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Spherical and deformed high-spin states in38Ar
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Excited states in38Ar have been investigated by means of the heavy-ion fusion-evaporation reaction28Si
116O. The level scheme reveals a subtle interplay between spherical, deformed, and superdeformed shapes.
Large-scale shell-model calculations in thesd-f p space are invoked to study the microscopic aspects of
deformation and shape changes.
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I. INTRODUCTION

Experimental studies of doubly magic nuclei and nea
neighbors provide important benchmarks to test nuc
models. At high excitation energy or angular momentu
single-particle and collective modes of excitation may co
pete in these systems. This may allow for a comparison
different microscopic theoretical treatments and can lead
an understanding of collective motion in terms of the sph
cal shell model. This has been demonstrated recently in
case of 56Ni, where rotational bands have been identifie
These bands are based on four-particle four-hole~4p-4h! ex-
citations across theN,Z528 shell gap@1#.

Similarly, in 40Ca the first excited 02
1 state at 3353 keV

has been interpreted for a long time as 4p-4h excitation
across theN,Z520 shell gap@2#. This state forms the band
head of a prolate-deformed rotational band. Later on
interpretation was confirmed by measurements of la
B(E2;21→02

1) and B(E2;41→21) transition strengths
@3,4#. While the location of the yrast 61 state indicates the
succession of a reasonably smoothJ(J11) behavior of the
sequence, the yrast 81 forms an early example of band te
mination @5#. The leading components of the wave functi
of the 81 state in 40Ca are 2p-2h excitations. Recently, a
candidate for a superdeformed 8p-8h structure in 40Ca has
been identified, which is built on the 03

1 state @6#. In the
neighboring nucleus36Ar, which has onea particle fewer
than 40Ca, the 4p-8h band has been extended up to spinI
516 @7#.

The present study aims at the identification of deform
multiparticle multihole high-spin states in38Ar. They are
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expected to compete with near-spherical ‘‘terminating’’ sta
of lower seniority. Excited states in38Ar have been studied
extensively with light-ion-induced reactions~see compilation
by Endt @4#!, while the most recent high-spin result dat
back to the late 1970s@8#. Section II describes the exper
mental procedures and results. It is followed by Sec.
which presents an interpretation of the new data in the fra
work of large-scale shell-model calculations.

II. EXPERIMENT

The experiment was performed at the 88-Inch Cyclotr
at Lawrence Berkeley National Laboratory. The heavy-i
fusion evaporation reaction28Si116O was used at 125 MeV
beam energy. High-spin states in38Ar were populated via
1a2p evaporation from the compound nucleus44Ti. The
GAMMASPHERE Ge-detector array@9# was coupled to the
4p charged-particle detector array MICROBALL@10# and
15 liquid scintillator neutron detectors to allow for a prop
selection of the various reaction channels. The neutron
tectors replaced the Ge detectors in the three most forw
rings of GAMMASPHERE. The target was a;0.5 mg/cm2

thin enriched 40Ca foil which suffered from considerabl
oxidation. Since the natural abundance of16O is 99.8%, the
only measurable reaction cross section with oxygen can a
from this isotope. Reactions of the28Si beam with either
40Ca or 16O can be clearly discriminated because of~i! the
different recoil velocities (v53.4% c and v55.7% c, re-
spectively! and~ii ! the different total energyEtot and average
maximum spin of the compound nucleus. Theg-ray multi-
plicity K and total energyH could be measured since th
hevimet absorbers in front of the anti-Compton shields of
Ge detectors were removed@11#. Using the energyEpart de-
posited in
MICROBALL by the evaporated charged particles, the react
of interest can be selected with a proper gate in a tw
dimensional plot ofK vs Etot5H1Epart @12#.

