.

3. Systematics of 3 ~ strengths

The 3~ states observed in this study were distributed in
the 2.5—5.0 MeV region which was below the expected

low energy octupole resonance (LEOR).>” The transition
strengths of the 3~ states in the EWSR fraction are
presented in Table IX. As seen in the table, the lowest 3~
states were strongly excited. The strength for the 35 state
was rather strong only in 7*Se and those for the higher 3~
states in all Se isotopes were weakly observed. The
summed strengths of the higher 3~ states above the 3
states were observed with 30—40 % of the total strengths
measured in the E, =2.5—5.0 MeV region. The EWSR
fraction in the energy region E, =2.0—5.0 MeV is about
10.2% for Se, 9.0% for "°Se, 8.3% in "*Se, 8.3% for
80Se, and 7.3% for ®’Se, respectively.

4. Systematics of 4™ strengths

Contrary to the distribution of the transition strengths
for the 3~ states where the 3 state has large collectivity,
the 4% states split into many states with comparable
strengths in the E, =2.5—5.0 MeV region. The transition
strengths of the 4% states in the EWSR fraction are
presented in Table X. Except for %2Se, the strengths of
the first 4% states are rather weak in Se compared to those
of the higher-excited 4% states in which the strongest one
has a strength of almost 3.0 spu. The observed EWSR
fraction of the 4* states is about 2.6% for *Se, 3.7% in
76Se, 1.8% for "®Se, 1.4% for ®°Se, and 1.3% for ®Se,
respectively.
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TABLE XI. The energy gaps (4, for proton and A, for neutron) and the interaction strengths (£;)

used in the present calculations.

Energy gaps Interaction
(MeV) strengths (&)
Nuclei A, A, &, &; I

"Se 1.60 1.18 0.82 0.77 0.77
6Se 1.63 1.37 0.82 0.77 0.77
8Se 1.47 1.30 0.82 0.77 0.65
80ge 1.47 1.13 0.82 0.77 0.65
s2ge Set I 1.55 1.35 0.82 0.77 0.40

Set 1I 1.27 0.68 0.82 0.77 0.65

B. Comparison of the experimental results 41 Mo}

with the RPA calculations

1. General description of RPA calculations

In the present study, the RPA calculations with pairing
plus quadrupole-quadrupole (2%), octupole-octupole (37),
and hexadecapole-hexadecapole (4*) interactions for
spherical nuclei were performed with the code by Kishi-
moto.®® The RPA calculations in spherical nuclei have
several parameters: (1) pairing energies (A, for proton
and A, for neutron); (2) single particle energies (€;); (3)
interaction strength (£;) defined in the unit of the self-
consistent strength,®

Xselfz
E7oa41 4,2

for interaction

A
- 2 XLE 2 (YAYM),T("AYM‘)]- ’

L=23,4 B oij=1

L
2

where X is §LX§flf; (4) the values of isoscalar effective
charges for proton and neutron which are fixed to 1.0, be-
cause all major shells are used and thus all transitions are
included in these calculations. These parameters were
determined to reproduce well the excitation energies and

(a) 2° (b) 3~
15 Thee 765, T8¢, 80g, T4se 76se 78se 80s,
THEO THEO TREO THEO] 6 THEO. THEO) THEO} THEO.
10}
4
=5 =2t 3
3 &
éo . . | Lo l | Ly .
o % 76 78 80 w Tage 765, 78ge 80g,
Se Se Se Se EXPT EXPT. EXPT. EXPT.
EXPT. EXPT. EXPT EXPT. 4
| | il
oo | ) L 0 |1 i n 11
012301 23012301234 2 3 4 5 2 34 5 2 34 5 23 4 56
Ex (MeV) E x (MeV)
(c) &
1.0 7I’Se 7652 785, 80g,
. THEO. THEO. THEO THEOQ.
05 l
g oLl | | ¥ ’ l |
S | 74se 765, 785, 80g,
0 EXPT. EXPT EXPT. EXPT.
05 u
ok ll”l gl lllll IHI il
123 412341 2341 2345

Ex(McV)

FIG. 12. The energy weighted sum-rule (EWSR) fractions for the (a) 2+, (b) 37, and (c) 4% states in "*~%Se nuclei. The theoretical
predictions from the RPA calculations are shown in the upper part of the figure.
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TABLE XII. The single particle energies (¢;) of the 2p3 ., 1fs,2, 2p1,2, and 1gy,; shells and chemical potential (A) used in the

present calculations.

