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A rotational band with seven g-ray transitions between states with spin 2h̄ and 16h̄ has been observed
in the doubly magic, self-conjugate nucleus 40

20Ca20. The measured transition quadrupole moment of
1.8010.39

20.29eb indicates a superdeformed shape with a deformation b2 ! 0.5910.11
20.07. The features of this

band are explained by cranked relativistic mean field calculations to arise from an 8-particle 8-hole
excitation.

DOI: 10.1103/PhysRevLett.87.222501 PACS numbers: 21.10.Tg, 21.10.Re, 23.20.Lv, 27.40.+z

Studies of superdeformed (SD) rotational bands in nu-
clei have been the focus of major experimental and theo-
retical efforts in the past 15 years. The occurrence of these
bands is the manifestation of large shell gaps at a 2:1 axis
ratio of the deformed shape for specific particle numbers.
Lately, the attention in this field has shifted somewhat from
the “traditional” regions of superdeformation at mass num-
bers 80, 150, and 190 to the lighter nuclei, where protons
and neutrons occupy similar orbitals. This trend was ini-
tiated by the discovery of superdeformed and highly de-
formed bands in nuclei near 56Ni [1].

Some fascinating aspects of superdeformation in nuclei
with A , 80 are (i) the appearance of spherical and su-
perdeformed magic numbers at similar particle numbers,
which results in dramatic examples of shape coexistence,
and (ii) the observation of intense discrete-energy linking
transitions between the structures in the second (highly
or superdeformed) and the first (spherical or normal-
deformed) potential well, including particle decays [1].
This allows for firm spin and parity assignments for the
superdeformed bands in most cases. Furthermore, an im-
portant consideration for studying these nuclei is that they
are amenable to different theoretical treatments that in-
clude shell model calculations within a large configuration
space [2], quantum Monte Carlo shell model descrip-
tions [3], and a variety of mean field approaches [4,5].
Therefore, these nuclei provide an ideal testing ground
to compare and confront these complementary models.

An interesting prospect for a new superdeformed is-
land with similar features as those described above is the
region around 40

20Ca20. In this nucleus several relatively
low-lying 01 states have been observed, which suggests
the presence of coexisting shapes, as is the case near other
shell closures. Indeed, large transition quadrupole mo-

ments for some of the low-spin states in 40Ca have been
reported [6], and discussed [7] as multiparticle-multihole
deformed excitations.

Early calculations by Gerace and Green [8] explained
the low-lying levels of 40Ca as a mixture of spherical
shell model and deformed states formed by raising par-
ticles from the sd to the fp shell. The configurations of
the first and second excited 01 states (01

2 and 01
3 ) were

suggested to be 4-particle 4-hole (4p-4h) and 8-particle
8-hole (8p-8h) excitations, respectively. Recently, Zheng
et al. [4] using a fixed configuration deformed Hartree-
Fock calculation predicted for 40Ca an 8p-8h SD band with
b2 ! 0.599 starting at 7.08 MeV. If deformed shapes in-
deed exist in 40Ca, one should observe rotational bands
built on the excited 01 states [4,7].

Although a superdeformed band was recently observed
in 36Ar [9,10], experimental difficulties had so far ham-
pered observation of the highest spin states in 40Ca. In
this Letter, we report the first observation of a superde-
formed band extending up to spin 161 in the doubly magic
self-conjugate nucleus 40

20Ca20.
High-spin states in 40Ca were populated via the

28Si!20Ne, 2a"40Ca reaction. A 20Ne beam of 84 MeV
was provided by the ATLAS accelerator at the Argonne
National Laboratory. A thin 0.45 mg#cm2 28Si target
evaporated on a 1.0 mg#cm2 Ta foil was used. After
passing through the Ta foil, the effective beam energy was
80 MeV. The GAMMASPHERE array [11], comprising 101
Compton-suppressed Ge detectors, and the MICROBALL
[12], a 4p array of 95 CsI(Tl) scintillation counters, were
used to detect g rays and charged particles, respectively.
In this reaction the efficiencies of the MICROBALL for
protons and a particles were 68% and 51%, respectively.
The charged particles were identified using pulse shape
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discrimination on the signals from the CsI(Tl) scintilla-
tors. With a trigger condition of three or more Compton-
suppressed Ge detectors firing in coincidence, a total of
1.2 3 109 events were collected. From the number of
hits in the charged particle detectors, events were sorted
into an Eg 2 Eg coincidence matrix for each evaporation
channel. However, the channel selection is limited by
the efficiency of the MICROBALL and by the occasional
misidentification of charged particle signals. The 2a gated
g 2 g matrix, therefore, contains contaminations from the
2a1p !39K" and 2a2p !38Ar" channels. Their contribu-
tions were subtracted to obtain a clean data set for 40Ca.

Some of the high-spin structures in 40Ca have previously
been studied [13,14]up to spin 81 at 8.1 MeV. An inter-
esting feature of the previous level schemes is the presence
of second 01

2 and third 01
3 states, which are indications of

shape coexistence [7]. In our work, the level scheme was
extended up to spin 161 at 22.1 MeV. Figure 1 shows a
partial level scheme for 40Ca, where only positive parity
states are reported. An article reporting the complete level
scheme is forthcoming [15]. The cascades ending at the
levels of 5213 (01

3 ) , 3352 (01
2 ) , 8103 (81), and 6030

(31) keV are labeled as bands 1, 2, 3, and 4, respectively.
Attention is focused on band 1 with g-ray transitions be-
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FIG. 1. Partial level scheme of 40Ca; the energy labels are
given in keV, and the widths of the arrows are proportional to
the relative intensities of the g rays. Only the levels below the
dashed line were known prior to this work.

tween 914 and 3563 keV. These are highlighted in Fig. 2.
Transitions above the 9856 keV level of the band are in co-
incidence with the previously known transitions of 3905,
1375, and 1653 keV and appear as strong peaks in the
spectrum.

Since band 1 is connected to the previously reported fast
E2 41 ! 21 transition of 914 keV [B!E2" ! 100 W.u.,
Qt ! 1.69eb] [7], and linked to the ground state by the
5630 keV transition, it is assigned to be built on the 01

3
level. In addition, the newly observed one- and two-step
links (!) to members of band 2 ensure the placement of
the individual transitions !"" in band 1.

Spins of the observed excited levels are assigned on the
basis of angular distributions. The multipolarities of the
in-band transitions of band 1 and band 2 are found to be
consistent with a stretched quadrupole character. The re-
maining transitions also have a quadrupole character, ex-
cept for the 2120, 2004, and 2037 keV transitions from the
7399, 8937 (band 4), and 15 154 keV (band 3) levels, re-
spectively, which are dipole in nature. Assuming that the
quadrupole transitions correspond to an E2 multipolarity,
the parity of the excited states is assigned as positive. All
states for each spin in band 1 lie at higher excitation than
those in band 2 (i.e., band 1 is not “yrast”).

In order to determine the deformation of the bands 1
and 2 in 40Ca, the residual Doppler shifts [16] of the g-ray
energies were measured. The procedure is described in
Ref. [17]. The average recoil velocity #b$ is expressed as
a fraction of the initial recoil velocity to obtain F!t" %
#b$&b0. In Fig. 3, the fractional Doppler shifts F!t" are
plotted as a function of the g-ray energies. The experi-
mental F!t" values are compared with the calculated val-
ues based on the known stopping powers from SRIM-2000
[18]. In this calculation the side feeding into each state is

FIG. 2. A g-ray spectrum obtained by summing coincidence
gates set on all members of band 1 !"" starting from the 21

up to the 161 state, except for the 1432 keV transition. The !
symbols indicate the transitions decaying from the band. The
peaks marked by } are background peaks due to accidental
doublets or identified single-escape peaks.
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A rotational band of nineteen transitions with a moment of inertia 9b,„'d of 84r MeV ' has been
observed in "20y. The band feeds into the oblate yrast states between 19 and 25 and it is pro-
posed that the lowest member of the band has a spin of 22+ and thus the band extends up to 69i.
It is identified as the yrast superdeformed band and its intensity accounts for the ~hole of the ridge
structure seen previously in continuum E„-E„correlations.

PACS numbers: 21.10.Re, 23.20.Lv, 27.70.+q

The nucleus ts2Dy has been extensively studied and
three different structures have been identified. The
low-spin yrast levels have a pseudovibrational struc-
ture' which develops into a low-deformation (P=0.1S) prolate rotational band2 extending up to 40k.
This band, in the spin region between It and 3%, lies
between 0.5 and 1.5 MeV above the yrast states which
have a weak oblate structure formed by particles in
equatorial orbits. 3 5 At higher spins the y-ray continu-
um is dominated by a collective E2 bump. s Part of
this bump has been shown to arise from superde-
formed (P =0.6) bands from the existence of ridges
with a moment of inertia S t2l = (85 + 2)h'2 MeV ' in
Ev-E» correlation spectra. s In this Letter we present
data showing a discrete-line rotational band extending
over nineteen transitions from 602 to 1449 keV with
an almost constant energy separation of 47 keV which
corresponds to the superdeformed moment of inertia.
The major y-ray decay deexciting the band feeds into
the yrast oblate structure between the 19 and 25
states and then proceeds via the 60-ns 17+ isomer.
Additionally 25'/0 of the decay intensity bypasses this
isomer. We propose that the decay process from the
bottom of the band is essentially statistical, involving
several transitions, and we assign the spin at the bot-
tom of the band to be 22t, thus establishing the spin at
the top of the band to be 601. This is the first obser-
vation of a discrete-line superdeformed band and it ex-
tends the spin at which discrete states have been seen
from about 46% (e.g. , tssEr, Tjem etal. 9) to 60'.
The experiment was carried out on the tandem ac-

celerator at the Daresbury Laboratory using the TES-
SA3 spectrometer, which consists of a 50-element
bismuth germanate (BGO) crystal ball similar to that

used in TESSA2'0 with twelve escape-suppressed ger-
manium detectors. " The states in ts2Dy were populat-
ed by the reaction tosPd(4sCa, 4 )nat 205 MeV with a
target consisting of two 500-p, g-cm 2 self-supporting
foils isotopically enriched at 95'/o in tosPd. A 15-mg-
cm 2 gold catcher foil was positioned 5 cm down-
stream of the targets such that it was outside the focus
of the germanium detectors but within the full detec-
tion efficiency of the BGO ball. A total of over 150
million double (Ge-Ge) coincidences were recorded
together with the sum energy and number of hits
(fold) in the BGO ball. The time difference between
the BGO ball and the second-coincidence germanium
detector was recorded and enabled most of the
neutron-induced events in the germanium detector to
be rejected as they are delayed. The time interval was
also measured between the Ge-Ge event and any sub-
sequent BGO-ball event which occurred within 200 ns.
The resulting time spectrum had an exponential decay
shape caused by events originating from isomers de-
caying at the catcher foil, thus allowing positive identi-
fication, with 25'/0 efficiency, of Ge-Ge coincidences
preceding the 60-ns isomer in '52Dy. Two matrices of
Ge-Ge coincidences were constructed. The "isomer"
matrix was selected by the demand that an isomer de-
cay was recorded in the BGO ball within 150 ns, and
by the requirement of a high fold and sum-energy con-
dition which halved the ' Dy events and rejected vir-
tually all events associated with the 13-ns '5'Dy iso-
mer. The "prompt" matrix was selected by the re-
quirement that no isomer decay was recorded in the
BGO ball, thus reducing by 25'/0 the intensity of the
Dy decay proceeding via the 60-ns isomer, and by a

fold and sum-energy condition which maximized the

1986 The American Physical Society
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Coexistence of spherical states with deformed and superdeformed bands in
doubly magic 40Ca: A shell-model challenge
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Large-scale shell-model calculations, with dimensions reaching 109, are carried out to describe the recently
observed deformed (ND) and superdeformed (SD) bands based on the first and second excited 0+ states of
40Ca at 3.35 and 5.21 MeV, respectively. A valence space comprising two major oscillator shells, sd and pf,
can accommodate most of the relevant degrees of freedom of this problem. The ND band is dominated by
configurations with four particles promoted to the pf shell (4p-4h in short). The SD band by 8p-8h configurations.
The ground state of 40Ca is strongly correlated, but the closed shell still amounts to 65%. The energies of the
bands are very well reproduced by the calculations. The out-band transitions connecting the SD band with other
states are very small and depend on the details of the mixing among the different np-nh configurations; in spite
of that, the calculation describes them reasonably. For the in-band transition probabilities along the SD band, we
predict a fairly constant transition quadrupole moment Q0(t) ∼ 170 e fm2 up to J = 10 that decreases toward
the higher spins. We submit also that the J = 8 states of the deformed and superdeformed bands are maximally
mixed.

