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Near spherical shell-model structure of the 2+
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The g factor of the 2+
1 state in 40Ar has been measured by use of Coulomb excitation in inverse kinematics and

the transient magnetic-field technique. The resulting g factor, g(2+
1 ) = −0.015(42), is in reasonable agreement

with shell-model calculations within the (full sd)π (full fp)ν space, without including core excitations. Although
highly deformed admixtures in the wave function cannot be completely ruled out, they are small, in contrast to
the case of 42Ca.
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I. INTRODUCTION

The nucleus 40Ar straddles the sd proton and the fp neutron
shells. 40Ar has the same number of neutrons as 42Ca but
it has two proton holes in the sd shell. The fp nuclei have
been extensively studied, and many shell-model calculations
have been carried out, for example, in Refs. [1–6] and
references therein. Among them, the Ca isotopes between
40
20Ca20 and 48

20Ca28, although widely investigated in the past,
are still a challenge for theory. Recently, positive values of
g(2+

1 ,42Ca) = +0.04(6) [7] and g(2+
1 ,44Ca) = +0.12(5) [8],

+0.17(3) [7] have been measured. These values disagree with
those of the pure f7/2 or fp neutron configurations expected
from simple shell-model considerations, which would result in
negative g factors. Complete fp calculations predict negative
values for g, –0.3 to –0.5 [7,8]. Thus the experimental g factors
reveal a strong contribution from 40Ca core excitations to the
wave functions of the 2+

1 states in 42Ca and 44Ca. This issue
was actually discussed about 40 years ago [9,10], when it was
suggested that the 2+

1 states in 42Ca and 44Ca are mixtures
of spherical shell-model and deformed core configurations.
By use of the same Gerace and Green approach [9] and the
measured g factors, core-deformed components of 55(6)%
and 65(4)% were estimated for the 2+

1 states of 42Ca and
44Ca, respectively [7,8]. However, the two negative values,
g = −0.19(12) and g = −0.26(6), measured for the 2+

1 state in
46Ca [11,12], require a small or no core-excitation component.

In light of the structure of the Ca isotopes just discussed,
questions arise about 40Ar, the isotone of 42Ca. How does
the residual interaction depend on the number of sd shell
proton holes? Do core excitations play as important a role
as in 42Ca?

The g factor of the 40Ar(2+
1 ) state had been measured

before [13], also by the transient field technique but with
very high-velocity 40Ar projectiles (v/v0 = 19) and a 208Pb
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target. The measured g factor was g = −0.1(1) [13], a result
which indicates a complex interplay of neutron and proton
configurations. A new measurement of the 40Ar(2+

1 ) g factor,
using Coulomb excitation in inverse kinematics and the
transient field technique at low energies, would not only
provide a confirmation of the previous result but would also
shed light on the transient field parametrization for very high
velocities. This paper reports on such a new measurement.

II. EXPERIMENTAL TECHNIQUE

In this experiment 40Ar was Coulomb excited in inverse
kinematics by a light C target, and the g factor of the 2+

1 state
was measured by the transient field technique as described in
recent publications [14–16].

A beam of 40Ar was accelerated at the Lawrence Berkeley
National Laboratory 88-Inch Cyclotron to an energy of
80 MeV. A multilayer target was used, consisting of 0.42
mg/cm2 of natural carbon evaporated on 0.005-mg/cm2 ti-
tanium deposited on a 3.24-mg/cm2 gadolinium layer, itself
evaporated on a 1.40-mg/cm2 tantalum foil and backed by
a copper layer of 3.54 mg/cm2. An additional copper layer
of 5.60 mg/cm2 was added to ensure that the beam was
completely stopped in the target. The preparation of the
ferromagnetic gadolinium foil is described in Ref. [17]. The
target was kept at ≈ 100 K by a liquid-nitrogen reservoir. The
temperature was monitored with a thermocouple connected to
the target frame. An external magnetic field of 0.06 T was
applied in a direction perpendicular to the γ -ray detection
plane, and its direction was reversed every 4 min. The target
magnetization was measured with an ac magnetometer [18] to
be �M = 0.1726 T at the temperature and external field used
during the experiment.