The data were sorted off-line into a number of reactio
channel-selected two- and three-dimensionalgg matrices
and ggg cubes. TheRADWARE data analysis software@13#
and the spectrum-analysis codeTV @14# were used to inves-
a.
©2002 The American Physical Society05-1



onal

D. RUDOLPHet al. PHYSICAL REVIEW C 65 034305
FIG. 1. Proposed partial experimental level scheme of38Ar. The energy labels are given in keV. The widths of the arrows are proporti
to the relative intensities of theg rays. Tentative transitions and levels are dashed.
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tigateg-ray coincidences and intensities.
Eg-Eg angular correlations betweeng rays detected in the

backward section (Q̄5150°) and the central section (Q̄
597°) were investigated by means of directional corre
tions of oriented states~DCO ratios! @15#

RDCO~g1 ,g2!5
I ~g1 at 150°; gated withg2 at 97°!

I ~g1 at 97°; gated withg2 at 150°!
.

~1!

The RDCO values were corrected for the slightly differe
detection efficiencies in the different Ge-detector rin
Known stretchedE2 transitions@8# were used for gating
such that RDCO51.0 is expected for observed stretch
quadrupole transitions andRDCO;0.6 for stretched pure di
poles. NonstretchedDI 50 transitions have typicallyRDCO
;1.0, which also depends on the multipole mixing ratio.

The level scheme of38Ar from the present analysis i
shown in Fig. 1 and summarized in Table I. It considera
extends the previously reported high-spin excitation sche
by Aartset al. @8#. Except for one case, previous spin assig
ments of states were confirmed, and earlier parity ass
ments@4,8# were adopted.

Figure 2 provides a number ofg-ray spectra, which focus
on newly identified sequences in the level scheme of38Ar.
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All spectra are in coincidence with one evaporateda particle
and two protons. The spectra in Figs. 2~a!–2~c! originate
from a gg matrix, which was gated by a thirdg ray repre-
senting one of the intense 106, 670, 1643, and 2168
lines in 38Ar. Figure 2~a! is in coincidence with the 1900
keV and 1903 keV doublet. The 1900 keV line depopula
the level at 10 026 keV. Transitions associated with the n
even-spin decay sequence 4 on the left hand side of Fi
can clearly be identified, e.g., at 1055, 1451, 1524, 2135
3538 keV. The weak 4097 keV line at the top of band
cannot be seen in Fig. 2~a! due to the limited statistics an
because most of the flux depopulating the levels at 11
and 13 685 keV proceeds via the 1375 and 2068 keV lin
which form the connection to the known negative-par
states. The 1903 keV line forms a weak connection betw
the previously known levels at 8974 and 7071 keV, whi
generates the peak at 1202 keV and a considerable frac
of the 2484 keV line in Fig. 2~a!. The spectrum in Fig. 2~b!
is in coincidence with the 1441 keV 112→92 transition.
The contribution due to the weak 1438 keV 61→41 line is
negligible. New transitions at, e.g., 2068, 2300, 3779,
4097 keV are visible and could be placed unambiguously
the level scheme of Fig. 1. The lines at 1140 and 3063 keV
Fig. 2~b! seem to feed directly into the 11 617 keV 112 state.

A number of RDCO values allow for an assignment o
even spins and negative parity to the 10 026, 11 551,
5-2
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TABLE I. Level energiesEx , g-ray energiesEg , relative intensitiesI g , angular correlation ratiosRDCO ,
and multipole assignments of transitions observed in38Ar.

Ex Eg I g RDCO Multipolarity I i I f

~keV! ~keV! ~%! (\) (\)