DOI: 10.1103/PhysRevC.75.054317 PACS number(s): 21.60.Cs, 23.20.Lv, 27.40.+z

I. INTRODUCTION
40Ca is a textbook example of doubly magic nucleus,

corresponding to neutrons and protons filling the three lowest
harmonic oscillator shells with principal quantum numbers
p = 0, 1, and 2. The N = Z = 20 gap is large (about 7 MeV)
and, therefore, in a naive independent particle description,
its spectrum will consist of negative-parity quasi-degenerated
states starting at an excitation energy commensurable with
the value of the gap and positive-parity states at about twice
the value of the gap. Indeed, this is not the case and its
first excited state is a 0+ at 3.35 MeV, that turns out to be
the head of a deformed band. Excited deformed bands in
spherical nuclei provide a spectacular example of coexistence
of very different structures at the same energy scale, which
is a rather peculiar aspect of atomic nuclei. Other cases
have been known for a long time, for instance, the four
particle four holes and eight particle eight holes states in 16O,
starting at excitation energies of 6.05 and 16.75 MeV [1,2].
The theoretical descriptions based in multiple particle hole
excitations that can accommodate deformation started with
the work of Brown and Green [3], Gerace and Green [4,5],
and Zuker, Buck, and McGrory [6]. In 40Ca, there have
been experimental indications showing that the two low-lying
sequences, 0+, 2+, 4+, starting at 3.35 and 5.21 MeV, may
correspond to deformed or superdeformed bands (see Ref. [7]).
However, it is only recently that such bands, deformed and
superdeformed, have been explored up to high spins, in
several medium-light nuclei such as 56Ni [8], 36Ar [9], and, of
course, 40Ca [10], thanks to the availability of large arrays of
γ detectors like Euroball and Gammasphere.

One characteristic feature of these bands is that they may
belong to rather well-defined shell-model configurations; for
instance, the deformed excited band in 56Ni can be associated
with the configuration (0f7/2)12 (1p3/2, 0f5/2, 1p1/2)4, whereas

the superdeformed band in 36Ar is based in the structure
(sd)16 (pf )4. The location of the np-nh states in 40Ca was
studied in the Hartree-Fock approximation with blocked
particles and Skyrme forces in Ref. [11]. Although many
approaches are available for the microscopic description of
these bands (cranked Nilsson-Strutinsky [9], Hartree-Fock
plus BCS with configuration mixing [12], angular momentum
projected generator coordinate method [13], projected shell
model [14], cluster models [15,16], etc.) the interacting shell
model is, when affordable, a prime choice. The mean-field
description of N = Z nuclei has problems related to the
correct treatment of the proton-neutron pairing in its isovector
and isoscalar channels, as well as the proper restoration of
the symmetries broken at the mean-field level to take into
account the pairing (particle number) and quadrupole (angular
momentum) correlations. In addition, the triaxial degrees of
freedom are seldom considered. On the shell model side, the
problems come from the size of the valence spaces needed to
accommodate the np-nh configurations.

In a recent article [17], it was shown that large-scale
shell-model calculations within a valence space consisting
on the sd and pf shells can describe the coexistence of the
spherical ground state and the superdeformed band of 36Ar,
both the very existence of the spherical and the superdeformed
states forming a band and the configuration mixing that
permits transitions connecting them. In the same spirit, in
the present work we focus on the case of 40Ca, which is
particularly challenging because it presents two rotational
bands of different kinds above the spherical ground state. The
first rotational band, starting at 3.35 MeV of excitation energy,
is generated by an intrinsic deformed state, whereas the other
one, starting at 5.21 MeV above the ground state, stems from
an intrinsic superdeformed state, i.e., bearing an axis ratio
close to 2:1.

0556-2813/2007/75(5)/054317(11) 054317-1 ©2007 The American Physical Society
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FIG. 5. (Color online) Energies of the yrast states in the fixed
np-nh calculations (corresponding to the circles in Fig. 4 for J = 0).

Actually, the mixing is dominated by the latter, with a non-
negligible 8p-8h piece. The leading 8p-8h component of the
SD could also mix with 6p-6h and 10p-10h configurations
directly, but it chooses none. The SD bandhead is very pure,
with only small amounts of 4p-4h and 6p-6h components. Let
us mention that the yrast band in the 6 h̄ω space corresponds
also to a rotor with deformation slightly larger than the one
in the 4 h̄ω space. On the contrary, the deformation and the
correlation energy in the 10 h̄ω space are smaller, leading to
negligible mixing with the other spaces.

In the process of mixing the winner is, energywise, the
ground state that gains almost 5 MeV, mostly pairinglike. The
ND band gains barely 2 MeV and the SD band essentially
nothing. That’s why, to reproduce the experimental situation,
the three 0+ states before mixing must be degenerated or even
with their energies inverted. The energies of the three physical

TABLE IV. Percentage of np-nh components and energy of the
first three 0+states (GS, ND, and SD) of 40Ca.

0p-0h 2p-2h 4p-4h 6p-6h 8p-8h E(th) E(exp)

0+
GS 65 29 5 – – 0 0

0+
ND 1 1 64 25 9 3.49 3.35

0+
SD – – 9 4 87 4.80 5.21
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FIG. 6. (Color online) Eγ ’s in the SD band, mixed calculation vs.
experiment.

0+ states after mixing are represented by the lozenges in
Fig. 4.

A. The superdeformed band

We start the discussion of the results with the excitation
energies of the SD band as produced by the fully mixed
calculation. As we can see in Fig. 6, the mixing does not
modify noticeably the features already present in the fixed
8p-8h calculation. Perhaps one could detect some irregularities
at the upper part of the band. The calculated sequence crosses
the experimental one at around the rotational frequency where
the calculated states start loosing collectivity, but in global
terms, the agreement is excellent. The results of the mixed
calculation beyond J = 16 are equivalent to that of the fixed
8 h̄ω calculation shown in Fig. 1.

In Table V, we give the np-nh structure of the SD band
up to J = 16. The 8p-8h component is nicely constant up
to J = 10, as we expected from the analysis of the potential
energy curves in Fig. 5. At higher angular momentum, the
mixing with 6 h̄ω components becomes stronger, and we
should expect a less collective behavior. It is interesting to
follow the evolution of the location of the SD states with
increasing angular momentum. The J = 0 SD state is the third

TABLE V. np-nh structure of the superdeformed
band of 40Ca.

J 0p-0h 2p-2h 4p-4h 6p-6h 8p-8h

0 – – 9 4 87
2 – – 11 4 85
4 – – 8 5 87
6 – – 3 5 91
8 – – 2 6 91

10 – – 1 12 87
12 – – 2 29 69
14 – – 11 27 63
16 – – 0 40 60
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discrimination on the signals from the CsI(Tl) scintilla-
tors. With a trigger condition of three or more Compton-
suppressed Ge detectors firing in coincidence, a total of
1.2 3 109 events were collected. From the number of
hits in the charged particle detectors, events were sorted
into an Eg 2 Eg coincidence matrix for each evaporation
channel. However, the channel selection is limited by
the efficiency of the MICROBALL and by the occasional
misidentification of charged particle signals. The 2a gated
g 2 g matrix, therefore, contains contaminations from the
2a1p !39K" and 2a2p !38Ar" channels. Their contribu-
tions were subtracted to obtain a clean data set for 40Ca.

Some of the high-spin structures in 40Ca have previously
been studied [13,14]up to spin 81 at 8.1 MeV. An inter-
esting feature of the previous level schemes is the presence
of second 01

2 and third 01
3 states, which are indications of

shape coexistence [7]. In our work, the level scheme was
extended up to spin 161 at 22.1 MeV. Figure 1 shows a
partial level scheme for 40Ca, where only positive parity
states are reported. An article reporting the complete level
scheme is forthcoming [15]. The cascades ending at the
levels of 5213 (01

3 ) , 3352 (01
2 ) , 8103 (81), and 6030

(31) keV are labeled as bands 1, 2, 3, and 4, respectively.
Attention is focused on band 1 with g-ray transitions be-
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FIG. 1. Partial level scheme of 40Ca; the energy labels are
given in keV, and the widths of the arrows are proportional to
the relative intensities of the g rays. Only the levels below the
dashed line were known prior to this work.

tween 914 and 3563 keV. These are highlighted in Fig. 2.
Transitions above the 9856 keV level of the band are in co-
incidence with the previously known transitions of 3905,
1375, and 1653 keV and appear as strong peaks in the
spectrum.

Since band 1 is connected to the previously reported fast
E2 41 ! 21 transition of 914 keV [B!E2" ! 100 W.u.,
Qt ! 1.69eb] [7], and linked to the ground state by the
5630 keV transition, it is assigned to be built on the 01

3
level. In addition, the newly observed one- and two-step
links (!) to members of band 2 ensure the placement of
the individual transitions !"" in band 1.

Spins of the observed excited levels are assigned on the
basis of angular distributions. The multipolarities of the
in-band transitions of band 1 and band 2 are found to be
consistent with a stretched quadrupole character. The re-
maining transitions also have a quadrupole character, ex-
cept for the 2120, 2004, and 2037 keV transitions from the
7399, 8937 (band 4), and 15 154 keV (band 3) levels, re-
spectively, which are dipole in nature. Assuming that the
quadrupole transitions correspond to an E2 multipolarity,
the parity of the excited states is assigned as positive. All
states for each spin in band 1 lie at higher excitation than
those in band 2 (i.e., band 1 is not “yrast”).

In order to determine the deformation of the bands 1
and 2 in 40Ca, the residual Doppler shifts [16] of the g-ray
energies were measured. The procedure is described in
Ref. [17]. The average recoil velocity #b$ is expressed as
a fraction of the initial recoil velocity to obtain F!t" %
#b$&b0. In Fig. 3, the fractional Doppler shifts F!t" are
plotted as a function of the g-ray energies. The experi-
mental F!t" values are compared with the calculated val-
ues based on the known stopping powers from SRIM-2000
[18]. In this calculation the side feeding into each state is

FIG. 2. A g-ray spectrum obtained by summing coincidence
gates set on all members of band 1 !"" starting from the 21

up to the 161 state, except for the 1432 keV transition. The !
symbols indicate the transitions decaying from the band. The
peaks marked by } are background peaks due to accidental
doublets or identified single-escape peaks.
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discrimination on the signals from the CsI(Tl) scintilla-
tors. With a trigger condition of three or more Compton-
suppressed Ge detectors firing in coincidence, a total of
1.2 3 109 events were collected. From the number of
hits in the charged particle detectors, events were sorted
into an Eg 2 Eg coincidence matrix for each evaporation
channel. However, the channel selection is limited by
the efficiency of the MICROBALL and by the occasional
misidentification of charged particle signals. The 2a gated
g 2 g matrix, therefore, contains contaminations from the
2a1p !39K" and 2a2p !38Ar" channels. Their contribu-
tions were subtracted to obtain a clean data set for 40Ca.

Some of the high-spin structures in 40Ca have previously
been studied [13,14]up to spin 81 at 8.1 MeV. An inter-
esting feature of the previous level schemes is the presence
of second 01

2 and third 01
3 states, which are indications of

shape coexistence [7]. In our work, the level scheme was
extended up to spin 161 at 22.1 MeV. Figure 1 shows a
partial level scheme for 40Ca, where only positive parity
states are reported. An article reporting the complete level
scheme is forthcoming [15]. The cascades ending at the
levels of 5213 (01

3 ) , 3352 (01
2 ) , 8103 (81), and 6030

(31) keV are labeled as bands 1, 2, 3, and 4, respectively.
Attention is focused on band 1 with g-ray transitions be-
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FIG. 1. Partial level scheme of 40Ca; the energy labels are
given in keV, and the widths of the arrows are proportional to
the relative intensities of the g rays. Only the levels below the
dashed line were known prior to this work.

tween 914 and 3563 keV. These are highlighted in Fig. 2.
Transitions above the 9856 keV level of the band are in co-
incidence with the previously known transitions of 3905,
1375, and 1653 keV and appear as strong peaks in the
spectrum.

Since band 1 is connected to the previously reported fast
E2 41 ! 21 transition of 914 keV [B!E2" ! 100 W.u.,
Qt ! 1.69eb] [7], and linked to the ground state by the
5630 keV transition, it is assigned to be built on the 01

3
level. In addition, the newly observed one- and two-step
links (!) to members of band 2 ensure the placement of
the individual transitions !"" in band 1.

Spins of the observed excited levels are assigned on the
basis of angular distributions. The multipolarities of the
in-band transitions of band 1 and band 2 are found to be
consistent with a stretched quadrupole character. The re-
maining transitions also have a quadrupole character, ex-
cept for the 2120, 2004, and 2037 keV transitions from the
7399, 8937 (band 4), and 15 154 keV (band 3) levels, re-
spectively, which are dipole in nature. Assuming that the
quadrupole transitions correspond to an E2 multipolarity,
the parity of the excited states is assigned as positive. All
states for each spin in band 1 lie at higher excitation than
those in band 2 (i.e., band 1 is not “yrast”).