The 40Ar projectiles, excited into the 2+
1 state, traverse

the polarized ferromagnetic gadolinium layer, where they
experience spin precession in the transient hyperfine magnetic
field. The excited 40Ar ions are then stopped and decay in the
copper backing, a region free of hyperfine interactions. The
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TABLE I. Kinematics of the excited 40Ar and 46Ti projectiles
traversing the ferromagnetic layer. θp is the maximum acceptance
angle for carbon recoils into the Si particle detector for two different
geometries. 〈E〉in and 〈E〉out, 〈v/v0〉in and 〈v/v0〉out are, respectively,
the average energies and velocities of the excited ions as they enter
into, and exit from, the gadolinium layer; v0 = e2/h̄ is the Bohr
velocity. 〈�t〉 is the average traversal time of the ions through the
gadolinium layer.

Nucleus Ebeam θp 〈E〉in 〈E〉out 〈 v

v0
〉in 〈 v

v0
〉out 〈�t〉

(MeV) (deg) (MeV) (MeV) (ps)

40Ar 80 22.4 21.7 2.6 4.7 1.6 0.52
80 10 18.2 1.6 4.3 1.3 0.59

46Ti 100 22.4 31.3 5.4 5.2 2.2 0.53

carbon recoils leave the target and are detected in a silicon
particle detector, centered at 0◦ relative to the beam axis and
subtending an angle of 22.4◦ with respect to the beam. The
kinematics of the excited Ar ions as they enter into, and exit
from, the gadolinium layer were calculated with the Ziegler
et al. [19] stopping powers and are summarized in Table I.
The γ rays were detected with four Clover Ge detectors.
The distance between the target and the face of the Clover
detectors’ enclosure was 12.2 cm. Only γ rays in coincidence
with C recoils were recorded. In addition, the kinematics of a
complementary calibration experiment carried out with a 46Ti
beam, the same target, and the same geometrical conditions
are given in Table I. This experiment was performed at higher
beam energies to achieve enough yield.

The low-lying levels in 40Ar, taken from Ref. [20], are
shown in Fig. 1. The γ -ray spectrum collected during the
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FIG. 1. The low-energy part of the level scheme of 40Ar, taken

from [19]. The mean lifetimes of the states, also taken from [19], are
given next to them. The energies are given in keV.

precession measurement with a Clover detector at 113◦, and
sorted with coincidence conditions on the time and total recoil-
carbon particle spectrum, is shown in Fig. 2, with random
counts subtracted and with Compton add-back included. Many
contamination lines appear in the spectrum, because the reac-
tion was done at ∼10 MeV above the Coulomb barrier where
fusion-evaporation and stripping-pickup reactions compete
with Coulomb excitation. The strongest contamination channel
is 12C(40Ar,αn)47Ti.

Figure 3(a) shows the particle spectrum we obtained in
coincidence with all γ rays. Figure 3(b) shows the particle
spectrum we obtained by requiring a coincidence with the
photopeak of the 1461-keV γ ray. The sharp features observed
correspond to α particles. For example, a similar particle
spectrum we obtained by gating with γ rays belonging to 47Ti
yields only the sharp α peaks. Figure 3(c) shows the spectrum
we obtained after subtracting from the spectrum in Fig. 3(b)
the particle spectrum we obtained in coincidence with the
γ -ray background around the 1461-keV line. Only C recoils
remain.

