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Reorientation-effect measurement of the (27 ||£2[2]) matrix element in **Ar
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The spectroscopic quadrupole moment of the first excited 2{ state, Qs(2]), at 1.970 MeV in S Ar was
determined at energies well below the Coulomb barrie—where nuclear interference effects are negligible—
using the *Pt(*®Ar, ¥ Ar*) 1**Pt* Coulomb-excitation reaction at 134.2 MeV. Particle-gamma coincidence data
were collected using the AFRODITE array—composed of eight high-purity germanium clover detectors—and
an upstream double-sided silicon detector at iThemba LABS. A large diagonal matrix element of (2 |E 2||2T) =
0.163(42) eb was determined, which yields a more accurate value of Qg(2]) = 40.12(3) eb as compared
with previous work, Qs(27) = +0.11(6) b, in agreement with modern beyond mean-field and large-scale
shell-model calculations. This value is consistent with the ratio of electric quadrupole moments found for other
A = 4n self-conjugate nuclei extracted from the reorientation effect and the rotor model, which are surprisingly
equivalent to those observed in good rotors in the mass A ~ 160—180 region.
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The spectroscopic or static quadrupole moment, Qg(J), for
an excited state with total angular momentum J provides a
measure of the extent to which the nuclear charge distribution
in the laboratory frame acquires an ellipsoidal shape [1,2]. It
can be determined for states with angular momentum J # 0, %
[3] using the reorientation effect (RE) in Coulomb-excitation
reactions, which arises from the hyperfine interaction between
Qs and the time-dependent electric-field gradient generated
by the projectile (P) and target (T) during the scattering
process. Consequently, the distribution of magnetic substates
enhances (Qs > 0) or suppresses (Qs < 0) the Coulomb-
excitation cross section [1,2]. At energies well below the
Coulomb barrier, the RE provides a powerful spectroscopic
probe for extracting (2f||EA 2||2]) diagonal matrix elements,
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which can be directly related to QS(ZT) [4] by

N 167 1 " i
Os(2)) = TT_H(JHO | JT) 2V IEZ|2))
= 0.75793(2] IIE2(12]). (1)

Assuming an ideal rotor, Qg(J) is related to the intrinsic
quadrupole moment of a nucleus in the body-fixed frame,

Qo, by

_3KP—JU+1)
T QRI+3)J+D)

where K is the projection of J onto the symmetry axis. For
pure K bands, i.e., with no triaxiality, y = 0°, Qy can be deter-
mined from the reduced transition probability or B(E2;J —
J +2) value [5]. For J* =2{ and K =0, Q5(2{) = —2Q,
and

Qs Qo, @)
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Combining Eqgs. (2) and (3) yield the absolute value for
the spectroscopic quadrupole moment extracted from the
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FIG. 1. Rotational parameters /i*/23 in 4n self-conjugate sd-
shell nuclei. Particularly anomalous is the rotational parameter for
the ZT states in 2°Ne, 328, and *®Ar, indicative of shape coexistence.

rotational model, Qs (2] )p(e2):
|05 (2] )pE2)] = 0.9059 B(E2; 01 — 2.)'/2. 4)

Moreover, Qy is related to the quadrupole deformation 3,
to first order, as

_(lom\" 3 s
QO_(T) Ee B, (5)

where Z is the proton number and R, the nuclear radius
given by R = 1.2A4'/% fm and B = 1.0573, where § = 4% and
AR is the difference between the semimajor and semiminor
axes, respectively parallel and perpendicular to the symmetry
axis [5].

A sharp variation of Qg(2) values as a function of proton
and/or neutron number is found throughout even-even sd-
shell nuclei from A = 18 to A = 40 [6]. The experimentally
determined negative QS(2]+) values in 2°Ne, **Mg, and ¥§
indicate prolate deformations, whereas positive Q5(21+) values
in 28Si and *®Ar represent oblate deformations. An intriguing
zig-zag pattern is observed at the end of the sd shell starting
from a prolate deformation in Mg and ending with an almost
spherical deformation in *’Ar [6]. With the rapidly changing
shell structure in this region, it is not surprising that shape
coexistence [7] has recently been identified in °Ar [8] and
40Ca [9] with deformed bands built on the O; excitations.