2168~1! 2167.5~5! 110~3! 1.01~5!a E2 21b 01

3811~1! 1642.7~4! 100~3! 0.64~3! E1 32b 21

3937~1! 1769~1! 0.2~1! DI 50 21b 21

3938~2! 2.1~3! E2 21 01

4481~1! 669.6~2! 90~3! 0.63~3! E2/M1 42b 32

4566~1! 2398~2! 0.7~2! DI 50 21b 21

4586~1! 105.9~1! 83~8! E2/M1 52b 42

775.5~3! 11~1! 1.08~7! E2 52 32

5350~1! 784~1! 0.2~1! E2 41b 21

1413.1~4! 3.8~3! E2 41 21

1539~1! 0.9~2! E1 41 32

3183~2! 8~1! 0.98~8!a E2 41 21

5659~1! 1073.2~4! 7.2~3! 1.08~8! DI 50 52b 52

1178.6~6! 0.7~1! E2/M1 52 42

6054~1! 703.9~3! 2.2~2! DI 50 41c 41

1488~1! 0.4~1! E2 41 21

2116~1! 0.6~2! E2 41 21

6409~1! 749.9~4! 0.3~1! E1 61b 52

1058~1! 1.8~2! E2 61 41

1823.3~4! 55~2! 0.56~3! E1 61 52

6675~1! 2088.7~6! 5.7~6! 1.16~17! DI 50c 52b 52

7071~1! 2483.9~6! 10~1! 1.19~9! E2/M1 62 52

2590~1! 1.1~2! E2 62 42

7289~1! 879.9~3! 1.2~1! DI 50 61b 61

1236~1! 0.4~1! E2 61 41

1939.4~7! 7.8~6! 0.94~8! E2 61 41

2704~1! 2.6~2! E1 61 52

7492~1! 1438~1! 2.4~2! a E2c 61 41

1833~1! 0.8~2! E1 61 52

2142~1! 1.1~2! E2 61 41

7509~1! 437.8~2! 0.8~1! 0.82~15! E2/M1 72 62

1100~1! 0.2~1! E1 72 61

1850~1! 0.7~3! E2 72 52

2923~1! 9.1~5! 1.14~9!a E2 72 52

7859~1! 1184.5~4! 1.1~2! 0.59~9! DI 51 6 52

8078~1! 789.3~6! 0.5~1! E2/M1 71b 61

1669.4~4! 6.7~2! 1.59~12! E2/M1 71 61

8126~1! 1055~1! 0.9~2! 0.83~31!a (DI 50) (62)b 52

1451~1! 0.4~1! (E2/M1) (62) 52

3538~2! 1.4~2! a (E2/M1) (62) 52

8492~1! 1421.0~4! 3.3~4! 0.51~5! DI 51 6 52

8571~1! 492.6~2! 3.8~2! 0.61~5! E2/M1 81b 71

1061.4~3! 7.3~2! 0.66~7!a E1 81 72

1282~1! 0.3~1! E2 81 61

2162~1! 30~2! 1.01~5!a E2 81 61

8974~1! 847.8~4! 0.4~1! (E2/M1) 72b (62)
1903~1! 0.4~1! E2/M1 72 62

2300~1! 1.1~2! 1.14~23!a E2 72 52

2565~1! 12~1! 0.70~5! E1 72 61

3314~1! 2.5~1! 1.15~21! E2 72 52

4388~2! 4.1~2! 1.19~14! E2 72 52
034305-3
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TABLE I. ~Continued!.

Ex Eg I g RDCO Multipolarity I i I f

~keV! ~keV! ~%! (\) (\)