A line at an energy of 1431 keV, which is exactly the energy
of the 4+

1 → 2+
1 transition in 40Ar (Fig. 1) was observed (see

Fig. 2). Its intensity is ∼18% of the intensity of the 2+
1 →0+

1
1461-keV transition, whereas the COULEX calculations [21]
predict the population of the 4+

1 state to be only ∼0.12% of
the population of the 2+

1 state. A transition at 1431 keV was
observed in 47Ti in Refs. [1,22]. It was ∼3% of the intensity
of the strongest line at 159 keV in 47Ti in [1], ∼7% in [22],
and ∼7% in the present experiment. Thus one may conclude
that the 1431-keV line belongs to 47Ti. In addition, it can be
seen from Fig. 2 that the backward Doppler-shifted tail of
the 1461-keV 2+

1 →0+
1 transition slightly overlaps with this

1431-keV line.
A γ -ray spectrum obtained by gating with only high-energy

C recoils (above channel 400) results in an extremely clean
40Ar spectrum (Fig. 4) showing only the 2+

1 → 0+
1 transition.

The high-energy C recoils correspond to C ions detected
within 0◦ to ∼10◦, whereas the whole spectrum of C recoils
corresponds to detection of the C within the whole 22.4◦
aperture subtended by the particle detector. These two different
spectra were used in the analysis described in the next
section.

III. DATA ANALYSIS

In general, the g factor of an excited short-lived (about
a few picoseconds) state can be deduced by measurement
of the precession angle of its magnetic moment, �θ = ε/S,
in the transient hyperfine magnetic field. The quantity ε

denotes the “effect” of the spin precession in the external field
and is defined more precisely below, and S is the logarithmic
slope of the particle-γ angular correlation at the γ -ray detector
angles, S(θγ ) = [1/W (θγ )][dW (θγ )/dθ ].

The logarithmic slope S is determined from the anisotropy
ratios of counts in both γ detector pairs (1,4 and 2,3) placed at
different angles. The two forward Clover detectors (2,3) were
placed, alternatively, at angles of ±50◦ and ±80◦, whereas the
backward Clover detectors (1,4), respectively, were at ±130◦
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FIG. 2. Coincident particle-γ spectrum from
a detector at 113◦, collected during the precession
measurement and sorted with cuts on the true
time and on the whole spectrum of C recoils. It
can be seen that the backward Doppler-shifted
tail of the 1461-keV line of interest slightly
overlaps with a 1431-keV transition in 47Ti. There
are many contaminant lines in the spectrum,
the strongest coming from the 12C(40Ar,αn)47Ti
fusion-evaporation channel. The 47Ti 159-keV
line has a maximum intensity of about 20 000
counts.

and ±100◦ with respect to the beam axis:

R1,4 =
√

N1(130◦)

N1(100◦)

N4(−130◦)

N4(−100◦)
, R2,3 =

√
N2(50◦)

N2(80◦)

N3(−50◦)

N3(−80◦)

This procedure involves two different measurements with
an exchange of the angles of detectors 1 and 4 as well
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FIG. 3. (a) Particle spectrum in coincidence with all γ rays;
(b) particle spectrum in coincidence with the 1461-keV γ -ray line;
(c) this spectrum shows a pure C spectrum obtained after we
subtracted from (b) the spectrum we obtained by requiring a
coincidence with background γ rays around the 1461-keV line.

as 2 and 3. For the final result, both anisotropy ratios are
averaged. The details of the procedure are described in
Refs. [16,23], where it is shown how the angular correlation
coefficients A

exp
2 and A

exp
4 are obtained from the anisotropy

ratio R.
In the present experiment we measured the spin precession

effect ε by setting the four detectors at ±67◦ and ±113◦ with
respect to the beam axis, angles where the slope is large.

The effect of the precession is given in terms of counting
rates by

ε = ρ − 1

ρ + 1
,

where

ρ =
√

ρ1/4

ρ2/3
, ρi,j =

√√√√N
↑
i

N
↓
i

N
↓
j

N
↑
j

,

and i, j represents a detector pair; Ni and Nj are the particle-γ
coincidence photopeak counts of the γ transition in the ith or
j th detector and ↑(↓) signifies field “up” (“down”).