In order to determine the deformation of the bands 1
and 2 in 40Ca, the residual Doppler shifts [16] of the g-ray
energies were measured. The procedure is described in
Ref. [17]. The average recoil velocity #b$ is expressed as
a fraction of the initial recoil velocity to obtain F!t" %
#b$&b0. In Fig. 3, the fractional Doppler shifts F!t" are
plotted as a function of the g-ray energies. The experi-
mental F!t" values are compared with the calculated val-
ues based on the known stopping powers from SRIM-2000
[18]. In this calculation the side feeding into each state is

FIG. 2. A g-ray spectrum obtained by summing coincidence
gates set on all members of band 1 !"" starting from the 21

up to the 161 state, except for the 1432 keV transition. The !
symbols indicate the transitions decaying from the band. The
peaks marked by } are background peaks due to accidental
doublets or identified single-escape peaks.
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M. Lach et al.: In-beam γ-ray spectroscopy of 42Ca 311

Fig. 3. Coincidence γ-γ-recoil spectrum gated on the 382.4 keV transition depopulating the 10169 keV level. One notes the
very good energy resolution of all γ-lines. Broad lines at 2533 and 2645 keV are due to very short lifetimes of the highly excited
states.

states required a promotion of particles across the energy
gap to the next f5/2 orbital [16].

The non-yrast positive-parity states, shown to the fur-
thest right in fig. 1, form a regular rotational-like band.
The highest excitation in this sequence is the level at
11405 keV depopulated by a weak transition of 2557 keV.
Although neither its spin nor parity could be established,
for further considerations we arbitrarily assign its spin as
Iπ = 12+. The collective character of the 4+, 6+ and 8+

levels at 3254, 4718 and 6635 keV has been proven by
the measured enhancement of the in-band E2 transitions
depopulating these states [17]. The determination of the
lifetime for the 10+ 8848 keV level is discarded because of
the strong feeding from the longer-living 9786 keV state.
Whereas, the 2557 keV transition from the (12+) state at
11405 keV exhibits a broad line shape which points to a
lifetime below 40 fs [18]. However, the exact value can-
not be deduced due to unknown feeding. It can be noted
that the level spacing observed in this sequence of 42Ca is
very similar to that of the superdeformed band in 40Ca.
Consequently, the J (1) kinematic moment of inertia ex-
tracted for the positive-parity band in 42Ca shows simi-
lar, smooth behaviour as observed for the highly deformed
band in 40Ca. In fig. 4, the J (1) values for the 42Ca band

Fig. 4. The kinematic J(1) moments of inertia, scaled by A5/3,
as a function of rotational frequency for non-yrast positive-
parity states in 42Ca and for superdeformed bands in 40Ca [8]
and 36Ar [7].

are compared to the moment of inertia for the superde-
formed bands of 36Ar [7] and 40Ca [8].

In summary, we have performed detailed investigations
of the 42Ca nucleus to a rather high excitation, both in
spin and energy, beyond the 11− terminating state, ap-
plying a precise gamma-recoil technique (EB + RFD) with
DCO and polarization measurements. The positive-parity
regular sequence of states observed up to (presumably)
Iπ = 12+ is interpreted in terms of the highly deformed
band built on the 6p-4h configuration, similar to the 8p-8h
band observed in 40Ca.

This work has been partially supported by the Polish
State Committee for Scientific Research (KBN) under grant
no. 2P03B 118 22.
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Results from LNL

A Doppler-broadened and shifted 511-keV γ-ray line, and
transitions from Coulomb excitation of target impurities,
204Pb (899 keV), 206Pb (803 keV), 207Pb (570 keV), are
also present in the spectrum. The transition in 204Pb
obscured the 2þ2 → 2þ1 line in 42Ca; therefore, the inten-
sity of the latter could only be extracted from the data
collected with the 197Au target (see inset of Fig. 2).
A set of reduced electromagnetic matrix elements

between the low-lying states in 42Ca was extracted using
the GOSIA code [35]. It was fitted to the observed γ-ray

yields, as well as to the known spectroscopic data for 42Ca:
lifetimes of the yrast and nonyrast states [27,36–45],
E2=M1 mixing ratios [28,46], the quadrupole moment
of the 2þ1 state [36], and the branching ratios [45,47–49]. In
particular, the 2þ2 → 0þ1 =2

þ
2 → 2þ1 branching ratio was

remeasured at the Heavy Ion Laboratory, University of
Warsaw, Poland, using the 12Cð32S; 2pÞ42Ca fusion-evapo-
ration reaction, employing the EAGLECompton-suppressed
HPGedetector array [50]. The obtainedvalue, 0.35(7),which
is in agreement with the previous findings [45], was used to
constrain the Coulomb excitation data analysis. Although no
transitions deexciting the 2þ3 state were observed in the
present experiment, its influence on the population of other
states was taken into account by introducing into the
calculations matrix elements coupling it to the observed
states. These were calculated from the known spectroscopic
data, such as the lifetime of the 2þ3 state and branching and
mixing ratios for all possible paths of its decay [34], and
remained fixed in the GOSIA minimization routine.
It should also be noted that although the 2þ2 → 0þ2

transition is too weak to be observed, the corresponding
matrix element affects excitation cross sections of observed
states, in particular, that of the 2þ2 , and hence it could be
determined from the intensities measured in the present
Coulomb excitation experiment.
The resulting set of reduced matrix elements in 42Ca and

corresponding BðE2Þ values are presented in Table I. Two
key pieces of information regarding the deformation of
the sideband have been obtained for the first time: the
h2þ2 ∥E2∥0þ2 i matrix element, as well as the spectroscopic
quadrupole moment of the 2þ2 state. Their values are
consistent with a large quadrupole deformation of this band.
Other matrix elements obtained in the present analysis are in
general agreement with the results of earlier measurements,
and in several cases the precision has been considerably
improved, notably for transitions deexciting the 4þ2 state.
In order to get a complete picture of the coexisting

structures in 42Ca, two new SM and BMF calculations have
been performed.
Following the previous description [13] of the spherical,

normal-deformed and superdeformed structures in 40Ca,
SM calculations have been carried out using up to 6
particle-hole excitations from the s1=2 and d3=2 orbitals
into the pf orbitals. This is computationally challenging,
with matrices of dimensionsOð109Þ, and was tackled using
the m -scheme code ANTOINE [51,52]. The effective charges
used were 1.5e for protons and 0.5e for neutrons. The
results show that the configuration of the 0þ2 and 2þ2 states is
dominated by the 6p-4h excitation, which is supported by
the α transfer strength to the 0þ2 state in 42Ca measured with
the 38Arð6Li; dÞ42Ca reaction [53]. The above results are in
agreement with the earlier deformed-basis antisymmetrized
molecular dynamics calculations with the generator coor-
dinate method (AMDþ GCM) [54] that predicted β ¼
0.43 for the band built on the 0þ2 state of the 6p-4h
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FIG. 1. Low-lying excited states in 42Ca, considered in the
present analysis [34]. Transitions observed in the current experi-
ment are marked in red. Level and transition energies are given
in keV.
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FIG. 2. The γ-ray spectrum observed in the 42Caþ 208Pb
Coulomb excitation experiment in coincidencewith backscattered
particles registered in one of the MCP detectors and Doppler
corrected for the projectile. The lines not originating from 42Ca
aremarked as follows: (filled square) lead isotopes, (filled triangle)
511 keV, (filled circle) 43Ca. Insets show portions of the spectrum
zoomed on the 1600–3000 keVand 850–1300 keVenergy ranges,
the latter also presenting the spectrum collected with the 197Au
target (in red, multiplied by a factor of 3 for presentation purpose).
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42Ca� Pb (208, 207, 206, 204)  
▼ 511 keV ● 43Ca

A Doppler-broadened and shifted 511-keV γ-ray line, and
transitions from Coulomb excitation of target impurities,
204Pb (899 keV), 206Pb (803 keV), 207Pb (570 keV), are
also present in the spectrum. The transition in 204Pb
obscured the 2þ2 → 2þ1 line in 42Ca; therefore, the inten-
sity of the latter could only be extracted from the data
collected with the 197Au target (see inset of Fig. 2).
A set of reduced electromagnetic matrix elements

between the low-lying states in 42Ca was extracted using
the GOSIA code [35]. It was fitted to the observed γ-ray

yields, as well as to the known spectroscopic data for 42Ca:
lifetimes of the yrast and nonyrast states [27,36–45],
E2=M1 mixing ratios [28,46], the quadrupole moment
of the 2þ1 state [36], and the branching ratios [45,47–49]. In
particular, the 2þ2 → 0þ1 =2

þ
2 → 2þ1 branching ratio was

remeasured at the Heavy Ion Laboratory, University of
Warsaw, Poland, using the 12Cð32S; 2pÞ42Ca fusion-evapo-
ration reaction, employing the EAGLECompton-suppressed
HPGedetector array [50]. The obtainedvalue, 0.35(7),which
is in agreement with the previous findings [45], was used to
constrain the Coulomb excitation data analysis. Although no
transitions deexciting the 2þ3 state were observed in the
present experiment, its influence on the population of other
states was taken into account by introducing into the
calculations matrix elements coupling it to the observed
states. These were calculated from the known spectroscopic
data, such as the lifetime of the 2þ3 state and branching and
mixing ratios for all possible paths of its decay [34], and
remained fixed in the GOSIA minimization routine.
It should also be noted that although the 2þ2 → 0þ2

transition is too weak to be observed, the corresponding
matrix element affects excitation cross sections of observed
states, in particular, that of the 2þ2 , and hence it could be
determined from the intensities measured in the present
Coulomb excitation experiment.
The resulting set of reduced matrix elements in 42Ca and

corresponding BðE2Þ values are presented in Table I. Two
key pieces of information regarding the deformation of
the sideband have been obtained for the first time: the
h2þ2 ∥E2∥0þ2 i matrix element, as well as the spectroscopic
quadrupole moment of the 2þ2 state. Their values are
consistent with a large quadrupole deformation of this band.
Other matrix elements obtained in the present analysis are in
general agreement with the results of earlier measurements,
and in several cases the precision has been considerably
improved, notably for transitions deexciting the 4þ2 state.
In order to get a complete picture of the coexisting

structures in 42Ca, two new SM and BMF calculations have
been performed.
Following the previous description [13] of the spherical,

normal-deformed and superdeformed structures in 40Ca,
SM calculations have been carried out using up to 6
particle-hole excitations from the s1=2 and d3=2 orbitals
into the pf orbitals. This is computationally challenging,
with matrices of dimensionsOð109Þ, and was tackled using
the m -scheme code ANTOINE [51,52]. The effective charges
used were 1.5e for protons and 0.5e for neutrons. The
results show that the configuration of the 0þ2 and 2þ2 states is
dominated by the 6p-4h excitation, which is supported by
the α transfer strength to the 0þ2 state in 42Ca measured with
the 38Arð6Li; dÞ42Ca reaction [53]. The above results are in
agreement with the earlier deformed-basis antisymmetrized
molecular dynamics calculations with the generator coor-
dinate method (AMDþ GCM) [54] that predicted β ¼
0.43 for the band built on the 0þ2 state of the 6p-4h
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present analysis [34]. Transitions observed in the current experi-
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FIG. 2. The γ-ray spectrum observed in the 42Caþ 208Pb
Coulomb excitation experiment in coincidencewith backscattered
particles registered in one of the MCP detectors and Doppler
corrected for the projectile. The lines not originating from 42Ca
aremarked as follows: (filled square) lead isotopes, (filled triangle)
511 keV, (filled circle) 43Ca. Insets show portions of the spectrum
zoomed on the 1600–3000 keVand 850–1300 keVenergy ranges,
the latter also presenting the spectrum collected with the 197Au
target (in red, multiplied by a factor of 3 for presentation purpose).
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jakie linie γ odpowiadają za deekscytację stanu 2+2 w paśmie bocznym. Oprócz zna-
nych przejść o energiach 899 keV (2+2 → 2+1 ) oraz 2424 keV (2+2 → 0+1 ) nie zaob-
serwowano żadnego z dodatkowych przejść, które były obecne w widmie z pomiaru
wzbudzenia kulombowskiego 42Ca (376 keV i 2048 keV) (rysunek 5-6). Tym samym
można wnioskować, że w schemacie niskospinowych stanów wzbudzonych 42Ca nie
występuje nieznana dotąd struktura, która mogłaby zostać powiązana z dotychczas
znanym schematem za pomocą wcześniej wymienionych przejść γ.

Rysunek 5-6:Widmo promieniowania γ będące wynikiem pomiaru koincydencji γ−γ w roz-
padzie 42Sc→42Ca+e+ + ν. Warunek energetyczny nałożony na przejście 328 keV (42Ca).
Obok zamieszczono schemat poziomów 42Ca z zaznaczonymi przejściami γ obserwowanymi
w rozpadzie stanu 2+2 . Linią przerywaną oznaczono połączenie hipotetycznego stanu o ener-
gii 2048 keV ze znanym schematem poziomów.