€; and A (proton shells) (MeV)

€; and A (neutron shells) (MeV)

Nuclei 2p3p 1fsn 2p1p2 189, A 2p3n 1fsp 2p\p 1892 A
74Se 0.24 1.06 1.16 1.84 0.32 —2.59 —1.25 —0.11 0.43 —0.47
76Se 0.24 1.06 1.22 1.84 0.29 —-3.10 —2.10 —1.99 —0.72 —1.09
8Se 0.23 0.95 1.18 1.80 0.32 —4.20 —2.87 —2.58 —1.75 —1.66
80ge 0.23 0.75 1.14 1.76 0.23 —4.90 —3.62 —3.25 —2.34 —1.94
82ge Set I 0.23 0.64 1.11 1.72 0.14 —5.25 —4.64 —3.54 —3.46 —2.17

Set 1I 0.23 1.11 1.74 2.52 0.82 —5.70 —4.35 —4.29 —2.27 —1.74

transition strengths for the low-lying 2%, 3™, and 4%
states, as well as those of the giant quadrupole, octupole,
and hexadecapole states.

The pairing energies used in the present calculations are
listed in Table XI. The A, values obtained are somewhat
lower than those predicted by the binding energy relation
and close to the values calculated by using the empirical
formula studied by Vogel et al.*® The A , values used are
different from their systematics, because neutron numbers
of Se nuclei are close to the magic number ( N =50).

The single particle energies €; are corrected for 1f5,,,
2p1,2, and 1gg/, shells to some extent (within 1.5 MeV)
from those obtained with an ordinary Nilsson potential*!
and are listed in Table XII, together with a chemical po-
tential A. The €; values used are roughly consistent with
those obtained from single-nucleon transfer reactions*
and those of the 1f5,, shell lie between 2p;,, and 2p, ,,
shell energies in all Se isotopes in the present calculations.

The interaction strengths £; were fixed for all the iso-
topes studied in the case of the 2% and 3~ states, but were
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FIG. 13. The energy weighted sum-rule (EWSR) fractions for
the 2%, 37, and 4+ states in 32Se. The theoretical predictions
from RPA calculations using two parameter sets listed in Table
XII are shown in the upper part of figure.

changed slightly in the case of the 4% states. The values
used are also listed in Table XI, and are almost the same
values as those in the previous work.!> In the case of %2Se,
two sets of the parameter are used, because the previous
parameters for the RPA prediction!® do not reproduce the
excitation energy and the EWSR fraction for the 2 state.

The excitation energies and EWSR fractions of the 2%,
37, and 47 states in *~%2Se calculated with these parame-
ters are presented in Figs. 12(a)—(c) and 13, and also com-
pared with the experimental results. The calculated
EWSR fractions of the giant quadrupole, octupole, and
hexadecapole resonances for *~%2Se using the same pa-
rameters are also listed in Table XIII. They are in reason-
able agreement with those expected from the experimental
systematics obtained for medium- 4 nuclei.*’

2. The 2 strengths

The calculated excitation energies of the 2% states are
in fairly good agreement with the experimental results in
74-80g¢ isotopes, but the 2;" states lie higher than the ex-
perimental ones. The calculated strengths for the 2i
states are somewhat stronger (factor of about 1.5) than the
experimental ones as shown in Fig. 12(a) and Table XIV.
In the case of 82Se, the excitation energies and strengths of
the 2{" and 23 states are well reproduced by the calcula-
tions using the parameter set II as shown in Fig. 13 and
Table XIV.

3. The 3 ~ strengths

The one-phonon octupole states in *~82Se have been in-
vestigated by Matoba et al.!' and the excitation energies
and transition strengths for the 3; states have been rather
well predicted by the pairing plus octupole-octupole
model by Veje.* The disagreement between Veje’s predic-
tions and the present experimental results becomes, how-
ever, remarkable in the higher octupole states, where the
predicted excitation energies and strengths for the 3;
states are much higher and larger.

On the other hand, the present calculation gives a good
description for the states up to higher excitation energies
as well. The excitation energies and strengths for the
LEOR are also well reproduced as listed in Table XIII.

4. The 4™ strengths

Goswami and Lin!® have calculated the excitation ener-
gies and transition strengths for the 4% states with a
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TABLE XIII. The excitation energies and EWSR fractions for the giant resonances in the present calculations using the same pa-

rameters listed in Table XII.

2* 3~ (LEOR) 4+

E, EWSR E, EWSR E, EWSR
Nuclei (MeV) (%) (MeV) (%) (MeV) (%)
Se 13.0-16.0 56.8 6.5—8.5 14.3 14.5-17.5 16.3
76Se 13.0—-16.0 55.9 6.5—8.5 15.4 14.5-17.5 16.4
78Se 13.0-16.0 58.6 6.5—8.5 15.5 14.5-17.5 16.2
80Se 13.0—16.0 59.4 6.5—8.5 15.1 14.5-17.5 15.6
g, Set I 12.5-15.5 48.9 6.5-8.5 15.6 14.0—-17.0 12.1
Set II 12.5-15.5 57.5 6.5-8.5 16.7 14.0—-17.0 16.6

surface-delta interaction for the even-even Zn, Ge, Se, and
Te isotopes, and have predicted that the lowest hexade-
capole vibrational state has a B(E4) of around 10 spu
which exhausts 1—3 % of the EWSR. The experimental
results’ on the low-lying 4 states in %~%8Zn are in essen-
tial agreement with their prediction.