The ratio ρ, used in the measurement of the effect of
precession, and the anisotropy ratios Ri,j are constructed so
that many systematic errors, such as differences in the beam
current, time of measurement, and relative efficiencies of the
detectors, cancel out. The g factor can be calculated from

�θ = −g
µN

h̄

∫ tout

tin

BTF[v(t), Z]e−t/τ dt, (1)

where BTF, the transient field described by the Rutgers
parametrization [24], is a function of the velocity v and atomic
number Z of the projectile ion, τ is the mean lifetime of the
state of interest, and tin and tout are the mean entrance and
exit times of the ions into and out of the ferromagnetic layer,
respectively. However, recent experiments on 46Ti ions on the
same target [12] have hinted that the Rutgers parametrization
may not hold for light nuclei traversing gadolinium foils.
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FIG. 4. Coincident particle-γ spectrum from
a detector at 67◦ collected during the precession
measurement and sorted with cuts on the true
time and only on the high-energy particle spec-
trum [from channels 400 to 600 in Fig. 3(a)]. It
can be seen that the 1431-keV transition is not
visible.

Hence, as has been advocated consistently, a calibration of
the observed precession �θ (40Ar) against �θ of a known
magnetic moment in a neighboring nucleus is preferable. The
nearest nucleus for which the g factor of the 2+

1 state is known is
46Ti. A recent measurement, carried out in inverse kinematics
on a gadolinium foil and with the Bonn linear parametrization
of the transient field [25], yielded g(2+

1 ;46Ti) = +0.496(27).
This value agrees with the previous, much less accurate
measurement, in forward kinematics, at lower energies, carried
out on an iron foil, g(2+

1 ;46Ti) = +0.49(12) [26].

IV. RESULTS

The measured values for R, S(θγ ) and the g factor for both
40Ar and 46Ti are presented in Table II. The result shown in
the first line arises from the analysis of spectra obtained in
coincidence with the whole C spectrum for which a weak
47Ti contaminant line at 1431 keV appears below the line of
interest. The result shown in the second line is obtained by
selection of only the highest-energy C recoils that yielded a
40Ar spectrum free of contaminants.

The first sort yields a g factor of g(2+
1 ) = −0.015(42).

The second sort results in a clean 40Ar(2+ → 0+) line,
but with reduced statistics, and yields a similar value of
g(2+

1 ) = −0.022(54). Both results are consistent with each
other. They also agree with the previous, high-velocity mea-
surement, g = −0.1(1) [13]. The value of g(2+

1 ) = −0.015(42),
deduced from the full statistics gained in the present exper-
iment (Table II, sort 1), is chosen as a final result of this
experiment. Because the g factor of this state is close to zero,
the result is insensitive to any parametrization. For the same
reason, no conclusive statement concerning the validity of the
transient field at high velocities [13] can be made.

V. DISCUSSION

In the simplest shell-model picture, 40Ar consists of two
proton holes in the d3/2 orbital and two neutrons in the f7/2

orbital. Such a simple shell-model calculation, utilizing a wave
function restricted to just two components, π (d3/2)−2

2 ν(f7/2)2
0

and π (d3/2)−2
0 ν(f7/2)2

2, and effective g factors, was reported
in Ref. [13]. The result, g(2+

1 ,40 Ar) = −0.10, reproduced
the measured value of g = −0.1(1) quoted in Ref. [13]. The

TABLE II. Level energy Ex , mean lifetime, the coincidence windows used for different sorts, anisotropy, logarithmic slopes S(θγ ) of the
angular correlations, measured precession angles �θ , and deduced g factors for the 2+

1 state in 40Ar relative to g(2+
1 ;46Ti).