Ponieważ znany schemat poziomów izotopu 42Ca został potwierdzony, podjęto
dalsze próby wyjaśnienia pochodzenia dodatkowo obserwowanych linii γ. Rozważa-
nia dotyczące możliwości transferu podbarierowego zostały opisane w dalszej części
niniejszej pracy.
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Jądra atomowe, które były populowane w omawianym eksperymencie, to: 42Ca,
39K, 42Sc, 43Sc, 40Ca, 36Ar oraz 43Ca. Poza ostatnim izotopem, wszystkie pozostałe
kanały reakcji zostały przewidziane w symulacjach poprzedzających pomiar.
W trakcie pomiaru okazało się, że stany wzbudzone w paśmie bocznym w ją-

drze 42Ca, będące przedmiotem zainteresowania w omawianym eksperymencie, nie
były zasilane bezpośrednio w trakcie reakcji jądrowej (nie obserwowano ich w trakcie
trwania pulsu wiązki, co było sprzeczne z wynikami przeprowadzonych wcześniej sy-
mulacji). Natomiast w czasie poza pulsem wiązki zaobserwowano promieniowanie γ
pochodzące z rozpadu β jądra 42Sc o czasie życia 61.7 s. Rozpad tego izotopu nastę-
puje ze stanu izomerycznego 7+(5+,6+) o energii 616 keV do poziomu 6+1 o energii
3189 keV w 42Ca [91], który następnie rozpada się bezpośrednio do stanu 4+1 z emisją
kwantu gamma o energii 437 keV. Rozpad tego stanu w 1% zasila poziom 2+2 o energii
2424 keV. Dokładny schemat rozpadu 42Sc→42Ca+e+ + ν został przedstawiony na
rysunku 5-5.

Rysunek 5-5: Schemat rozpadu 42Sc→42Ca+e++ν zaczerpnięty z bazy danych NNDC [66].

5.4 Wyniki

5.4.1 Schemat poziomów 42Ca

Obserwacja rozpadu 42Sc pozwoliła na dokładne określenie, w jaki sposób następuje
depopulacja stanu wzbudzonego 2+2 w 42Ca, co stanowiło główny cel eksperymentu.
W wyniku analizy macierzy koincydencyjnej γ − γ, po nałożeniu warunku koincy-
dencji z przejściem E2 o energii 328 keV (4+1 → 2+2 w 42Ca), możliwe było zbadanie,
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Electromagnetic structure of 42Ca

42Ca

A Doppler-broadened and shifted 511-keV γ-ray line, and
transitions from Coulomb excitation of target impurities,
204Pb (899 keV), 206Pb (803 keV), 207Pb (570 keV), are
also present in the spectrum. The transition in 204Pb
obscured the 2þ2 → 2þ1 line in 42Ca; therefore, the inten-
sity of the latter could only be extracted from the data
collected with the 197Au target (see inset of Fig. 2).
A set of reduced electromagnetic matrix elements

between the low-lying states in 42Ca was extracted using
the GOSIA code [35]. It was fitted to the observed γ-ray

yields, as well as to the known spectroscopic data for 42Ca:
lifetimes of the yrast and nonyrast states [27,36–45],
E2=M1 mixing ratios [28,46], the quadrupole moment
of the 2þ1 state [36], and the branching ratios [45,47–49]. In
particular, the 2þ2 → 0þ1 =2

þ
2 → 2þ1 branching ratio was

remeasured at the Heavy Ion Laboratory, University of
Warsaw, Poland, using the 12Cð32S; 2pÞ42Ca fusion-evapo-
ration reaction, employing the EAGLECompton-suppressed
HPGedetector array [50]. The obtainedvalue, 0.35(7),which
is in agreement with the previous findings [45], was used to
constrain the Coulomb excitation data analysis. Although no
transitions deexciting the 2þ3 state were observed in the
present experiment, its influence on the population of other
states was taken into account by introducing into the
calculations matrix elements coupling it to the observed
states. These were calculated from the known spectroscopic
data, such as the lifetime of the 2þ3 state and branching and
mixing ratios for all possible paths of its decay [34], and
remained fixed in the GOSIA minimization routine.
It should also be noted that although the 2þ2 → 0þ2

transition is too weak to be observed, the corresponding
matrix element affects excitation cross sections of observed
states, in particular, that of the 2þ2 , and hence it could be
determined from the intensities measured in the present
Coulomb excitation experiment.
The resulting set of reduced matrix elements in 42Ca and

corresponding BðE2Þ values are presented in Table I. Two
key pieces of information regarding the deformation of
the sideband have been obtained for the first time: the
h2þ2 ∥E2∥0þ2 i matrix element, as well as the spectroscopic
quadrupole moment of the 2þ2 state. Their values are
consistent with a large quadrupole deformation of this band.
Other matrix elements obtained in the present analysis are in
general agreement with the results of earlier measurements,
and in several cases the precision has been considerably
improved, notably for transitions deexciting the 4þ2 state.
In order to get a complete picture of the coexisting

structures in 42Ca, two new SM and BMF calculations have
been performed.
Following the previous description [13] of the spherical,

normal-deformed and superdeformed structures in 40Ca,
SM calculations have been carried out using up to 6
particle-hole excitations from the s1=2 and d3=2 orbitals
into the pf orbitals. This is computationally challenging,
with matrices of dimensionsOð109Þ, and was tackled using
the m -scheme code ANTOINE [51,52]. The effective charges
used were 1.5e for protons and 0.5e for neutrons. The
results show that the configuration of the 0þ2 and 2þ2 states is
dominated by the 6p-4h excitation, which is supported by
the α transfer strength to the 0þ2 state in 42Ca measured with
the 38Arð6Li; dÞ42Ca reaction [53]. The above results are in
agreement with the earlier deformed-basis antisymmetrized
molecular dynamics calculations with the generator coor-
dinate method (AMDþ GCM) [54] that predicted β ¼
0.43 for the band built on the 0þ2 state of the 6p-4h
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FIG. 1. Low-lying excited states in 42Ca, considered in the
present analysis [34]. Transitions observed in the current experi-
ment are marked in red. Level and transition energies are given
in keV.
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FIG. 2. The γ-ray spectrum observed in the 42Caþ 208Pb
Coulomb excitation experiment in coincidencewith backscattered
particles registered in one of the MCP detectors and Doppler
corrected for the projectile. The lines not originating from 42Ca
aremarked as follows: (filled square) lead isotopes, (filled triangle)
511 keV, (filled circle) 43Ca. Insets show portions of the spectrum
zoomed on the 1600–3000 keVand 850–1300 keVenergy ranges,
the latter also presenting the spectrum collected with the 197Au
target (in red, multiplied by a factor of 3 for presentation purpose).

PRL 117, 062501 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

5 AUGUST 2016

062501-3

configuration. Furthermore, the importance of triaxiality in
this system has been clearly revealed: the spectroscopic
quadrupole moment of the 2þ3 state has been found to be of
similar magnitude (19 e fm2) but of opposite sign to that of
the 2þ2 state. In addition, the calculations yielded a low-
lying 3þ state, which is connected by a strong transition to
the 2þ3 state [BðE2; 3þ → 2þ3 Þ ¼ 372 e2 fm4] and has a
spectroscopic quadrupole moment close to zero. Hence,
these states were identified as members of the SD γ band
built on the 2þ3 level, having a structure dominated by the
6p-4h, similar to that of the 2þ2 and 0þ2 states. Constrained
Hartree-Fock calculations (CHFSM) performed with the
same Hamiltonian and within the same valence space [55]
presented in Fig. 3(a)revealed a first triaxial minimum at
β ¼ 0.4 and with γ close to 20°, and a second minimum at
β ¼ 0.6 and γ ¼ 8°. In contrast, the ground-state band is
based on a spherical minimum, dominated by a two-particle

configuration, but with a considerable amount of 4p-2h and
6p-4h admixtures.
In the BMF calculations, particle number and angular

momentum symmetry restorations have been taken into
account as well as quadrupole (axial and nonaxial) shape
mixing within a generator coordinate method. The Gogny
D1S interaction was used to define the corresponding
energy density functional [56]. These calculations yielded
a similar general picture of a spherical ground-state band, a
deformed triaxial rotational band built on top of the 0þ2
state, and a γ band associated to it.
Matrix elements calculated using these two approaches

are presented in Table I. The general picture of two
coexisting structures differing in collectivity is well repro-
duced. However, both theoretical predictions overestimate
in-band matrix elements in the sideband, and underestimate
the corresponding spectroscopic quadrupole moments,
which suggests that this structure may be more axially
symmetric and slightly less deformed than that predicted by
theory. On the other hand, quadrupole moments and
transition probabilities in the ground-state band are under-
estimated by both models, as well as intraband transition
rates, which means that the mixing between the two bands
is not fully reproduced.
Comparisons of individual matrix elements may not

always be conclusive; thus, the obtained E2 matrix ele-
ments, both experimental and theoretical, were further
interpreted in the framework of the quadrupole sum method
[57–59] in order to extract information on the charge
distribution of the nucleus in specific states. In this method,
which has been recently applied to 182–188Hg [60] and
96;98Sr [61], the quadrupole rotational invariants, hQ 2i and
hQ 3 cosð3δÞi, are calculated from experimentally deter-
mined matrix elements. The first of them is a measure of
overall deformation and is proportional to the sum of
squared E2 matrix elements hi‖E2‖tiht‖E2‖ii over all
intermediate states jti that can be reached from the state in
question jii in a single E2 transition. The higher-order
invariant hQ 3 cosð3δÞi that provides information on axial
symmetry is constructed of triple products of E2 matrix

TABLE I. Reduced transitional and diagonal E2 matrix ele-
ments between the low-lying states in 42Ca and corresponding
BðE2Þ values and spectroscopic quadrupole moments. Present
experimental results are compared with previously measured
values, SM and BMF calculations.

hIi∥E2∥Ifi [e fm2] BðE2↓; Iþi → Iþf Þ [W.u.]

Iþi → Iþf Present SM BMF Present Previous

2þ1 → 0þ1 20.5þ0.6
−0.6 11.5 9.14 9.7þ0.6

−0.6 9.3 % 1 [36]
11 % 2 [28]
9 % 3 [27]

8.5 % 1.9 [45]
4þ1 → 2þ1 24.3þ1.2

−1.2 11.3 12.2 7.6þ0.7
−0.7 50 % 15 [28]

11 % 3 [27]
10þ10

−8 [45]
6þ1 → 4þ1 9.3þ0.2

−0.2 8.2 14.3 0.77þ0.03
−0.03 0.7 % 0.3 [27]

0þ2 → 2þ1 22.2þ1.1
−1.1 11.9 6.1 57þ6

−6 64 % 4 [27]
100 % 6 [28]
55 % 1 [42]
64 % 4 [45]

2þ2 → 0þ1 −6.4þ0.3
−0.3 9.4 4.4 1.0þ0.1

−0.1 2.2 % 0.6 [28]
1.5 % 0.5 [27]
1.2 % 0.3 [45]

2þ2 → 2þ1 −23.7þ2.3
−2.7 −13.6 −7.7 12.9þ2.5

−2.5 17 % 11 [28]
19þ22

−14 [27]
14þ35

−9 [45]
4þ2 → 2þ1 42þ3

−4 21.9 10.1 23þ3
−4 30 % 11 [28]

16 % 5 [27]
12þ7

−4 [45]
2þ2 → 0þ2 26þ5

−3 32 42 15þ6
−4 < 61 [27]

< 46 [45]
4þ2 → 2þ2 46þ3

−6 52 70 27þ4
−6 60 % 30 [27]

60 % 20 [28]
40þ40

−30 [45]

hIi∥E2∥Ifi [e fm2] Qsp ½e fm2'
2þ1 → 2þ1 −16þ9

−3 −4.3 0.1 −12þ7
−2 −19 % 8 [36]

2þ2 → 2þ2 −55þ15
−15 −31 −42 −42þ12

−12

FIG. 3. Potential energy surfaces resulting from deformation-
constrained Hartree-Fock calculations with (a) SM interaction,
and, (b) BMF, variation after the particle number projection (PN-
VAP), Gogny D1S interaction. Spatial densities corresponding to
each minimum found in BMF calculations are also shown in (b).
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Deformation of 42Ca 

Non-energy weighted quadrupole sum rules 
K. Kumar, Phys. Rev. Lett. 28, 249 (1972). elements (hi‖E2‖tiht‖E2‖uihu‖E2‖ii, where jii is initial

state, jti and jui are intermediate states), and thus relative
signs of E2 matrix elements entering the sum must
be known.
The hQ2i parameters were obtained for the 0þ and 2þ

states in both bands, as presented in Table II. Since the
present measurement yielded relative signs of E2 matrix
elements coupling the 0þ and 2þ states, it was also possible
to determine the hQ3 cosð3δÞi invariants for the 0þ1 and 0þ2
states (Table II). This is the first time that this kind of
information has been obtained in the A ∼ 40 mass region.
The same procedure was applied to matrix elements

resulting from theoretical calculations. In this case one can
include in the calculations all intermediate states obtained
from the theory, or just the same subset of states that
were used to calculate experimental values of hQ2i and
hQ3 cosð3δÞi. The difference between the results of these
two approaches is negligible for all studied states in 42Ca.
A simplistic interpretation of the obtained shape param-

eters would be that a highly deformed, nonaxial sideband
coexists with the ground-state band, that is less deformed
and maximally triaxial. However, 42Ca, lying only 2
neutrons above the closed N ¼ 20 shell, is widely consid-
ered to be spherical in its ground state, as supported by the
potential energy surface maps in Fig. 3. The nonzero hQ2i
value obtained for the 0þ1 state may thus correspond to
fluctuations about a spherical shape. This is consistent with
the maximum triaxiality obtained for this state, which in
this case would result from averaging over all possible
quadrupole shapes. If this interpretation is correct, the
dispersion of hQ2i, defined as σðQ2Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hQ4i − hQ2i2

p

[63], should be comparable to hQ2i. The existing set of
experimentally determined matrix elements, although large,
is not sufficient to obtain the hQ4i invariant. However, it
can be determined from the theoretical values of matrix
elements in order to get a better understanding of the
experimental results.
The behavior of hQ2i and its dispersion is remarkably

consistent for both theoretical approaches, as shown in
Table II. For the ground-state band, σðQ2ÞSM and σðQ2ÞBMF

values are comparable with hQ2i, as one would expect for
fluctuations in a spherical minimum of potential. For the
sideband, however, the dispersion is much lower than the
actual value, which is interpreted as a static deformation. In
this case, the hQ2i and hQ3 cosð3δÞi invariants can be
further converted to the β and γ collective model deforma-
tion parameters, as explained in detail in Ref. [59].
The β ¼ 0.43ð2Þ and γ ¼ 13ðþ5