9340~1! 1848~1! 1.3~2! E2 81b 61

2051.3~6! 7.9~6! 1.07~11! E2 81 61

2931~1! 1.9~2! a E2 81 61

9350~1! 2941~2! 0.4~1! E1 72c 61

3691~2! 0.3~1! E2 72 52

4764~3! 0.5~1! E2 72 52

9538~1! 967.4~3! 1.1~1! 0.98~10! DI 50 81c 81

2046~1! 0.8~2! E2 81 61

2248~1! 0.8~3! E2 81 61

3128~2! 1.4~2! E2 81 61

9935~1! 1364~1! 7~1! 0.46~3!a E2/M1 91 81

10 026~1! 1900~1! 2.4~3! 1.10~34!a (E2) 82 (62)
1948~1! 0.9~2! E1 82 71

2517~1! 1.1~2! E2/M1 82 72

2956~2! 1.3~2! E2 82 62

10 176~1! 835.3~4! 0.7~2! E1 92b 81

1201.8~3! 14~1! 1.09~6! E2 92 72

1605.4~4! 19~1! 0.58~3! E1 92 81

10 949~1! 773~1! 0.8~3! a DI 50 92 92

1598~2! 0.3~1! E2 92 72

2378~1! 2.9~2! 0.83~9!a E1 92 81

3439~2! 0.3~1! E2 92 72

11 300~1! 1364~1! 2~1! 0.46~3!a E2/M1 101 91

1959.5~7! 3.6~2! 1.17~21! E2 101 81

11 551~1! 1374.7~4! 6.3~2! 1.29~17! E2/M1 102 92

1524.4~4! 2.6~2! 0.91~16! E2 102 82

11 617~1! 1440.9~4! 21~1! 1.05~5! E2 112b 92

11 651~2! 2301~2! 0.6~2! 1.14~23!a (E2) (92) 72

11 917~1! 2378~1! 0.7~2! E2 101 81

2576.2~8! 3.9~2! 0.95~16! E2 101 81

11 999~2! 1050~1! 0.5~1! 9(2)

12 108~1! 2570~2! 0.3~1! E2 101c 81

3537~2! 1.2~2! a E2 101 81

13 685~1! 2068.5~7! 3.2~2! 0.30~2! E2/M1 122 112

2134.9~6! 3.1~4! 1.18~17! E2 122 102

14 121~2! 2821~2! 0.7~2! 101

4185~3! 0.4~2! 91

14 392~1! 2285~1! 0.2~1! E2 121 101

2475.7~8! 2.4~2! 1.02~19! E2 121 101

3093~2! 0.7~2! E2 121 101

14 879~2! 2962~2! 0.6~2! (E2) (121)d 101

15 396~2! 3779~2! 1.6~2! 1.02~19! E2 132 112

17 003~2! 2611~1! 0.9~2! 1.11~38!

17 782~2! 4097~2! 0.5~2! (12)
18 071~4! 3192~3! 0.4~2! (E2) (141)d (121)
21 663~5! 3592~3! 0.2~1! (E2) (161)d (141)

aDoublet structure.
bSupported by or taken from latest data evaluation.
cDue to or supported by stretchedE2 connections to a state with known spin and parity@4#.
dAssignment based on systematic rotational behavior.
034305-4
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SPHERICAL AND DEFORMED HIGH-SPIN STATES IN38Ar PHYSICAL REVIEW C 65 034305
13 685 keV levels. They also imply a modification of th
spin and parity assignment of the 7071 keV state from 52 @4#
to 62. Figure 3 compares the measuredRDCO values for the
2068, 1375, and 2484 keV transitions to DCO ratios cal
lated as a function of the multipole mixing ratiod(E2/M1)
@or d(M2/E1), respectively#. The results for nonstretche
DI 50 hypotheses are shown in the left column of Fig.
while the right column illustrates the analysis assum
stretchedDI 51 transitions. The thick and thin horizonta
lines in Fig. 3 indicate the experimentalRDCO values and
their error margins. For each panel three curves were ca
lated for a given alignment coefficienta2 and its presumed
upper and lower limits, respectively. The crossings of
curves with the experimentalRDCO values mark possible so
lutions for the mixing ratiod. These are indicated by th
vertical solid lines. The alignment coefficientsa2 were cal-
culated using the relationa250.5510.02Ex (MeV). Includ-
ing uncertainties ofDa2560.05 this assumption provides
reasonable estimate of the alignment following heavy-ion
sion evaporation reactions, provided that no long-lived i
mers are encountered in the course of the decay.

The valueRDCO50.30(2) of the 2068 keV transition i
only consistent with a stretchedDI 51 transition. The two