In this study, the summed EWSR fraction of the 4*
states increase with decreasing neutron number from #2Se
(1.3%) up to "Se (3.6%) and then decrease in "*Se (2.6%).
Strong fragmentations occur in the excitation energy of
about 2—4 MeV for Se. These features are in disagree-
ment with the prediction of Goswami and Lin.

The strong fragmentations of the hexadecapole vibra-
tional strengths observed in 7*~%2Se are well reproduced
by the present RPA calculations as shown in Figs. 12(c)
and 13. The hexadecapole giant resonances are also distri-
buted in the excitation energy of about 14—17 MeV. The
EWSR fraction of the 4% states in 32Se is discussed in de-
tail in the next subsection.

5. RPA calculation in %2Se

Previously, the hexadecapole strengths in ®2Se were cal-
culated with the values for the energy gaps (A,=1.55
MeV and A,=1.35 MeV) and the interaction strength
(£4=0.40) listed in Table X (set I).!* In these calcula-
tions, A, and A, values for 82Ge are larger than those for
78,80ge, Generally, A p and A, values slowly decrease with
increasing A or asymmetry® (N —Z)/4, and A, values
are smaller when neutron numbers are close to the magic

number. The RPA calculations in 32Se are therefore per-
formed by using two parameter sets (sets I and II) as listed
in Table X and the results are presented in Fig. 13. Set I
are the same parameters studied previously,'® and set II
are the new parameters added in the present analyses.

By using the parameter set I, good agreements with the
experimental results for the excitation energies and for the
strengths of the 3~ and 4™ states are obtained, while the
agreements with the 2;" states become worse than those in
the case of 74~%Se nuclei. In the case of parameter set II,
in addition to the 3~ and 4% states,'? those of the 27 , 23",
and 4 states are also well reproduced as shown in Fig. 13
and Table XIV. These features suggest that the lowest
hexadecapole vibrational state in ®2Se is lower in the exci-
tation energy than those of the other Se isotopes and occu-
pies with large components in the 4" state.

V. SUMMARY

A large number of new levels in 7*~82Se nuclei were ob-
served in the excitation energy up to 4.8—5.5 MeV with
the present (p,p’) reaction at 64.8 MeV. Shapes of the an-
gular distributions for these states are well reproduced by
the DWBA and CC calculations, and thus allowed us to
assign spin parity to most of the levels.

Many 3~ and 4™ levels with appreciable strengths were
observed for the first time in the energy region from 2.5
to 5.0 MeV. Several 5~ levels were also observed for the
first time.

The results of the RPA predictions for the 2%, 37, and
4% states in 7*~32Se are in reasonable agreement with the

TABLE XIV. The EWSR fractions for the 2+, 3—, and 4 states of 7#~%2Se nuclei in the energy
range E, =0.5—4.0 MeV for the 27 states and E, =1.0—5.0 MeV for the 3~ and 4% states observed in
the present experiments (Expt.). The RPA predictions on the EWSR fractions are also listed (Theo.).

EWSR (2%) EWSR (37) EWSR (4%)
(%) (%) (%)

Nuclei Expt. ~ Theo. Expt. Theo. Expt. Theo.
Se 11.40 14.09 9.37 9.02 2.59 2.22

Se 11.54 15.61 8.14 8.75 3.58 2.39

8Se 11.31 11.39 7.89 7.56 1.75 1.76

80ge 7.99 12.75 7.98 7.03 1.38 1.46

22ge Set I 6.79 13.28 7.33 5.62 1.27 0.73

Set II 6.79 8.09 7.33 6.70 1.27 1.02




observed excitation energies and strengths. The fragmen-
tations and distributions of the hexadecapole vibrational
strengths observed in 7*~%2Se are generally well repro-
duced by the RPA calculations. As for the 4 state in
82Ge, the experimental results show that the deformation
parameter obtained is large and the EWSR fraction is
largest in several 4% states observed. And the present
RPA predictions suggest that the 4{ state in ®2Se has
large components of the hexadecapole vibrational state, in
contrast to the other Se nuclei.

As discussed in the Introduction, the Se isotopes show
transitional features where the couplings between various
degrees of freedom must play on important roles, especial-
ly in the case of 7®Se, where large fragmentations of the
octupole and hexadecapole transition strengths are ob-
served. More experimental efforts should be extended to
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pin down such coupling schemes by using various types of
reactions, and at the same time more detailed analyses are
needed to clarify these features using other theoretical
models such as the interacting boson model*® including
the g boson in addition to the s and d bosons.
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