−6Þ° deformation parame-
ters obtained in this way for 0þ2 show that the sideband
in 42Ca has a slightly triaxial superdeformed shape, and can
be directly compared to model predictions. A very good
overall agreement is found: both potential energy surface
maps presented in Fig. 3, in addition to a spherical
minimum for the ground-state band, show a triaxial
minimum that is located at β2 ¼ 0.4 and γ ≈ 20° for
CHFSM [Fig. 3(a)] and at β2 ¼ 0.5, γ ¼ 15° for BMF
calculations [Fig. 3(b)].
It should be noted that the deformation predicted by

both theoretical approaches remains constant within each
band. This is confirmed by the experimental results for the
highly deformed structure, but those for the ground-state
band show that the hQ2i for the 2þ1 state is considerably
larger than the value obtained for the ground state. This
effect can be attributed to a possible mixing of the 2þ states,
consistent with one-neutron transfer reaction spectroscopy
[64,65] and the measured intraband transition strengths that
are underestimated by both calculations.
In conclusion, the properties of low-lying states in 42Ca

were studied via the measurement of E2 matrix elements
using low-energy Coulomb excitation. The quadrupole
deformation parameters of the ground state and the side-
bands in 42Ca were determined from the measured reduced
matrix elements and compared with the results of SM and
BMF calculations. The nonzero value of the overall
deformation parameter hQ2i for the ground state in 42Ca
has been attributed to the fluctuations around the spherical
shape. In contrast, a large static deformation of β ¼ 0.43ð2Þ
and β ¼ 0.45ð2Þ, respectively, was observed for the two
lowest states in the sideband, proving its superdeformed
character; therefore, for the first time, the deformation of a
SD band was studied using the Coulomb excitation
technique. The triaxiality parameter hcosð3δÞi measured
for the 0þ2 state provides the first experimental evidence for
nonaxial character of SD bands in the A ∼ 40 mass region.
Both SM and BMF calculations well reproduce the general
picture of coexistence of a spherical ground-state band with
a slightly triaxial SD band. The correct description of the
observed mixing between the two coexisting structures
remains a challenge for future theoretical works.

The authors would like to thank Jacek Dobaczewski for
fruitful discussions. We also would like to thank the
members of AGATA and EAGLE Collaborations for their
hard work for the project. Special gratitude goes to the
INFN LNL and HIL Warsaw technical staff for their
support and help, in particular, the accelerator crews for

TABLE II. Experimental and theoretical shape parameters hQ2i
[e2 fm4], σðQ2Þ [e2 fm4], and hcosð3δÞi, calculated from
hQ3 cosð3δÞi as in Ref. [60,62].

State hQ2iexp hQ2iSM σðQ2ÞSM hQ2iBMF σðQ2ÞBMF

0þ1 500 (20) 240 470 100 250
2þ1 900 (100) 250 490 100 310
0þ2 1300 (230) 1200 500 1900 520
2þ2 1400 (250) 1130 500 1900 300

State hcosð3δÞiexp hcosð3δÞiSM hcosð3δÞiBMF

0þ1 0.06 (10) 0.34 0.34
0þ2 0.79 (13) 0.67 0.49
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<Q2>[e2fm4]

for 02+ 
β2=0.43(2) 
γ=13(-6,+5)°

16

⟨Q3
cos(3δ)⟩ = ⟨Ii∥{[E2 ×E2]2 × E2}0∥Ii⟩

= ∓

√
35√
2

1√
2Ii + 1

⋅

⋅∑
jk

⟨Ii∥E2∥Ij⟩⟨Ij∥E2∥Ik⟩⟨Ik∥E2∥Ii⟩ {2 2 2
Ii Ij Ik

} ,
(7)

where a negative sign corresponds to the integral spin sys-
tem, while a positive sign corresponds to the half-integral
spin one.
The first of the presented invariants is a measure of

overall quadrupole deformation and is proportional to the
sum of squared E2 matrix elements ⟨i∥E2∥t⟩⟨t∥E2∥i⟩
over all intermediate states ∣t⟩ that can be reached
from the state in question ∣i⟩ in a single E2 tran-
sition. The higher-order invariant ⟨Q3 cos(3δ)⟩ that
provides information on triaxial asymmetry, is con-
structed of triple products of E2 matrix elements
(⟨i∥E2∥t⟩⟨t∥E2∥u⟩⟨u∥E2∥i⟩, where ∣i⟩ – initial state,∣t⟩ and ∣u⟩ – intermediate states) and thus relative signs
of E2 matrix elements entering the sum must be known.
The ⟨Q2⟩ values were obtained for the 0+ and 2+ states

in both bands, as presented in Table XII and in Fig. 12.
Since the present measurement yielded relative signs of
E2 matrix elements coupling the 0+ and 2+ states, it was
also possible to determine the ⟨Q3 cos(3δ)⟩ invariants for
the 0+1 and 0+2 states (Table XI and XII), as in Refs. [118,
119].

TABLE XI. Experimental and theoretical quadrupole invari-
ants, ⟨Q2⟩ [e2fm4] and σ(Q2) [e2fm4], for the 0+1,2 and 2+1,2
states in 42Ca. Variances σ(Q2) are calculated from ⟨Q4(0)⟩
listed in Tab. XII.

EXP SM BMF

state ⟨Q2⟩ σ(Q2) ⟨Q2⟩ σ(Q2) ⟨Q2⟩ σ(Q2)
0+1 500 (20) 350 (30) 240 470 100 250

2+1 900 (100) 250 490 100 310

0+2 1300 (230) 350 (30) 1200 500 1900 520

2+2 1400 (250) 1130 500 1900 300

In order to compare the deformation of each individual
state with the theoretical results, the Quadrupole Sum
Rule method was applied to matrix elements resulting
from theoretical calculations in the same way as it was
done for the experimental ones. As described in Ref. [34],
the non-zero ⟨Q2⟩ value obtained for the 0+1 state corre-
sponds to fluctuations about a spherical shape. This is
consistent with the maximum triaxiality obtained for this
state, which results from averaging over all possible de-
formed shapes. The confirmation of this interpretation
comes from the fact that the magnitude of dispersion of⟨Q2⟩, defined as σ(Q2) = √⟨Q4⟩− ⟨Q2⟩2 [120] is compa-

TABLE XII. Experimental and theoretical ⟨Q4⟩ invari-
ants [⋅104 e4fm8] and ⟨cos(3δ)⟩ values, calculated from⟨Q3 cos(3δ)⟩ as in Refs. [118, 119].

⟨Q4(0)⟩ ⟨Q4(2)⟩ ⟨Q4(4)⟩
0+1 EXP 35(6)

SM 30 30 20

BMF 10 10 10

0+2 EXP 185(13)

SM 170 160 140

BMF 390 380 380

⟨cos(3δ)⟩exp ⟨cos(3δ)⟩SM ⟨cos(3δ)⟩BMF

0+1 0.06 (10) 0.34 0.34

0+2 0.79 (13) 0.67 0.49

]4
fm

2
 [e〉 2

 Q〈
0

500

1000

1500

2000

1
+0 1

+2 2
+0 2

+2

experiment
LSSM
BMF

FIG. 12. (Color online) Experimental and theoretical ⟨Q2⟩
invariants for the 0+1,2 and 2+1,2 states in 42Ca.

rable to ⟨Q2⟩, as presented in Tab. XII. The ⟨Q4⟩ shape
invariant is given by the fourth-order product:

P
4(J) = ⟨Ii∥{(E2 ×E2)J × (E2 ×E2)J}0∥Ii⟩

= ∑
jkl

(2J + 1)1/2√
2Ii + 1

⋅ (−1)Ii−Ij
⋅ ⟨Ii∥E2∥Ij⟩⟨Ij∥E2∥Ik⟩⟨Ik∥E2∥Il⟩⟨Il∥E2∥Ii⟩⋅

⋅ {2 2 J
Ii Ij Ik

} {2 2 J
Ii Ij Il

} (8)

with J = 0, 2, 4 being the spin that a pair of E2 oper-
ators is coupled to.
The three independent estimates of ⟨Q4⟩ can be eval-

uated using P
4(J) for J = 0, 2, 4, via:

⟨Q4(0)⟩ = 5P
4(0), (9)

⟨Q4(2)⟩ = 7
√
5

2
P

4(2), (10)
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SM                                                                 BMF

elements (hi‖E2‖tiht‖E2‖uihu‖E2‖ii, where jii is initial
state, jti and jui are intermediate states), and thus relative
signs of E2 matrix elements entering the sum must
be known.
The hQ2i parameters were obtained for the 0þ and 2þ

states in both bands, as presented in Table II. Since the
present measurement yielded relative signs of E2 matrix
elements coupling the 0þ and 2þ states, it was also possible
to determine the hQ3 cosð3δÞi invariants for the 0þ1 and 0þ2
states (Table II). This is the first time that this kind of
information has been obtained in the A ∼ 40 mass region.
The same procedure was applied to matrix elements

resulting from theoretical calculations. In this case one can
include in the calculations all intermediate states obtained
from the theory, or just the same subset of states that
were used to calculate experimental values of hQ2i and
hQ3 cosð3δÞi. The difference between the results of these
two approaches is negligible for all studied states in 42Ca.
A simplistic interpretation of the obtained shape param-

eters would be that a highly deformed, nonaxial sideband
coexists with the ground-state band, that is less deformed
and maximally triaxial. However, 42Ca, lying only 2
neutrons above the closed N ¼ 20 shell, is widely consid-
ered to be spherical in its ground state, as supported by the
potential energy surface maps in Fig. 3. The nonzero hQ2i
value obtained for the 0þ1 state may thus correspond to
fluctuations about a spherical shape. This is consistent with
the maximum triaxiality obtained for this state, which in
this case would result from averaging over all possible
quadrupole shapes. If this interpretation is correct, the
dispersion of hQ2i, defined as σðQ2Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hQ4i − hQ2i2

p

[63], should be comparable to hQ2i. The existing set of
experimentally determined matrix elements, although large,
is not sufficient to obtain the hQ4i invariant. However, it
can be determined from the theoretical values of matrix
elements in order to get a better understanding of the
experimental results.
The behavior of hQ2i and its dispersion is remarkably

consistent for both theoretical approaches, as shown in
Table II. For the ground-state band, σðQ2ÞSM and σðQ2ÞBMF

values are comparable with hQ2i, as one would expect for
fluctuations in a spherical minimum of potential. For the
sideband, however, the dispersion is much lower than the
actual value, which is interpreted as a static deformation. In
this case, the hQ2i and hQ3 cosð3δÞi invariants can be
further converted to the β and γ collective model deforma-
tion parameters, as explained in detail in Ref. [59].
The β ¼ 0.43ð2Þ and γ ¼ 13ðþ5

−6Þ° deformation parame-
ters obtained in this way for 0þ2 show that the sideband
in 42Ca has a slightly triaxial superdeformed shape, and can
be directly compared to model predictions. A very good
overall agreement is found: both potential energy surface
maps presented in Fig. 3, in addition to a spherical
minimum for the ground-state band, show a triaxial
minimum that is located at β2 ¼ 0.4 and γ ≈ 20° for
CHFSM [Fig. 3(a)] and at β2 ¼ 0.5, γ ¼ 15° for BMF
calculations [Fig. 3(b)].
It should be noted that the deformation predicted by

both theoretical approaches remains constant within each
band. This is confirmed by the experimental results for the
highly deformed structure, but those for the ground-state
band show that the hQ2i for the 2þ1 state is considerably
larger than the value obtained for the ground state. This
effect can be attributed to a possible mixing of the 2þ states,
consistent with one-neutron transfer reaction spectroscopy
[64,65] and the measured intraband transition strengths that
are underestimated by both calculations.
In conclusion, the properties of low-lying states in 42Ca

were studied via the measurement of E2 matrix elements
using low-energy Coulomb excitation. The quadrupole
deformation parameters of the ground state and the side-
bands in 42Ca were determined from the measured reduced
matrix elements and compared with the results of SM and
BMF calculations. The nonzero value of the overall
deformation parameter hQ2i for the ground state in 42Ca
has been attributed to the fluctuations around the spherical
shape. In contrast, a large static deformation of β ¼ 0.43ð2Þ
and β ¼ 0.45ð2Þ, respectively, was observed for the two
lowest states in the sideband, proving its superdeformed
character; therefore, for the first time, the deformation of a
SD band was studied using the Coulomb excitation
technique. The triaxiality parameter hcosð3δÞi measured
for the 0þ2 state provides the first experimental evidence for
nonaxial character of SD bands in the A ∼ 40 mass region.
Both SM and BMF calculations well reproduce the general
picture of coexistence of a spherical ground-state band with
a slightly triaxial SD band. The correct description of the
observed mixing between the two coexisting structures
remains a challenge for future theoretical works.