FIG. 2. Gamma-ray spectra of38Ar. They are all gated with one
detecteda particle, two protons, and no neutron. Panels~a!, ~b!,
and~c! are summed double-gated spectra in coincidence with~i! the
106, 670, 1643, and 2168 keV lines and~ii ! the 1900/1903 keV
doublet @panel ~a!#, the 1441 keV transition@panel ~b!#, and the
1364 keV doublet. Panel~d! shows the sum of spectra in doub
coincidence with the 1939, 2051, 2577, and 3183 keV lines in b
1. Panel~e! is measured in coincidence with the 704 keV lin
which connects bands 1 and 2. Energy labels are in keV.
03430
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possible solutions for the mixing ratio ared150.30(8
11) and

d252.7(6
8). This fixes the spin of the 13 685 keV state to

I 512 and subsequently those of the 11 551 and 10 026
levels atI 510 andI 58, respectively. TheI 510 assignment
is also in line with the mixing-ratio analysis of the 1375 ke
line shown in the middle row of Fig. 3, which yields22.2
,d,20.5 for theDI 51 hypothesis. TheRDCO values for
the 1524 and 2135 keV transitions are consistent w
stretchedE2 transitions. Furthermore, a parity changin
mixedM2/E1 character for the 2068 and 1375 keV lines c
be ruled out. Using the lowest possible values ofd, their
BW(M2) strengths~Weisskopf units! would outweigh the
BW(E2) in-band strengths of the 2135 and 1524 keV lin
by factors of more than 2 or 30, respectively. Therefore,
assign I p582, 102, and 122 to the 10 026, 11 551, and
13 685 keV states. TheRDCO value of the 1900 keV transi
tion in combination with the decay pattern of the 8126 ke
state and previous knowledge@4# finally allows for a tenta-
tive 62 assignment to this level.

As a result of the observation of the 2956 keV line b
tween the 10 026 keV 82 and 7071 keV state, the previou
52 assignment to the latter has to be revised to 62, because
stretchedM3 transitions are highly unlikely to be observe
in prompt in-beamg-ray spectroscopy. This spin change
also supported by the mixing-ratio analysis of the 2484 k
line shown in the bottom row of Fig. 3, which yields22.0
,d,20.6 for a stretchedDI 51 transition rather thand;
20.5 for theDI 50 hypothesis.

The spectrum in Fig. 2~c! is in coincidence with the 1364
keV line, which is known to be a doublet from earlier studi
@8#. The relevant transitions of the decay of the 81 yrast

d

FIG. 3. The experimental DCO ratios of the 2068~top row!,
1375~middle row!, and 2484 keV~bottom row! transitions are com-
pared to DCO ratios calculated as a function of the multipole m
ing ratio d assuming either nonstretchedDI 50 ~left column! or
stretchedDI 51 ~right column! character by using the given align
ment coefficientsa2 and detector angles according to Eq.~1!.
5-5



ke
e
rg

e
76
re

tw
2

he
bl

in
is

t
ps
s
k
i
v
ce
e
V

a
h

on
0
n

ct

a
ie

n-
1

e
ld
it

in

ly
pi
he
te
d
he

82
y

tion
he
ts

and

Fig.
ell-

-

ith

n-
l-

p-

by
of

ing
d
if-
at
al-
the

ruc-

aim
or

ons
rust

ere

nce
8,

g

rity
e

of
and,
and
t of
rgy

ergy
ce

D. RUDOLPHet al. PHYSICAL REVIEW C 65 034305
level at 8571 keV can be seen at 1061, 1669, and 2162
while the high-energy lines at 2821, 3093, and 4185 k
mark the connections to states of higher excitation ene
and spin. The decay of the level at 14 121 keV into a 91 and
101 state hints at a spin assignment of 111, though it cannot
be proved experimentally due to low statistics.

The spectrum in Fig. 2~d! is the sum of spectra in doubl
coincidence with any combination of the 1939, 2051, 25
and 3183 keV transitions and thus highlights the structu
labeled 1 and 2 in Fig. 1. The 2476 keV line connects the
bands, and the 2611 keV line marks the top of band
Though intensively searched for, a continuation of band
with a 3–4 MeV transition could not be established from t
present data set. The 2962 keV line, which is clearly visi
in Fig. 2~d!, feeds into the 11 917 keV 101 state. Beyond
that, the situation is not clear: The 2962 keV transition is
coincidence with the 3592 keV line, but the 3192 keV line
a doublet with the 3183 keV 41→21 decay-out transition a
low spin. The doublet is inferred from intensity relationshi
arising from theRADWARE ggg cube analysis, but both it
presence and the sequence of the 3192 keV and 3592
transitions remain uncertain due to the limited statistics
that part of the level scheme. The strongest argument in fa
of the 3192 keV line is a spectrum which is in coinciden
with the 1939 keV transition at the bottom of band 1 as w
as with any of the~weak! 1413, 1539, 1769, and 3938 ke
transitions. This spectrum does reveal a weak line
;3192 keV, though the latter transitions run parallel to t
3183 keV line in the level scheme~cf. Fig. 1!. The relative
intensities of the 3192 and 3592 keV transitions~see Table I!
favor the sequence shown in Fig. 1. The 1960 keV line c
nects band 1 to the previously mentioned 11 300 keV 11