Nucleus Ex(Mev) τ (ps) Sort 〈R〉 |S(67◦)| �θ (mrad) g

40Ar 1.461 1.62(6) 1a 3.153(66) 2.50(4) 0.599(1681) −0.015(42)b

2c 3.877(128) 2.86(6) 0.878(2138) −0.022(54)

46Ti 0.889 8.1(4)d 3.10(4) 2.36(3) −19.8(18) +0.496(27)d

aγ spectra sorted with coincidence selection on the total particle spectrum and the true time.
bValue adopted from this work.
cγ spectra sorted with coincidence selection on the highest-energy particles and the true time.
dRef. [25].
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TABLE III. Summary of the shell-model calculations carried out for the 2+
1 state in 40Ar with the WBT interaction [27], different model

spaces, effective charges eπ = 1.5, eν = 0.5, and either the free nucleon g factors g(s)π = 5.586, g(s)ν = −3.826, g(l)π = 1, and g(l)ν = 0,
or the effective nucleon g factors g(s)π = 5.055, g(s)ν = −3.19, g(l)π = 1.06, and g(l)ν = 0.

Model space E(2+
1 ) B(E2; 0+

1 → 2+
1 ) g(2+

1 )free g(2+
1 )eff

(MeV) (eb)2

Experiment 1.461a 0.0330(40)a gexp = −0.1(1)b

gexp = −0.015(42)c

Calculations A (d3/2)−2
π (f7/2)2

ν 0.999 0.0122 −0.441 −0.335

B (d3/2)−2
π (full fp)2

ν 1.367 0.0174 −0.282 −0.181

C (s1/2, d3/2)−2
π (f7/2)2

ν 0.971 0.0195 −0.335 −0.235

D (s1/2, d3/2)−2
π (full fp)2

ν 1.328 0.0229 −0.230 −0.129

E (d5/2, s1/2, d3/2)−2
π (full fp)2

ν 1.431 0.0241 −0.195 −0.104

aFrom Ref. [28].
bFrom Ref. [13].
cPresent work.

effective g factors used in the preceding calculations are the
experimentally measured g factors of the ground states of 39K,
(d3/2)−1

π , and 41Ca, (f7/2)1
ν , which differ from the Schmidt

values (as is subsequently explained). These authors [13]
also reported large-scale shell-model (LSSM) calculations that
yielded g = −0.18(8).

The theoretical investigation in the present paper exam-
ines the detailed microscopic shell-model structure of the
wave function of the 2+

1 state of 40Ar. For that purpose,
calculations utilizing two different interactions, WBT denoted
by [27] and FSZM [29] were performed. The single-particle
energy spacings utilized with the WBT interaction were
(d3/2 − s1/2)π = 2.731 MeV, (d3/2 − d5/2)π = 7.418 MeV,
(p3/2 − f7/2)ν = 1.738 MeV, (p1/2 − f7/2)ν = 3.900 MeV,
and (f5/2 − f7/2)ν = 5.994 MeV. The single-particle energies
appropriate to this interaction are mass dependent [27]. So, for
the fp neutron shell, the single-particle energies evaluated for
41Ca are used.

Unlike the WBT interaction, the FSZM interaction was not
specifically fitted to data in the vicinity of 40Ar. It is introduced

here as a counterpoint to WBT just to show that the results do
depend on the interaction that is used. The FSZM interaction
uses a parametrization of the model space G matrix that was
derived by Zheng and Zamick [29] and that has a simple form
with two-body central, two-body spin-orbit, and two-body
tensor parts. The relevant interaction terms have been adjusted
to obtain a good fit to the G-matrix elements for the Bonn A
potential. In the present paper, the two-body matrix elements
were generated from this interaction with the formula given
by Kuo and Brown [30]. The single-particle input energies
were modified to fit the experimental low-energy spectra and
binding energies of 41Ca and 39K. The single-particle energy
spacings utilized were (d3/2 − s1/2)π = 2.523 MeV, (d3/2 −
d5/2)π = 5 MeV, (p3/2 − f7/2)ν = 2 MeV, (p1/2 − f7/2)ν =
4 MeV, and (f5/2 − f7/2)ν = 6.5 MeV. The diagonalization of
the effective Hamiltonian in large model spaces was achieved
by use of the OXBASH program [31,32].