Anomalously high-lying 2 states that reduces the
E(47)/E(2}) ratio are associated with the mixing of co-
existing shapes [7]. Figure 1 shows the rotational parameter
2 /23 for a rigid rotor—where E = #*/23J(J + 1) and 3
is the moment of inertia—compared to higher-spin states for
A = 4n self-conjugate nuclides (i.e., nuclei with equal number
of protons and neutrons) in the sd shell between proton and
neutron shell closures 8 and 20. The irregular rise of /*/23
at J =2 is particularly pronounced for *®Ar and 3?S. The
general interpretation is that coexisting 0" configurations mix
and result in a lowering of the binding energy of the nucleus
[7]. A simpler scenario is provided by oblate rotational bands

which—with a smaller moment of inertia—may present large
E (2?) values. Surprisingly, QS(ZT) values in some of these
nuclides remain poorly determined, particularly for *6Ar [6].
Reasons involve technical aspects such as the difficulty of
producing negative ions in tandem accelerators as well as the
effect of nuclear interference at high bombarding energies.
An energy ratio of E(4])/E(2}) =2.24 for *Ar is, in
principle, consistent with a surface vibration [5]. Neverthe-
less, an oblate deformation for the 21+ state at 1.970 MeV is
indicated by the measured QS(ZT) = +0.11(6) eb of Nakai
and co-workers in 1970 [10]. This remains the only RE mea-
surement of the Qg (2?’) value in *®Ar and the accepted value
in the National Nuclear Data Center (NNDC) [11,12]. In these
measurements, 2° Ar beams were accelerated to 150 MeV onto
a 2%Pb target and particle-y coincidences collected between
a Nal counter (7.5 x 7.5 cm?) and particle counters at 90° and
160°. The quoted Q5(21+) value by Nakai and co-workers may
be questionable because of the minimum separation between
nuclear surfaces of S(¥)min = 4.3 fm applied during these
experiments, where S(¢) is given by the classical expression

S@®) =D®) — R, +R,)

e*7,7,
= (1+A,/A)[1 4 csc(P/2)]
8menT

lab

—1.25(A}° + A7) fm, (6)

with ¢ being the scattering angle in the center-of-mass frame,
2

4:[60 = 1.44 MeV{fm in the Gaussian system and 7,, the
laboratory kinetic energy in MeV. For negligible interference
from nuclear interactions, Spear’s systematic study of Qg (ZT)
values in the sd shell suggests a safe distance of S()min 2
6.5 fm [6]. Moreover, Qs(2{) = 40.0(5) |Qs(2] )pE2)| b
in 2Pb was assumed for the normalization of the 6Ar
data, whereas the currently known value is QS(2T) =
+0.17(31) [Qs (2] )p&2)| €b [13].

Furthermore, it is interesting to compare the Qs (21+) value
determined using RE and the one extracted from the rotational
model [5], Q5(2T)B(E2) [Egs. (2) and (3)], by defining the
spectroscopic quadrupole ratio [14—16] as

. 0s(2})
T 0s2BE2)

Data show r, ~ 1 for good rotors in the A ~ 160-180 mass
region, whereas r, =0 is expected for an ideal vibrator
[0s(2]) = 0] [5]. With B(E2;0] — 2]) = 0.0301(16) €*b®
[17] and QS(ZT)B(EZ) =10.1572(46)| eb, together with
QS(ZT) = +0.11(6) eb, a value of r, = 0.70(38) is deter-
mined for the 2/ state in *°Ar.