state, and several other weak interband or decay-out tra
tions can be seen in Fig. 2~d!. Some of these~1236 and 1848
keV! are highlighted in Fig. 2~e!, which is a spectrum in
coincidence with the 704 keV line. This transition conne
the two 41 states in bands 1 and 2.

The 1421 keV transition, which depopulates the level
8492 keV and which has been known from previous stud
@8#, has a rather large relative yield of 3.3~4!%. A total of
four additionalg rays are in clear coincidence with this tra
sition and the subsequent 2484, 106, 670, 1643, and 2
keV lines. Their energies are 1330.1~3!, 1755.8~5!, 1966~1!,
and 2672~2! keV with relative intensities of 0.7~2!%,
0.6~2!%, 0.3~1!%, and 0.5~2!%, respectively. None of thes
four transitions were in mutual coincidence; i.e., they wou
give rise to four additional states in the level scheme w
likely spins between 7\ and 8\. For the sake of clarity nei-
ther the levels nor theg-ray transitions have been included
Fig. 1.

III. DISCUSSION

38Ar has two proton holes with respect to the doub
magic core40Ca. This implies that excited states beyond s
2\ have to involve particle-hole excitations across t
spherical shell gap at particle number 20 if one neglec
excitations from thed5/2 orbit, which could create an excite
41 state. This state, however, is likely to lie isolated at rat
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high excitation energy, similar to the corresponding 91
keV 61 state in36Ar @7#. Since neutrons and protons occup
the same orbits, both the energy cost of~pair-breaking! core
excitations and the energy gain due to the residual interac
are of similar size for the two kinds of nucleons. In fact, t
strong binding of neutron-proton two-body matrix elemen
favors states for which the same numbers of protons
neutrons are excited from thesd into the f p shell.

The features of the structures labeled 1, 2, 3, and 4 in
1 in 38Ar are discussed in the context of large-scale sh
model~LSSM! calculations in thesd-f p model space with a
filled and closedd5/2 shell. The LSSM predictions were ob
tained using the diagonalization codeANTOINE @17# and an
effective interaction based on that presented in Ref.@18#.
Static and transitional electric moments were calculated w
effective charges ofep51.5 anden50.5.

Ideally, one should perform a fullsd-p f calculation to
describe the complete spectroscopy of38Ar. However, this is
far beyond our present-day computational possibilities. A
other option could be to limit the number of particles a
lowed to be excited from thesd shell to thep f shell to a
maximum valuen. The problem associated with such an a
proach is that it would be necessary to include up to 8p-10h
configurations if one were to describe states dominated
4p-6h components due to pairing correlations via states
6p-8h type. This again is beyond our present-day comput
possibilities. A way out of this impasse is to study fixe
np-mh configurations, which excludes the mixing among d
ferent np-mh sets. However, if we deal with bands th
originate from a well-defined intrinsic state, the unmixed c
culations can still provide a good description, because
residual mixing should not have large effects on these st
tures. Hence, we have performed 2p-4h and 4p-6h calcula-
tions and located such bands. Nevertheless, we cannot
for a perfect description because of the missing mixing. F
the negative-parity states, the fixed configuration calculati
do not produce any band like structure. Thus we cannot t
the unmixed calculations in that case.