As already mentioned, the g factors of the ground states
of 39K and 41Ca differ from the Schmidt values. This effect
was largely explained by Mavromatis and Zamick [33] for

TABLE IV. Summary of the shell-model calculations carried out for the 2+
1 state in 40Ar with the FSZM interaction [29], different model

spaces, effective charges eπ = 1.5, eν = 0.5, and either the free nucleon g factors g(s)π = 5.586, g(s)ν = −3.826, g(l)π = 1, g(l)ν = 0, or the
effective nucleon g factors g(s)π = 5.055, g(s)ν = −3.19, g(l)π = 1.06, g(l)ν = 0.

Model space E(2+
1 ) B(E2; 0+

1 → 2+
1 ) g(2+

1 )free g(2+
1 )eff

(MeV) (eb)2

Experiment 1.461a 0.0330(40)a gexp = −0.1(1)b

gexp = −0.015(42)c

Calculations A (d3/2)−2
π (f7/2)2

ν 0.965 0.0134 −0.400 −0.289

B (d3/2)−2
π (full fp)2

ν 1.424 0.0206 −0.106 +0.007

C (s1/2, d3/2)−2
π (f7/2)2

ν 0.983 0.0240 −0.180 −0.088

D (s1/2, d3/2)−2
π (full fp)2

ν 1.474 0.0272 −0.023 +0.078

E (d5/2, s1/2, d3/2)−2
π (full fp)2

ν 1.828 0.0305 +0.026 +0.103

aFrom Ref. [28].
bFrom Ref. [13].
cPresent work.

014309-5



E. A. STEFANOVA et al. PHYSICAL REVIEW C 72, 014309 (2005)

TABLE V. Calculations of the ground state g factors of 39K(3/2+) (gexp = 0.26098(2) [36]), 41Ca(7/2+)
(gexp = −0.455652(3) [36]) and 40K(4−) (gexp = −0.324525(1) [36]) carried out with the WBT [27] and FSZM
interactions [29], different model spaces, and with free and effective (see text) nucleon g factors.

Nucleus Model space gWBT
free gFSZM

free gWBT
eff gFSZM

eff

39K (d3/2)−1
π 0.083 0.083 0.261 0.261

39K (full sd)−1,−3 (full fp)0,2 0.067 0.060 0.248 0.234
41Ca (f7/2)1

ν −0.546 −0.546 −0.456 −0.456
41Ca (full sd)0,−2 (full fp)1,3 −0.538 −0.526 −0.447 −0.435
40K (full sd)−1

π (full fp)1
ν −0.427 −0.445 −0.318 −0.334

40K (full sd)−1,−3 (full sd)1,3 −0.421 −0.425 −0.312 −0.315

these two particular nuclei on the basis of second-order
perturbation theory. However, these authors note that, more
generally, second-order configuration mixing corrections must
be considered alongside exchange currents, spin-orbit, and
relativistic corrections. More detailed calculations by Towner
[34] include renormalizations of gl as well as of gs .

Tables III and IV summarize the results of the 40Ar
calculations in several model spaces, with the WBT [27] and
FSZM [29] interactions, respectively, for E(2+

1 ), B(E2; 0+
1 →

2+
1 ), and g(2+

1 ) both with free and with effective nucleon g
factors. The effective nucleon g factors of g(s)ν = −3.19 and
g(l)ν = 0.0, evaluated for the fp shell and the KB1 interaction
in Ref. [2], were chosen for the neutrons, because of their
best fit to the ground state g factor of 41Ca (Table V). For the
sd protons, g(l)π = 1.06 and g(s)π = 5.055, adjusted to fit the
ground state g factor of 39K in a simple πd−1

3/2 configuration,
were used (Table V). The Brown and Wildenthal [35] effective
g factors of g(s)π = 4.66 and g(l)π = 1.143, as evaluated for
the sd shell, overestimate the ground state g factor of 39K
(0.045 as compared with the experimental value of 0.026).
The values of Towner [34] give a good result for 39K, but
do not appreciably change the g factor of 41Ca from its
Schmidt value because of a cancellation between the corrective
effect of spin renormaliztion and the opposite effect of orbital
renormalization—the latter coming mainly from exchange
currents.