In order to determine the Qg(2]) value in 3 Ar, a particle-y
coincidence experiment was carried out at iThemba LABS
using the *Pt(*0 Ar, 36 Ar*) 14 Pt* reaction at a safe energy of
134.2 MeV. Beams of Ar’* at ~1 x 10° pps bombarded a
96.45% enriched '**Pt target of 1 mg/cm? thickness in the
AFRODITE array [18,19]—composed of eight high-purity
germanium clover detectors—coupled to an annular, double-
sided CD-type S3 silicon detector (S3 type from Micron
Semiconductors [20]) comprising 24 rings and 32 sectors [21]
and mounted upstream at 30 mm from the target position and

. 7)
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FIG. 2. Doppler (black) and non-Doppler (blue) corrected y-ray
energy spectra in log y scale for the '**Pt(*Ar, ** Ar*) 14Pt* reaction
at 134.2 MeV. The inset shows the 1970.4-keV peaks in Ar with
and without Doppler correction in a linear scale.

perpendicularly aligned with the beam axis. The scattering 6
angles in the laboratory frame covered between 130.6° and
159.1°, corresponding to S(¥%) =~ 7.1 and 6.6 fm, respectively.
The faces of the clover crystals were positioned at a distance
of 19.6 cm from the target, subtending laboratory angles
6y, ¢,) of (90°, 45°), (90°, 90°), (90°, 225°), (90°, 270°),
(90°, 315°), (135°, 0°), (135°, 45°), and (135°, 270°), in a
right-handed coordinate system with the z axis downstream
of the beam direction. Data were collected using a digital
data acquisition (DAQ) system based on 100 MHz Pixie-16
modules from XIA LLC [22].

An optimized sorting code was developed which included
faster processing, non-Doppler and Doppler correction, add-
back, energy sharing, and particle and time tagging condi-
tions. The resulting spectra are shown in Fig. 2. Random
subtraction from the prompt particle-y time spectrum was
crucial to remove all background radiation.

The integrated y-ray yields for the 2 — 07 1970.4-
and 328.5-keV transitions in °Ar and !'**Pt, respectively,
have been analyzed using the semiclassical coupled-channel
Coulomb-excitation least-squares code GOSIA [23]. The use of
the semiclassical approximation is justified from Rutherford
scattering cross sections and the Sommerfeld parameter, n =
§ ~ 115 > 1, where a is the half distance of closest approach
in a head-on collision and Z is the de Broglie wavelength.
Calculations consider the known spectroscopic information
such as level lifetimes, branching ratios and matrix elements,
kinematics, detector geometry, and beam energy losses. The
effect of higher-lying states in the evaluation of (2[|E2|2]")
in 3 Ar was estimated using GOSIA and considered negligible
(<0.1%).

Figure 3 shows the experimental and theoretical heavy-ion
angular distribution of yields in the laboratory frame, inte-
grated over eight clover detectors, for the ZT — Ofr transitions
in '°*Pt (a) and *®Ar (b). The angular distributions predicted
by GOSIA for both **Pt and *°Ar are in good agreement
with experimental yields. Predictions of the cross sections for
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FIG. 3. Heavy-ion angular distributions showing experimental
and calculated integrated y-ray yields as a function of laboratory
scattering angle, 6, for the deexcitation of the 2] states in (a) '**Pt
and (b) **Ar.

populating states in ®Ar were calculated at fixed values of
(2fr||EA2||OT) =0.1735 ¢b [17] and (2T||EA2||2T) = 40.163
eb (the intersection point of the centroid of the two bands in
Fig. 4, as explained below) and normalized to the experimen-
tal yields with a common normalization factor.

The normalization procedure used in Refs. [24,25] was
applied to determine (2,[|E2[|2;"), where Coulomb-excitation
curves are determined in the (27 [E2[27) — (2 |E2|0])
plane. The (2] |[E2]|0) transitional matrix element is the first
order in Coulomb-excitation perturbation theory and is related
to the reduced transition probability B(E2; 0] — 2) as

B(E2;0] — 27) = |2 IE2]10]) . ®)

) (eb)

+
1
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FIG. 4. The Coulomb-excitation bands show the variation of
(2F|IE2||0F) as a function of (21 || E2||2}) in *®Ar for k(2]) = 1 and
k(2}) = 4.2. The horizontal bands represents the 1o boundary for
(2T||EA2||OT) = 0.1735(46) eb [17] and (2T||E2||OT) = 0.1453(28)
eb [33].
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FIG. 5. Qs(2]) (left) and r, (right) values determined in the sd shell, including our new results for S Ar, 0s5(2) = +0.12(3) eb and

r, =0.76(19).