Figure 4 provides the experimental~a! and calculated~b!
energies relative to a rigid rotor reference. The energies w
normalized to the 02

1 state at 3.38 MeV@4#. The predicted
2p-4h states match the spin 6-11 positive-parity seque
labeled 3 in Fig. 1. It is formed by the levels at 6409, 807
8571, 9935, 11 300, and~tentatively! 14 121 keV. The latter
state is likely to represent the terminating 111 state of the
2p-4h structure. Another argument in favor of interpretin
sequence 3 as being dominated by 2p-4h configurations is its
connection to the negative-parity states: these positive-pa
levels are mainly fed by the 3p-5h states, and they populat
the low-lying 1p-3h structure.

The first, second, or third excited states of the 4p-6h cal-
culation have been matched to the experimental ones
bands 1 and 2 based on both their excitation energies
more importantly, on their decay patterns. The predicted
observed branching ratios are given in Table II. As a resul
favoring the decay pattern rather than the excitation ene
in the matching process, the predicted 101

1 and 102
1 states

had to be interchanged. The observed and predicted en
curves in Fig. 4 are quite similar. The only overall differen
5-6
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is that at low spins the calculated bands are much more
energetically than seen in experiment. A simple explana
for that is configuration mixing, in particular with the 2p-4h
states, which are predicted to be yrast in that spin regi
while the yrast 41

1 state at 5350 keV is experimentally ass
ciated with band 1. A reduced relative energy between
2p-4h and 4p-6h calculations could solve this problem an
the fact that configuration mixing would increase the ene
difference between the lowest and second lowest states
given spin and parity.

The predicted and observed branching ratios are in ove
good agreement. It has to be taken into account that som
the intense nonobserved branches in practice relate to
weak transitions in the experiment. For example, the p
dicted 29% branch for the 143

1→ 122
1 transition in the decay

of the 18 071 keV level in band 1 would correspond to
transition with 0.1% relative intensity~cf. Table I!. Table II
and Figs. 4 and 5 take into account that the predicted bra
ing ratios for the 161

1→142
1→122

1→102
1 and 161

1→143
1

→123
1→102

1 sequences describe the observed top of ban
equally well. The latter choice, however, is preferred due
the curvature in Fig. 4 and larger in-band transition rates~cf.
Table II!. The preference is indicated in the two correspon
ing figures by using solid and open symbols, respectiv
The only major discrepancy in Table II is the decay of t
14 392 keV 121

1 state of band 2. A possible explanation li
in the closeness of both observed 101 and predicted 4p-6h
101 states. The interaction with the 2p-4h structure manifests
itself experimentally from observation of the 3093, 353
and 3128 keV transitions connecting bands 1 and 3.

FIG. 4. Energies of positive-parity, even-spin states in38Ar. The
experimentally observed~a! and calculated~b! energies are relative
to a rigid rotor reference. Different symbols represent structure
~solid and open diamonds!, 2 ~open squares!, and 3~solid triangles!
corresponding to the labels in Fig. 1. The solid circles are 01

1 and
21

1 states.
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TABLE II. Measured and predicted stretchedE2 branchingsb
and calculated transition strengthsB(E2) for the 4p-6h structures in
38Ar. The energies of nonobserved~n.o.! g rays and levels have
been extrapolated from the predicted energies and observed l
with the same spin and parity. Note that these energies can diffe
different choices in the process of matching observed and predi
states.

Ex I i ,th
p I f ,th

p Eg bexpt bth B(E2)th

~keV! (\) (\) ~keV! ~%! ~%! (e2 fm4)