The authors would like to thank Jacek Dobaczewski for
fruitful discussions. We also would like to thank the
members of AGATA and EAGLE Collaborations for their
hard work for the project. Special gratitude goes to the
INFN LNL and HIL Warsaw technical staff for their
support and help, in particular, the accelerator crews for

TABLE II. Experimental and theoretical shape parameters hQ2i
[e2 fm4], σðQ2Þ [e2 fm4], and hcosð3δÞi, calculated from
hQ3 cosð3δÞi as in Ref. [60,62].

State hQ2iexp hQ2iSM σðQ2ÞSM hQ2iBMF σðQ2ÞBMF

0þ1 500 (20) 240 470 100 250
2þ1 900 (100) 250 490 100 310
0þ2 1300 (230) 1200 500 1900 520
2þ2 1400 (250) 1130 500 1900 300

State hcosð3δÞiexp hcosð3δÞiSM hcosð3δÞiBMF

0þ1 0.06 (10) 0.34 0.34
0þ2 0.79 (13) 0.67 0.49
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⟨Q3
cos(3δ)⟩ = ⟨Ii∥{[E2 ×E2]2 × E2}0∥Ii⟩

= ∓

√
35√
2

1√
2Ii + 1

⋅

⋅∑
jk

⟨Ii∥E2∥Ij⟩⟨Ij∥E2∥Ik⟩⟨Ik∥E2∥Ii⟩ {2 2 2
Ii Ij Ik

} ,
(7)

where a negative sign corresponds to the integral spin sys-
tem, while a positive sign corresponds to the half-integral
spin one.
The first of the presented invariants is a measure of

overall quadrupole deformation and is proportional to the
sum of squared E2 matrix elements ⟨i∥E2∥t⟩⟨t∥E2∥i⟩
over all intermediate states ∣t⟩ that can be reached
from the state in question ∣i⟩ in a single E2 tran-
sition. The higher-order invariant ⟨Q3 cos(3δ)⟩ that
provides information on triaxial asymmetry, is con-
structed of triple products of E2 matrix elements
(⟨i∥E2∥t⟩⟨t∥E2∥u⟩⟨u∥E2∥i⟩, where ∣i⟩ – initial state,∣t⟩ and ∣u⟩ – intermediate states) and thus relative signs
of E2 matrix elements entering the sum must be known.
The ⟨Q2⟩ values were obtained for the 0+ and 2+ states

in both bands, as presented in Table XII and in Fig. 12.
Since the present measurement yielded relative signs of
E2 matrix elements coupling the 0+ and 2+ states, it was
also possible to determine the ⟨Q3 cos(3δ)⟩ invariants for
the 0+1 and 0+2 states (Table XI and XII), as in Refs. [118,
119].

TABLE XI. Experimental and theoretical quadrupole invari-
ants, ⟨Q2⟩ [e2fm4] and σ(Q2) [e2fm4], for the 0+1,2 and 2+1,2
states in 42Ca. Variances σ(Q2) are calculated from ⟨Q4(0)⟩
listed in Tab. XII.

EXP SM BMF

state ⟨Q2⟩ σ(Q2) ⟨Q2⟩ σ(Q2) ⟨Q2⟩ σ(Q2)
0+1 500 (20) 350 (30) 240 470 100 250

2+1 900 (100) 250 490 100 310

0+2 1300 (230) 350 (30) 1200 500 1900 520

2+2 1400 (250) 1130 500 1900 300

In order to compare the deformation of each individual
state with the theoretical results, the Quadrupole Sum
Rule method was applied to matrix elements resulting
from theoretical calculations in the same way as it was
done for the experimental ones. As described in Ref. [34],
the non-zero ⟨Q2⟩ value obtained for the 0+1 state corre-
sponds to fluctuations about a spherical shape. This is
consistent with the maximum triaxiality obtained for this
state, which results from averaging over all possible de-
formed shapes. The confirmation of this interpretation
comes from the fact that the magnitude of dispersion of⟨Q2⟩, defined as σ(Q2) = √⟨Q4⟩− ⟨Q2⟩2 [120] is compa-

TABLE XII. Experimental and theoretical ⟨Q4⟩ invari-
ants [⋅104 e4fm8] and ⟨cos(3δ)⟩ values, calculated from⟨Q3 cos(3δ)⟩ as in Refs. [118, 119].

⟨Q4(0)⟩ ⟨Q4(2)⟩ ⟨Q4(4)⟩
0+1 EXP 35(6)

SM 30 30 20

BMF 10 10 10

0+2 EXP 185(13)

SM 170 160 140

BMF 390 380 380

⟨cos(3δ)⟩exp ⟨cos(3δ)⟩SM ⟨cos(3δ)⟩BMF

0+1 0.06 (10) 0.34 0.34

0+2 0.79 (13) 0.67 0.49
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FIG. 12. (Color online) Experimental and theoretical ⟨Q2⟩
invariants for the 0+1,2 and 2+1,2 states in 42Ca.

rable to ⟨Q2⟩, as presented in Tab. XII. The ⟨Q4⟩ shape
invariant is given by the fourth-order product:

P
4(J) = ⟨Ii∥{(E2 ×E2)J × (E2 ×E2)J}0∥Ii⟩

= ∑
jkl

(2J + 1)1/2√
2Ii + 1

⋅ (−1)Ii−Ij
⋅ ⟨Ii∥E2∥Ij⟩⟨Ij∥E2∥Ik⟩⟨Ik∥E2∥Il⟩⟨Il∥E2∥Ii⟩⋅

⋅ {2 2 J
Ii Ij Ik

} {2 2 J
Ii Ij Il

} (8)

with J = 0, 2, 4 being the spin that a pair of E2 oper-
ators is coupled to.
The three independent estimates of ⟨Q4⟩ can be eval-

uated using P
4(J) for J = 0, 2, 4, via:

⟨Q4(0)⟩ = 5P
4(0), (9)

⟨Q4(2)⟩ = 7
√
5

2
P

4(2), (10)
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Shape parameters of a weakly deformed ground-state band and highly deformed slightly triaxial
sideband in 42Ca were determined from E2 matrix elements measured in the first low-energy Coulomb
excitation experiment performed with AGATA. The picture of two coexisting structures is well reproduced
by new state-of-the-art large-scale shell model and beyond-mean-field calculations. Experimental evidence
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discrimination on the signals from the CsI(Tl) scintilla-
tors. With a trigger condition of three or more Compton-
suppressed Ge detectors firing in coincidence, a total of
1.2 3 109 events were collected. From the number of
hits in the charged particle detectors, events were sorted
into an Eg 2 Eg coincidence matrix for each evaporation
channel. However, the channel selection is limited by
the efficiency of the MICROBALL and by the occasional
misidentification of charged particle signals. The 2a gated
g 2 g matrix, therefore, contains contaminations from the
2a1p !39K" and 2a2p !38Ar" channels. Their contribu-
tions were subtracted to obtain a clean data set for 40Ca.

Some of the high-spin structures in 40Ca have previously
been studied [13,14]up to spin 81 at 8.1 MeV. An inter-
esting feature of the previous level schemes is the presence
of second 01

2 and third 01
3 states, which are indications of

shape coexistence [7]. In our work, the level scheme was
extended up to spin 161 at 22.1 MeV. Figure 1 shows a
partial level scheme for 40Ca, where only positive parity
states are reported. An article reporting the complete level
scheme is forthcoming [15]. The cascades ending at the
levels of 5213 (01

3 ) , 3352 (01
2 ) , 8103 (81), and 6030

(31) keV are labeled as bands 1, 2, 3, and 4, respectively.
Attention is focused on band 1 with g-ray transitions be-
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FIG. 1. Partial level scheme of 40Ca; the energy labels are
given in keV, and the widths of the arrows are proportional to
the relative intensities of the g rays. Only the levels below the
dashed line were known prior to this work.

tween 914 and 3563 keV. These are highlighted in Fig. 2.
Transitions above the 9856 keV level of the band are in co-
incidence with the previously known transitions of 3905,
1375, and 1653 keV and appear as strong peaks in the
spectrum.

Since band 1 is connected to the previously reported fast
E2 41 ! 21 transition of 914 keV [B!E2" ! 100 W.u.,
Qt ! 1.69eb] [7], and linked to the ground state by the
5630 keV transition, it is assigned to be built on the 01

3
level. In addition, the newly observed one- and two-step
links (!) to members of band 2 ensure the placement of
the individual transitions !"" in band 1.

Spins of the observed excited levels are assigned on the
basis of angular distributions. The multipolarities of the
in-band transitions of band 1 and band 2 are found to be
consistent with a stretched quadrupole character. The re-
maining transitions also have a quadrupole character, ex-
cept for the 2120, 2004, and 2037 keV transitions from the
7399, 8937 (band 4), and 15 154 keV (band 3) levels, re-
spectively, which are dipole in nature. Assuming that the
quadrupole transitions correspond to an E2 multipolarity,
the parity of the excited states is assigned as positive. All
states for each spin in band 1 lie at higher excitation than
those in band 2 (i.e., band 1 is not “yrast”).

In order to determine the deformation of the bands 1
and 2 in 40Ca, the residual Doppler shifts [16] of the g-ray
energies were measured. The procedure is described in
Ref. [17]. The average recoil velocity #b$ is expressed as
a fraction of the initial recoil velocity to obtain F!t" %
#b$&b0. In Fig. 3, the fractional Doppler shifts F!t" are
plotted as a function of the g-ray energies. The experi-
mental F!t" values are compared with the calculated val-
ues based on the known stopping powers from SRIM-2000
[18]. In this calculation the side feeding into each state is

FIG. 2. A g-ray spectrum obtained by summing coincidence
gates set on all members of band 1 !"" starting from the 21

up to the 161 state, except for the 1432 keV transition. The !
symbols indicate the transitions decaying from the band. The
peaks marked by } are background peaks due to accidental
doublets or identified single-escape peaks.
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discrimination on the signals from the CsI(Tl) scintilla-
tors. With a trigger condition of three or more Compton-
suppressed Ge detectors firing in coincidence, a total of
1.2 3 109 events were collected. From the number of
hits in the charged particle detectors, events were sorted
into an Eg 2 Eg coincidence matrix for each evaporation
channel. However, the channel selection is limited by
the efficiency of the MICROBALL and by the occasional
misidentification of charged particle signals. The 2a gated
g 2 g matrix, therefore, contains contaminations from the
2a1p !39K" and 2a2p !38Ar" channels. Their contribu-
tions were subtracted to obtain a clean data set for 40Ca.

Some of the high-spin structures in 40Ca have previously
been studied [13,14]up to spin 81 at 8.1 MeV. An inter-
esting feature of the previous level schemes is the presence
of second 01

2 and third 01
3 states, which are indications of

shape coexistence [7]. In our work, the level scheme was
extended up to spin 161 at 22.1 MeV. Figure 1 shows a
partial level scheme for 40Ca, where only positive parity
states are reported. An article reporting the complete level
scheme is forthcoming [15]. The cascades ending at the
levels of 5213 (01

3 ) , 3352 (01
2 ) , 8103 (81), and 6030

(31) keV are labeled as bands 1, 2, 3, and 4, respectively.
Attention is focused on band 1 with g-ray transitions be-
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FIG. 1. Partial level scheme of 40Ca; the energy labels are
given in keV, and the widths of the arrows are proportional to
the relative intensities of the g rays. Only the levels below the
dashed line were known prior to this work.

tween 914 and 3563 keV. These are highlighted in Fig. 2.
Transitions above the 9856 keV level of the band are in co-
incidence with the previously known transitions of 3905,
1375, and 1653 keV and appear as strong peaks in the
spectrum.

Since band 1 is connected to the previously reported fast
E2 41 ! 21 transition of 914 keV [B!E2" ! 100 W.u.,
Qt ! 1.69eb] [7], and linked to the ground state by the
5630 keV transition, it is assigned to be built on the 01

3
level. In addition, the newly observed one- and two-step
links (!) to members of band 2 ensure the placement of
the individual transitions !"" in band 1.

Spins of the observed excited levels are assigned on the
basis of angular distributions. The multipolarities of the
in-band transitions of band 1 and band 2 are found to be
consistent with a stretched quadrupole character. The re-
maining transitions also have a quadrupole character, ex-
cept for the 2120, 2004, and 2037 keV transitions from the
7399, 8937 (band 4), and 15 154 keV (band 3) levels, re-
spectively, which are dipole in nature. Assuming that the
quadrupole transitions correspond to an E2 multipolarity,
the parity of the excited states is assigned as positive. All
states for each spin in band 1 lie at higher excitation than
those in band 2 (i.e., band 1 is not “yrast”).