Each data point in the Coulomb-excitation curves was deter-
mined by fixing (2[|E2[|2]") in steps of 0.01 eb, and varying
(27 IE2|0]) until converging with the experimental intensity
ratio between target and projectile, IVT /1 VP , given by

ol W) A

Here, W () represents the integrated angular distribution of
the deexcited y rays in coincidence with the inelastic scattered
particles [26], and the factor 1.037 accounts for the 96.45%
enrichment of the '°*Pt target chosen for normalization. Rela-
tive efficiencies of SP = 152(5) and eT = 409(8), and total

counts of N1D 4725(103) and NT = 860471(961) for the
1970.4- and 328 5-keV y —ray transmons respectively, yield
IyT /If = 65(3). The quoted error on this measurement arises
from the uncertainties of N:) (2.2%) and sf (3.0%).

The resulting Coulomb-excitation diagonal band is shown
on the left of Fig. 4 (orange band), where the dashed line is the
central value and the two solid lines correspond to the 1o loci
limits. The horizontal band represents the accepted value in
the NNDC, (2T||EA2||OT) = 0.1735(46) eb [17]. In principle,
this horizontal band should be extracted from independent
measurements rather than Coulomb excitation, although we
opted to use the more precise NNDC value because of its
agreement [27] with the weighted average determined from
previous lifetime measurements, (27[|E2[|0) = 0.1738(75)
eb [28-32].

We have discarded a previous high-precision lifetime mea-
surement [33] [t = 0.65(2) ps] since it is several standard
deviations from the 2001 evaluation of B(E2; OT — 2?’) val-
ues [34] and is also neglected in the 2016 evaluation [17].
Moreover, this high-precision lifetime yields (2;r |E 2||0f) =
0.1453(28) eb, which as shown by the lower horizon-
tal band in Fig. 4, gives rise to an anomalously large
oblate deformation. Further discrepancies between similar
high-precision lifetime measurements [35,36] and Coulomb-
excitation studies [34,37] have been found when complicated

targets/stopping powers are involved in the Doppler-shift at-
tenuation method (DSAM) analysis.

Assuming a nominal polarizability parameter of « (2;”) =1
[38], where k indicates deviations from the actual polarization
effect of the giant dipole resonance compared to that pre-
dicted by the hydrodynamic model [39], a positive value of
(2F1IE2]|12]) = +0.163(42) eb is obtained from the intersec-
tion of the two bands, corresponding to QS(ZT) = +40.12(3)
eb and Qp = —0.42(11) eb, which yields a large oblate
quadrupole deformation of § = —0.20(5). The uncertainty of
(2?’ |E 2||2T) is determined from the overlap region between
the two bands assuming central values for the (2T||EA2||0T>
band, £0.03 eb, and the Coulomb-excitation diagonal curve,
£0.03 eb, added in quadrature. This result is in agreement
with previous work [10], but it presents a higher precision.
The improvement is clearly seen in Fig. 5.

A zig-zag pattern of Qgs(2]) values remains at the end of
the sd shell, as shown in Fig. 5. Within the simple pairing-
coupling scheme [40], a prolate deformation is expected at the
beginning of the shell as particles start filling up the empty
shells, whereas a flip over is expected after midshell, where
holes in the filled shells align their orbits along the polar
axis and give rise to oblate deformations. Towards the end of
the shell, the dominant pairing of holes restores the spherical
shape.

In more detail, the sign of Q5(21+) values in A =4n
self-conjugate nuclei between the A = 16 and A = 40 shell
closures—including the zig-zag pattern at the end of the sd
shell—can be explained with a modified Nilsson model [41].
Figure 6 shows proton and neutron single-particle energies
for *°Ar in an axially deformed Woods-Saxon potential as a
function of deformation along the Fermi surface. It is evident
that an oblate deformation is favored from the relatively more
bound single-particle energies. A similar qualitative interpre-
tation can be provided for other nuclei in the sd shell.