Band 1
5350 41

1 22
1 784 5~3! 0 0.01

21
1 1413 95~3! 100 322

7289 61
1 43

1 n.o. 0 1.1
42

1 1236 5~1! 0 0.2
41

1 1939 95~1! 100 330
9340 81

1 63
1 n.o. 0 0.002

62
1 1848 14~3! 1 7.7

61
1 2051 86~3! 99 303

11 917 102
1 83

1 n.o. 0 3.4
82

1 2378 15~4! 3 9.0
81

1 2576 85~4! 97 223
14 879 123

1 103
1 n.o. 6 50.8

102
1 2962 100 91 110

101
1 n.o. 3 4.9

18 071 143
1 123

1 3192 100 70 89.4
122

1 n.o. 29 25.7
121

1 n.o. 2 1.0
21 663 161

1 143
1 3592 100 55 34.0

142
1 n.o. 44 17.2

141
1 n.o. 0 0.05

14 879 122
1 103

1 n.o. 2 13.1
102

1 2962 100 95 76.7
101

1 n.o. 2 2.5
18 071 142

1 123
1 n.o. 8 10.1

122
1 3192 100 70 11.8

121
1 n.o. 23 0.6

21 663 161
1 143

1 n.o. 44 34.0
142

1 3592 100 55 17.2
141

1 n.o. 1 0.05
Band 2
6054 42

1 22
1 1488 40~13! 95 129

21
1 2116 60~13! 5 1.1

7492 62
1 43

1 n.o. 0 18.7
42

1 1438 69~6! 95 228
41

1 2142 31~6! 5 1.6
9538 82

1 63
1 n.o. 1 3.0

62
1 2046 50~15! 99 34.7

61
1 2248 50~15! 1 0.2

12 108 101
1 83

1 n.o. 1 2.4
82

1 2570 100 82 101
81

1 n.o. 17 14.6
14 392 121

1 103
1 n.o. 1 4.7

102
1 2476 92~4! 4 2.2

101
1 2285 8~4! 95 80.5

17 003 141
1 123

1 n.o. 0 0.8
122

1 n.o. 2 2.7
121

1 2611 100 98 47.5

1

5-7
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Predicted neutron and proton occupation numbers
spherical j shells of the 4p-6h band 1 reveal results ver
similar to the prediction for the superdeformed band in36Ar
@7#. Both the f 7/2 andp3/2 orbits are active at low and inter
mediate spin, which gives rise to the collective behav
@16#. Towards higher spins, however, thep3/2 shell is emp-
tied. At the same time, thef 5/2 orbit becomes active, which
leads to a decrease of collectivity towards the termination
spin 16\. This is in line with a significant reduction of pre
dicted B(E2) values, which are given in the rightmost co
umn of Table II.

At low spin the only remarkable difference in betwe
bands 1 and 2 is the neutron configuration in thesd shell at
low and intermediate spins: While the occupation numb
are stable around two for thes1/2 andd3/2 in the wave func-
tion of band 1, the configuration of band 2 involves a larg
fraction of the latter. Starting from spin 8\, however, the
occupation numbers for band 2 look significantly differe
from those of band 1. First of all, the number ofp3/2 neutrons
remains at a constant level of roughly one. This implie
less significant loss of collectivity towards the top of t
band. In fact, theB(E2) strength in this band is reduced on

FIG. 5. Predicted summed occupancies of spherical neutronf p
shells in the two lowest positive-parity deformed bands of38Ar.
s.
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by a factor of 2 towards high spin, while the correspondi
number in the case of band 1 is 10. Second, the sum
neutron occupation of band 3 is 3, while it is around 2 for t
other bands. This is illustrated in Fig. 5. Hence, the top
band 2 is based on an33p31 configuration rather than a
more symmetricn32p32 solution, which is proposed fo
band 1.

IV. SUMMARY

The high-spin excitation scheme of38Ar has been ex-
tended significantly. The excited states can be grouped
cording to the leading particle-hole character of their wa
function. Different from the pronounced rotational bands o
served in the neighboringN5Z nuclei 36Ar @7# and 40Ca@6#,
the corresponding 4p-6h structure in38Ar is nonyrast over a
wide spin range and competes with several different confi
rations. This gives rise to a considerable amount of confi
ration mixing within the 4p-6h bands as well as with the
2p-4h sequence at low spins. This situation is difficult
reconcile theoretically. Nevertheless, large-scale shell-mo
calculations provide a consistent picture for the obser
level scheme. Future dedicated lifetime measurements o
4p-6h rotational states are clearly necessary to prove th
collective character. Such investigations are in progress@19#.
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