It is shown in Table V that the experimental ground state g
factor of 40

19K21 is also well reproduced, for both interactions,
with the effective nucleon g factors that are used in this paper,
but not with the free nucleon g factors. The g values obtained
in the large model spaces (which include also the possibility
of two-particle two-hole excitations) given in Table V for
39K and 41Ca show very small differences from the results
obtained with the one-hole and one-particle configurations,
respectively. The results with the effective nucleon g factors
for 40Ar are shown in the last column of Tables III and IV.
For all the cases, in both tables, the use of effective g factors
results in less negative or more positive g(2+

1 ,40Ar). Except for
cases A, the g factors calculated with the FSZM interaction
and the free nucleon g factors are less negative than those
calculated with the WBT interaction and effective nucleon g
factors. Therefore, overall, the FSZM interaction produces less
negative g factors than does the WBT interaction.

A comparison of the results from calculations A and C,
as well as from B and D, in Tables III and IV, reveals that

the inclusion of the (s1/2)π orbital produces a larger change
in the g factor for the FSZM interaction than for the WBT
interaction. Consequently the (s1/2)π orbital seems to play a
bigger role with the FSZM interaction than with the WBT
interaction. The addition of the (d5/2)π orbital to the model
space (calculations E) changes the final g-factor results with
both interactions by about the same amount. However, the
calculated excitation energy with the FSZM interaction (but
not the WBT), in model space E, (full sd)π (full fp)ν , is
larger than the experimental value, hinting that the final g
factor result may also be overestimated. Furthermore, with the
FSZM interaction, a B(E2) value closer to the experimental
result is obtained.

The probabilities of the different components (>1%) of
the (2+

1 ,40Ar) wave function for configuration E with the
WBT and the FSZM interactions are displayed in Table VI
together with the corresponding g factors for each component.
It can be seen that a good approximation to the results of
calculation E, with both interactions, for g(2+

1 ,40Ar) with
effective g factors can be obtained by considering just the
first two components in Table VI. For the WBT interaction

TABLE VI. The probability of each wave function component
of the 2+

1 state of 40Ar as obtained from calculations in the (full
sd)−2

π (full fp)2
ν space, with effective nucleon g factors, and with

the FSZM and the WBT interactions. Only components with a
probability contribution of more than 1% are included. The g factor
of each component configuration, coupled to 2+, is given in the last
column.

Configuration Contribution geff Contribution geff

(FSZM) (%) (FSZM) (WBT) (%) (WBT)

(d−2
3/2)π (f 2

7/2)ν 48.2 −0.289 72.3 −0.335

(s−1
1/2d

−1
3/2)π (f 2

7/2)ν 15.3 +1.326 8.1 +1.361

(s−2
1/2)π (f 2

7/2)ν 8.4 −0.457 2.8 −0.456

(d−2
5/2)π (f 2

7/2)ν 6.8 +0.233 2.1 +0.191

(d−1
5/2s

−1
1/2)π (f 2

7/2)ν 3.9 +1.152

(d−2
3/2)π (f 1

7/2p
1
3/2)ν 3.8 −0.120 7.0 −0.124

(d−2
3/2)π (p2

3/2)ν 3.0 −0.151 2.2 −0.943

(d−1
5/2d

−1
3/2)π (f 2

7/2)ν 2.4 +2.153

(d−2
3/2)π (f 2

5/2)ν 1.5 +0.387 1.2 +0.421
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these components yield −0.242 and +0.110, respectively,
adding to −0.132, close to the −0.104 in Table III. For the
FSZM interaction the corresponding results are −0.139 and
+0.203, adding to +0.064, close to the +0.103 in Table IV. An
important difference between the wave functions predicted by
the two interactions is the relatively greater dominance in the
probability of the first component for WBT (≈72%) compared
with the probability of the first component for FSZM (≈48%).
Although the most obvious difference in the two interactions
seems to be the (d3/2 − d5/2)π splitting, the main reason the
results are different is actually due to the amount of s1/2 − d3/2