In order to determine the deformation of the bands 1
and 2 in 40Ca, the residual Doppler shifts [16] of the g-ray
energies were measured. The procedure is described in
Ref. [17]. The average recoil velocity #b$ is expressed as
a fraction of the initial recoil velocity to obtain F!t" %
#b$&b0. In Fig. 3, the fractional Doppler shifts F!t" are
plotted as a function of the g-ray energies. The experi-
mental F!t" values are compared with the calculated val-
ues based on the known stopping powers from SRIM-2000
[18]. In this calculation the side feeding into each state is

FIG. 2. A g-ray spectrum obtained by summing coincidence
gates set on all members of band 1 !"" starting from the 21

up to the 161 state, except for the 1432 keV transition. The !
symbols indicate the transitions decaying from the band. The
peaks marked by } are background peaks due to accidental
doublets or identified single-escape peaks.
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Summary
• EXPERIMENTAL GOAL: 

To determine deformation of SD 0+ bandhed in 40Ca 

• BEAM REQUEST:  

18 UT of 40Ca beam 12nAe, 168MeV 

In order to achieve the accuracy better the 5 % in the 
weakest line of the 2sd decay we request 5 days of in- 
beam data taking (15 shifts) and 1 day (3 shifts) for the 
particle detector setup. 



P.J.Napiorkowski

Super-deformation study in the 
vicinity of A=40

Table of Isotopes (1998)
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Fe49
(7/2-)
70 ms

ECp

Co49

Cl50

Ar50
0+

K50
(0-,1,2-)
472 ms

β-n

Ca50
0+

13.9 s

β-

Sc50
5+

102.5 s

β-
*

Mn50
0+

283.88 ms

EC
*

Fe50
0+

150 ms

ECp

Co50
(6+)

44 ms

ECp

Ni50

Cl51

Ar51

K51
(1/2+,3/2+)

365 ms

β-n

Ca51
(3/2-)
10.0 s

β-n

Sc51
(7/2)-
12.4 s

β-

Ti51
3/2-

5.76 m

β-

Cr51
7/2-

27.702 d

EC

Mn51
5/2-

46.2 m

EC

Fe51
(5/2-)

305 ms

EC

Co51

Ni51

Ar52
0+

K52
105 ms

β-n

Ca52
0+

4.6 s

β-

Sc52
3+

8.2 s

β-

Ti52
0+

1.7 m

β-

V52
3+

3.743 m

β-

Mn52
6+

5.591 d

EC
*

Fe52
0+

8.275 h

EC
*

Co52
18 ms

EC

Ni52
0+

38 ms

ECp

Ar53

K53
(3/2+)
30 ms

β-n

Ca53
(3/2-,5/2-)

90 ms

β-n

Sc53

Ti53
(3/2)-
32.7 s

β-

V53
7/2-

1.61 m

β-

Mn53
7/2-

3.74E+6 y

EC

Fe53
7/2-

8.51 m

EC
*

Co53
(7/2-)

240 ms

EC
*

Ni53
(7/2-)
45 ms

ECp

K54
10 ms

β-n

Ca54
0+

Sc54

Ti54
0+

V54
3+

49.8 s

β-

Mn54
3+

312.3 d

EC,β-

Co54
0+

193.23 ms

EC
*

Ni54
0+

EC

K55

Ca55

Sc55

Ti55

V55
(7/2-)
6.54 s

β-

Cr55
3/2-

3.497 m

β-

Fe55
3/2-

2.73 y

EC

Co55
7/2-

17.53 h

EC

Ni55
7/2-

212.1 ms

EC

Ca56
0+

Sc56

Ti56
0+

V56

Cr56
0+

5.94 m

β-

Mn56
3+

2.5785 h

β-

Co56
4+

77.27 d

EC

Ni56
0+

6.077 d

EC

Ca57

Sc57

Ti57

V57

Cr57
3/2-,5/2-,7/2-

21.1 s

β-

Mn57
5/2-

85.4 s

β-

Co57
7/2-

271.79 d

EC

Ni57
3/2-

35.60 h

Sc58

Ti58
0+

V58

Cr58
0+

7.0 s

β-

Mn58
0+

3.0 s

β-
*

Co58
2+

70.82 d

EC
*

Sc59

Ti59

V59

Cr59
0.74 s

β-

Mn59
3/2-,5/2-

4.6 s

β-

Fe59
3/2-

44.503 d

β-

Ni59
3/2-

7.6E+4 y

EC

Ti60
0+

V60

Cr60
0+

0.57 s

β-

Mn60
0+

51 s

β-
*

Fe60
0+

1.5E+6 y

β-

Co60
5+

5.2714 y

*

Ti61

V61

Cr61

Mn61
(5/2-)
0.71 s

β-

Fe61
3/2-,5/2-
5.98 m

β-

Co61
7/2-

1.650 h

β-

V62

Cr62
0+

Mn62
(3+)

0.88 s

β-

Fe62
0+

68 s

β-

Co62
2+

1.50 m

β-
*

V63

Cr63

Mn63
0.25 s

β-

Fe63
(5/2)-
6.1 s

β-

Co63
(7/2)-
27.4 s

β-

Ni63
1/2-

100.1 y

β-

Cr64
0+

Mn64

Fe64
0+

2.0 s

β-

Co64
1+

0.30 s

β-

Cr65

Mn65

Fe65
0.4 s

β-

Co65
(7/2)-
1.20 s

β-

Ni65
5/2-

2.5172 h

β-

Mn66

Fe66
0+

Co66
(3+)

0.23 s

β-

Ni66
0+

54.6 h

β-

Mn67

Fe67

Co67
(7/2-)
0.42 s

β-

Ni67
(1/2-)
21 s

β-

Fe68
0+

0.10 s

β-

Co68
0.18 s

β-

Ni68
0+

19 s

β-

Fe69

Co69
0.27 s

β-

Ni69
11.4 s

β-

Co70

Ni70
0+

Co71

Ni71
1.86 s

β-

Co72

Ni72
0+

2.1 s

β-

Ni73
0.90 s

β-

Ni74
0+

1.1 s

β-

Ni75 Ni76
0+

Ni77 Ni78
0+

H1
1/2+

99.985

H2
1+

0.015

He3
1/2+

0.000137

He4
0+

99.999863

Li6
1+

7.5

Li7
3/2-

92.5

Be9
3/2-

100

B10
3+

19.9

B11
3/2-

80.1

C12
0+

98.90

C13
1/2-

1.10

N14
1+

99.634

N15
1/2-

0.366

O16
0+

99.762

O17
5/2+

0.038

O18
0+

0.200

F19
1/2+

100

Ne20
0+

90.48

Ne21
3/2+

0.27

Ne22
0+

9.25

Na23
3/2+

100

Mg24
0+

78.99

Mg25
5/2+

10.00

Mg26
0+

11.01

Al27
5/2+

100

Si28
0+

92.23

Si29
1/2+

4.67

Si30
0+

3.10

P31
1/2+

100

S32
0+

95.02

S33
3/2+

0.75

S34
0+

4.21

Cl35
3/2+

75.77
S36

0+

0.02

Ar36
0+

0.337
Cl37
3/2+

24.23

Ar38
0+

0.063

K39
3/2+

93.2581
Ar40

0+

99.600

K40
4-

1.277E+9 y

EC,β-
0.0117

Ca40
0+

96.941
K41
3/2+

6.7302

Ca42
0+

0.647

Ca43
7/2-

0.135

Ca44
0+

2.086

Sc45
7/2-

100
Ca46

0+

0.004

Ti46
0+

8.0

Ti47
5/2-

7.3

Ca48
0+

6E+18 y

β-,β-β-
0.187

Ti48
0+

73.8

Ti49
7/2-

5.5

Ti50
0+

5.4

V50
6+

1.4E+17 y

EC,β-
0.250

Cr50
0+

1.8E+17 y

ECEC
4.345

V51
7/2-

99.750

Cr52
0+

83.789

Cr53
3/2-

9.501

Cr54
0+

2.365

Fe54
0+

5.8
Mn55

5/2-

100

Fe56
0+

91.72

Fe57
1/2-

2.2

Fe58
0+

0.28

Ni58
0+

68.077
Co59

7/2-

100

Ni60
0+

26.223

Ni61
3/2-

1.140

Ni62
0+

3.634

Ni64
0+

0.926

  1
H

91.0%
1.00794

1 -259.34°
-252.87°
-240.18°

+1-1

  2
He

8.9%
4.002602

2 -272.2°
-268.93°
-267.96°

0

  3
Li

1.86×10 -7%
6.941

2
1

180.5°
1342°

+1

  4
Be

2.38×10 -9%
9.012182

2
2

1287°
2471°

+2

  5
B

6.9×10 -8%
10.811

2
3

2075°
4000°

+3

  6
C

0.033%
12.0107

2
4

4492t°
3642s°

+2+4-4

  7
N

0.0102%
14.00674

2
5

-210.00°
-195.79°
-146.94°

±1±2±3+4+5

  8
O

0.078%
15.9994

2
6

-218.79°
-182.95°
-118.56°

-2

  9
F

2.7×10 -6%
18.9984032

2
7

-219.62°
-188.12°
-129.02°

-1

 10
Ne

0.0112%
20.1797

2
8

-248.59°
-246.08°

-228.7°
0

 11
Na

0.000187%
22.989770

2
8
1

97.80°
883°

+1

 12
Mg

0.00350%
24.3050

2
8
2

650°
1090°

+2

 13
Al

0.000277%
26.981538

2
8
3

660.32°
2519°

+3

 14
Si

0.00326%
28.0855

2
8
4

1414°
3265°

+2+4-4

 15
P

0.000034%
30.973761

2
8
5

44.15°
280.5°

721°
+3+5-3

 16
S

0.00168%
32.066

2
8
6

115.21°
444.60°

1041°
+4+6-2

 17
Cl

0.000017%
35.4527

2
8
7

-101.5°
-34.04°
143.8°

+1+5+7-1

 18
Ar

0.000329%
39.948

2
8
8

-189.35°
-185.85°
-122.28°

0

 19
K

0.0000123%
39.0983

2
8
8
1

63.38°
759°

+1

 20
Ca

0.000199%
40.078

2
8
8
2

842°
1484°

+2

 21
Sc

1.12×10 -7%
44.955910

2
8
9
2

1541°
2836°

+3

 22
Ti

7.8×10 -6%
47.867

2
8

10
2

1668°
3287°

+2+3+4

 23
V

9.6×10 -7%
50.9415

2
8

11
2

1910°
3407°

+2+3+4+5

 24
Cr

0.000044%
51.9961

2
8

13
1

1907°
2671°

+2+3+6

 25
Mn

0.000031%
54.938049

2
8

13
2

1246°
2061°

+2+3+4+7

 26
Fe

0.00294%
55.845

2
8

14
2

1538°
2861°

+2+3

 27
Co

7.3×10 -6%
58.933200

2
8

15
2

1495°
2927°

+2+3

 28
Ni

0.000161%
58.6934

2
8

16
2

1455°
2913°

+2+3

  2   4
  6   8

 10
 12  14

 16

 18
 20

 22
 24

 26
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 30
 32

 34

 36

 38

 40
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 46  48  50

Decay Q-value Range
Q(??)
Q(β−)>0
Q(β−)-SN>0
Q(β−)>0 + Q(EC)>0
Stable to Beta Decay
Q(EC)>0
Q(EC)-SP>0
Q(P)>0
Naturally Abundant

1



P.J.Napiorkowski

Super-deformation study in the 
vicinity of A=40

Table of Isotopes (1998)

Z=0-28 Part 1 of 2

n1
1/2+

614.8 s

β-

H3
1/2+

12.33 y

β-

H4
2-

Li4
2-

H5

He5
3/2-

0.60 MeV

n

Li5
3/2-

1.5 MeV

p

Be5

H6

He6
0+

806.7 ms

β-

Be6
0+

92 keV

2p

He7
(3/2)-

160 keV

n

Be7
3/2-

53.29 d

EC

B7
(3/2-)

1.4 MeV

He8
0+

119.0 ms

β-n

Li8
2+

838 ms

β-2α

Be8
0+

6.8 eV

2α

B8
2+

770 ms

EC2α

C8
0+

230 keV

He9
(1/2-)

0.30 MeV

n

Li9
3/2-

178.3 ms

β-n

B9
3/2-

0.54 keV

2pα

C9
(3/2-)

126.5 ms

ECp,ECp2α,...

He10
0+

0.3 MeV

n

Li10
1.2 MeV

n

Be10
0+

1.51E+6 y

β-

C10
0+

19.255 s

EC

N10

Li11
3/2-

8.5 ms

β-n,β-2n,...

Be11
1/2+

13.81 s

β-α

C11
3/2-

20.39 m

EC

N11
1/2+

740 keV

p

Li12

Be12
0+

23.6 ms

β-

B12
1+

20.20 ms

β-3α

N12
1+

11.000 ms

EC3α

O12
0+

0.40 MeV

2p

Be13
(1/2,5/2)+
0.9 MeV

n

B13
3/2-

17.36 ms

β-n

N13
1/2-

9.965 m

EC

O13
(3/2-)

8.58 ms

ECp

Be14
0+

4.35 ms

β-n,β-2n,...