mixing in the wave function, as was also concluded above from
a comparison of Tables III and IV. The occupation of the d5/2

orbital is also larger with the WBT interaction than with the
FSZM interaction, but its inclusion does not seem to produce
a significant difference in the final g-factor results with either
interaction (see Tables III and IV). With effective g factors,
the WBT interaction yields g(2+

1 ) = −0.104 and the FSZM
interaction yields g(2+

1 ) = +0.103, whereas the experimental
g factor lies in between. The experimental error, the somewhat
different results obtained with the two interactions, as well as
the uncertainties in both the single-particle energies and in the
effective nucleon g factors, all suggest that detailed quanti-
tative comparisons of the calculations with the experimental
results are difficult.

It must be emphasized that no explicit core excitations were
included in any calculations of 40Ar. Some amount of implicit
core admixtures may be taken into account when effective g
factors are used. A comparison of the results obtained with
either small or very large model spaces for 39K, 40Ca, and
41K in Table V suggests that the core-excitation admixtures
are relatively small. In the 40Ar isotone 42Ca a deformed
component, which is due to core excitations, of about 55%
was estimated for the 2+

1 state [7,37,38]. 40Ar and 42Ca have
similar B(E2; 2+

1 → 0+
1 ) values of 9.3(4) W.u. [28] and 7.5(5)

W.u. [7], respectively, results that depend on the nature of both
the 0+

1 and 2+
1 states. Nevertheless, the calculations performed

with the FSZM interaction suggest that core excitations do
not play a role in the structure of the 40Ar(2+

1 ) state. On
the other hand, the result of calculation E with the WBT
interaction and the effective nucleon g factors, combined with
the approach of Ref. [9], results in a deformed core-excited
component of about 16(8)%. Clearly, excitations from the
core play a much smaller role in the 40Ar 2+

1 state than in the
42Ca 2+

1 state and a near-spherical shell-model wave function,
with at most a small core-excited component, may describe
adequately the 40Ar 2+

1 state. More extensive calculations
and more precise measurements are needed to reveal the
quantitative contribution, if any, of core excitations to the
structure of 40Ar(2+

1 ) state and to explain why 40Ar differs
from 42Ca. Small collectivity was also concluded [39] for the

Ar isotopes between N = 20 and N = 28, based on the LSSM
calculations, within the (full sd)π (full fp)ν model space, for
the 2+

1 excitation energies and the experimental two-neutron
separation energy. The experimentally measured quadrupole
moments Q[40Ar(2+

1 )] = +0.01(4) [40] and Q[42Ca(2+
1 )] =

−0.19(8) [10] also support the arguments made above about
the different nature of the 2+

1 states in these two nuclei.

VI. SUMMARY

The g factor of the 2+
1 state in 40Ar, g = −0.015(42),

was remeasured with a greater accuracy by the transient
field technique and Coulomb excitation of the beam in
inverse kinematics. This result agrees, within the errors of the
measurement, with g = −0.1(1) measured previously at very
high velocities [13].

In 42Ca, the isotone of 40Ar, it was necessary to involve
significant core excitation in order to explain its positive g(2+

1 )
factor [7]. In contrast, in 40Ar, shell-model calculations with
the FSZM interaction and within the (full sd)π (full fp)ν model
space, without including core excitations, are sufficient to
describe the properties of the 2+

1 state. The same calculations
with the WBT interaction are compatible with a core-excitation
component that is much smaller than that in 42Ca. In summary,
this paper shows that the 2+

1 states in 42Ca and 40Ar have a
different nature and that a near-spherical shell-model picture
may be assumed for the 40Ar 2+

1 state.
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