B14
2-

13.8 ms

β-

C14
0+

5730 y

β-

O14
0+

70.606 s

EC

F14
(2-)

p

B15
10.5 ms

β-

C15
1/2+

2.449 s

β-

O15
1/2-

122.24 s

EC

F15
(1/2+)

1.0 MeV

p

B16
(0-)

200 Ps

n

C16
0+

0.747 s

β-n

N16
2-

7.13 s

β-α

F16
0-

40 keV

p

Ne16
0+

122 keV

2p

B17
(3/2-)

5.08 ms

β-n

C17
193 ms

β-n

N17
1/2-

4.173 s

β-n

F17
5/2+

64.49 s

EC

Ne17
1/2-

109.2 ms

ECp,ECα,...

B18

C18
0+

95 ms

β-n

N18
1-

624 ms

β-n,β-α,...

F18
1+

109.77 m

EC

Ne18
0+

1672 ms

EC

Na18

B19

C19
46 ms

β-n

N19
(1/2-)

0.304 s

β-n

O19
5/2+

26.91 s

β-

Ne19
1/2+

17.22 s

EC

Na19

p

C20
0+

14 ms

β-n

N20
100 ms

β-n

O20
0+

13.51 s

β-

F20
2+

11.00 s

β-

Na20
2+

447.9 ms

ECα

Mg20
0+

95 ms

ECp

C21

N21
85 ms

β-n

O21
(1/2,3/2,5/2)+

3.42 s

β-

F21
5/2+

4.158 s

β-

Na21
3/2+

22.49 s

Mg21
(3/2,5/2)+

122 ms

ECp

Al21

C22
0+

N22
24 ms

β-n

O22
0+

2.25 s

β-

F22
4+,(3+)
4.23 s

β-

Na22
3+

2.6019 y

Mg22
0+

3.857 s

EC

Al22
70 ms

ECp

Si22
0+

6 ms

ECp

N23

O23
82 ms

β-n

F23
(3/2,5/2)+

2.23 s

β-

Ne23
5/2+

37.24 s

β-

Mg23
3/2+

11.317 s

EC

Al23
0.47 s

ECp

Si23

N24

O24
0+

61 ms

β-n

F24
(1,2,3)+
0.34 s

β-

Ne24
0+

3.38 m

β-

Na24
4+

14.9590 h

β-
*

Al24
4+

2.053 s

ECα
*

Si24
0+

102 ms

ECp

P24

O25

F25
59 ms

β-n

Ne25
(1/2,3/2)+

602 ms

β-

Na25
5/2+

59.1 s

β-

Al25
5/2+

7.183 s

EC

Si25
5/2+

220 ms

ECp

P25

O26

F26

Ne26
0+

197 ms

β-n

Na26
3+

1.072 s

β-

Al26
5+

7.4E+5 y

EC
*

Si26
0+

2.234 s

EC

P26
(3+)

20 ms

ECp

S26

F27

Ne27
32 ms

β-n

Na27
5/2+

301 ms

β-n

Mg27
1/2+

9.458 m

β-

Si27
5/2+

4.16 s

EC

P27
1/2+

260 ms

ECp

S27
21 ms

ECp,EC2p,...

F28

Ne28
0+

17 ms

β-n

Na28
1+

30.5 ms

β-n

Mg28
0+

20.91 h

β-

Al28
3+

2.2414 m

β-

P28
3+

270.3 ms

ECp,ECα,...

S28
0+

125 ms

ECp

Cl28

F29

Ne29
0.2 s

β-

Na29
3/2

44.9 ms

β-n

Mg29
3/2+

1.30 s

β-

Al29
5/2+

6.56 m

β-

P29
1/2+

4.140 s

EC

S29
5/2+

187 ms

ECp

Cl29

Ne30
0+

Na30
2+

48 ms

β-n,β-2n,...

Mg30
0+

335 ms

β-

Al30
3+

3.60 s

β-

P30
1+

2.498 m

EC

S30
0+

1.178 s

EC

Cl30

Ar30

Ne31

Na31
3/2+

17.0 ms

β-n,β-2n,...

Mg31
230 ms

β-n

Al31
(3/2,5/2)+

644 ms

β-

Si31
3/2+

157.3 m

β-

S31
1/2+

2.572 s

EC

Cl31
150 ms

ECp

Ar31
15.1 ms

ECp,EC2p,...

Ne32
0+

Na32
(3-,4-)

13.2 ms

β-n,β-2n,...

Mg32
0+

120 ms

β-n

Al32
1+

33 ms

β-

Si32
0+

172 y

β-

P32
1+

14.262 d

β-

Cl32
1+

298 ms

ECp,ECα,...

Ar32
0+

98 ms

ECp

K32

Na33
8.2 ms

β-n,β-2n,...

Mg33
90 ms

β-n

Al33

Si33
6.18 s

β-

P33
1/2+

25.34 d

β-

Cl33
3/2+

2.511 s

EC

Ar33
1/2+

173.0 ms

ECp

K33

Na34
5.5 ms

β-2n

Mg34
0+

20 ms

β-n

Al34
60 ms

β-n

Si34
0+

2.77 s

β-

P34
1+

12.43 s

β-

Cl34
0+

1.5264 s

EC
*

Ar34
0+

844.5 ms

EC

K34

Ca34
0+

Na35
1.5 ms

β-n

Mg35

Al35
150 ms

β-n

Si35
0.78 s

β-

P35
1/2+

47.3 s

β-

S35
3/2+

87.51 d

β-

Ar35
3/2+

1.775 s

EC

K35
3/2+

190 ms

ECp

Ca35
50 ms

EC2p

Mg36
0+

Al36

Si36
0+

0.45 s

β-n

P36
5.6 s

β-

Cl36
2+

3.01E+5 y

EC,β-

K36
2+

342 ms

ECp,ECα,...

Ca36
0+

102 ms

ECp

Sc36

Mg37

Al37

Si37

P37
2.31 s

β-

S37
7/2-

5.05 m

β-

Ar37
3/2+

35.04 d

EC

K37
3/2+

1.226 s

EC

Ca37
3/2+

181.1 ms

ECp

Sc37

Al38

Si38
0+

P38
0.64 s

β-n

S38
0+

170.3 m

β-

Cl38
2-

37.24 m

β-
*

K38
3+

7.636 m

EC
*

Ca38
0+

440 ms

EC

Sc38

Ti38
0+

Al39

Si39

P39
0.16 s

β-n

S39
(3/2,5/2,7/2)-

11.5 s

β-

Cl39
3/2+

55.6 m

β-

Ar39
7/2-

269 y

β-

Ca39
3/2+

859.6 ms

EC

Sc39
(7/2-)

Ti39
(3/2+)
26 ms

ECp

Si40
0+

P40
260 ms

β-n

S40
0+

8.8 s

β-

Cl40
2-

1.35 m

β-

Sc40
4-

182.3 ms

ECp,ECα,...

Ti40
0+

50 ms

EC

V40

Si41

P41
120 ms

β-n

S41

Cl41
(1/2,3/2)+

38.4 s

β-

Ar41
7/2-

109.34 m

β-

Ca41
7/2-

1.03E+5 y

EC

Sc41
7/2-

596.3 ms

EC

Ti41
3/2+

80 ms

ECp

V41

Si42
0+

P42
110 ms

β-n

S42
0+

0.56 s

β-n

Cl42
6.8 s

β-

Ar42
0+

32.9 y

β-

K42
2-

12.360 h

β-

Sc42
0+

681.3 ms

EC
*

Ti42
0+

199 ms

EC

V42

Cr42

P43
33 ms

β-n

S43
220 ms

β-n

Cl43
3.3 s

β-

Ar43
(3/2,5/2)
5.37 m

β-

K43
3/2+

22.3 h

β-

Sc43
7/2-

3.891 h

EC

Ti43
7/2-

509 ms

EC

V43
(7/2-)

800 ms
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82 ms
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β-n

Ar47
700 ms

β-n
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5.591 d

EC
*

Fe52
0+

8.275 h

EC
*

Co52
18 ms

EC

Ni52
0+

38 ms

ECp

Ar53

K53
(3/2+)
30 ms

β-n
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Mn60
0+

51 s
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*
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*
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0.71 s
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5.98 m

β-

Co61
7/2-

1.650 h

β-

V62

Cr62
0+

Mn62
(3+)

0.88 s

β-

Fe62
0+

68 s

β-

Co62
2+

1.50 m

β-
*

V63

Cr63

Mn63
0.25 s

β-

Fe63
(5/2)-
6.1 s

β-

Co63
(7/2)-
27.4 s

β-

Ni63
1/2-

100.1 y

β-

Cr64
0+

Mn64

Fe64
0+

2.0 s

β-

Co64
1+

0.30 s

β-

Cr65

Mn65

Fe65
0.4 s

β-

Co65
(7/2)-
1.20 s

β-

Ni65
5/2-

2.5172 h

β-

Mn66

Fe66
0+

Co66
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0.23 s

β-

Ni66
0+

54.6 h

β-

Mn67

Fe67

Co67
(7/2-)
0.42 s

β-

Ni67
(1/2-)
21 s

β-

Fe68
0+

0.10 s

β-
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0.18 s

β-
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19 s

β-

Fe69
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0.27 s

β-

Ni69
11.4 s

β-

Co70
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Co71
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2.1 s
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1.1 s
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Ni75 Ni76
0+

Ni77 Ni78
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H1
1/2+

99.985

H2
1+

0.015

He3
1/2+

0.000137

He4
0+

99.999863

Li6
1+

7.5

Li7
3/2-

92.5

Be9
3/2-

100

B10
3+

19.9

B11
3/2-

80.1

C12
0+

98.90

C13
1/2-

1.10

N14
1+

99.634

N15
1/2-

0.366

O16
0+

99.762

O17
5/2+

0.038

O18
0+

0.200

F19
1/2+

100

Ne20
0+

90.48
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3/2+

0.27
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0+

9.25
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3/2+
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0+

78.99
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10.00
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11.01
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5/2+

100
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92.23
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4.67

Si30
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3.10

P31
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S32
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S33
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0.75
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4.21

Cl35
3/2+

75.77
S36
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0.02

Ar36
0+

0.337
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24.23

Ar38
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0.063

K39
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93.2581
Ar40
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K40
4-
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0.0117

Ca40
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96.941
K41
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Ca43
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Ti46
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6E+18 y
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5.5
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0+
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1.4E+17 y
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Cr50
0+

1.8E+17 y

ECEC
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V51
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99.750

Cr52
0+
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Cr53
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Cr54
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Fe54
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100
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0.28
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LNL 2010

experiment [16] and, more recently, states were investigated in a high-spin gamma-ray spectroscopy

experiment [17]. The high E2 strengths of the 6+2→4+2 and 4+2→2+2 transitions were measured in

the 37Cl(α,pγ) reaction [16] to be 67 +38
−19 W.u. and 46 +15

−10 W.u. respectively, which indicated large

collectivity of the band. The 26Mg(18O,2p2n)40Ar reaction [17] provided the information about the

transition quadrupole moment Qt for the band by using the lifetime measurement based on the

residual Doppler shift of γ-ray energies [18]. The obtained result: Qt=1.45 +0.49
−0.31 eb corresponds to

a quadrupole deformation of β2 ∼0.5, assuming a rigid axially symmetric rotor model. The result

is consistent with a superdeformed shape of the band in 40Ar. However, the lowest in-band decay

in the side band built on the 0+2 state has not been observed, this is similar to the case of 42Ca.

Therefore Coulomb excitation of 40Ar remains the only spectroscopic method to investigate the

deformation along the side band built upon the 0+2 state.

Figure 2: The level scheme of 40Ar [17]. The previously unobserved 2+2→0+2 transition is marked
in red.

The B(E2; 0+1→2+1 )=0.037(7) e2b2 (≈9.14 W.u.) was measured in an intermediate energy

Coulomb excitation experiment with 40Ar ions of 38.4 MeV/A bombarding a 197Au target [20]. The

remaining B(E2) and B(M1) values for the states up to 6+ in 40Ar were deduced from the lifetime

measurements [21]. The following reduced probability values are known in the 40Ar low-spin level

scheme part:

3

40Ar
iTEMBA 
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Table of Isotopes (1998)

Z=0-28 Part 1 of 2

n1
1/2+

614.8 s

β-

H3
1/2+

12.33 y

β-

H4
2-

Li4
2-

H5

He5
3/2-

0.60 MeV

n
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1.5 MeV

p
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β-
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160 keV
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4.140 s

EC

S29
5/2+

187 ms

ECp

Cl29

Ne30
0+

Na30
2+

48 ms
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Summary

• Studies of  super-deformation in 
vicinity of  40Ca are promising 
thanks to PolishW-PolishK-PARIS 
collaboration    

• Coulex of  SD - bands: 40Ca is not 
end of  the story

EAGLE - 40Ar COULEX, HIL 2015
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