Additionally, our results are supported by modern
beyond-mean-field (BMF) calculations [42—44], which yield
Oy (2;r theory = +0.13 eb and with the magnitude predicted by
the rotor model, QS(ZT)B(EQ) =10.157(5)| eb. Interestingly,
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FIG. 6. Modified Nilsson diagram for **Ar showing lower
single-particle energies for oblate deformations along the Fermi sur-
face [41].

when combined with previous work [11], a consistent pattern
of r, values emerges for A = 4n self-conjugate nuclei in the
sd shell with r, ~ 1, i.e., analogous to those observed for
well-deformed rotors in the A & 160-180 mass region [16].

Shell-model (SM) calculations of 7, values were performed
in this work using the usdb [45] and usdc [46] interactions,
and the code NUSHELLX [47,48]. Identical results were ob-
tained, and are shown in the right panel of Fig. 5 (diamonds).
A constant value of r, ~ 1 is calculated from 20Ne to midshell
28Si with slightly lower values for 32§ and *¢Ar. Curiously,
Stone’s evaluation of Qg(2]) values [12] considers for **S
the latest measurement, QS(ZT) = —0.16(2) eb, by Vermeer
and co-workers in 1982 [49], which yields r, = 1.03(13). If
one considers all RE measurements [49-55], a more accu-
rate weighted value of QS(ZT) = —0.12(1) eb is determined,
which should be the accepted value in the NNDC, and yields
rq = 0.77(6), in agreement with SM calculations.

Additional SM calculations were carried out with the code
OXBASH [56] in order to determine the nuclear polarizability
of the ground and 2] states in 3 Ar using the whp interaction
[57] in the spsdpf model space and considering the formalism
in Ref. [58]. Calculations yield x(g.s.) = 1.65 and K(2fr) =
4.2. Although there are no photoabsorption data available for
3Ar to compare with, o(y, p) and o (y, n) contributions for
other self-conjugate nuclei [59] are known to present values

of «(g.s.) > 1 [60]. More details about these SM calcula-
tions will be presented in a separate paper [61]. Assuming
K(21+) = 4.2, the Coulomb-excitation band shifts the crossing
with the (2] ||E2|0]) horizontal band [17] towards a more
pronounced oblate deformation, (21+||EA2||2f) = 40.288(42)
eb, with respect to rotor model, SM, and BMF predictions.

A large k > 1 polarizability is found to affect Coulomb-
excitation measurements of collective properties in self-
conjugate nuclides [25,62]. One interesting possibility arises
from the comparison of previous measurements in CAr.
The recent lifetime measurement of the 2;“ state in °Ar
[32] was determined using the DSAM following Coulomb
excitation, and yields an E2 strength in agreement with pre-
vious inelastic electron scattering (e, ¢’) [63] and Coulomb-
excitation measurements [10,64,65], which seems to reconcile
a long-standing ~20% deviation between previous Coulomb-
excitation [10,64,65] and lifetime [28—-31] measurements.

Although such a discrepancy seems to be resolved, a larger
weighted average of (2T||EA2||OT) = +0.1915(136) eb is de-
termined if one considers only the accepted lifetimes prior
to 2017 [28-31] (top dashed line in Fig. 4), which crosses
the K(2}L) = 4.2 Coulomb-excitation band at (2T||EA2||2T) =
+0.170 eb; i.e., a value similar to the one quoted assuming
k =1 and the accepted NNDC value [17], but closer to r, =
1. Both Coulomb-excitation and the recent DSAM analyses
might suffer from having a large K(ZT) = 4.2; particularly
when the latter measurement utilized stopping powers cor-
rected by the Coulomb-excitation scattering process [32].

In conclusion, the Coulomb-excitation analysis performed
in this work yields the most accurate determination of
2FIE2|2]) = +0.163(42) eb in *°Ar from particle-y co-
incidence data collected at iThemba LABS using the
AFRODITE array and a double-sided silicon detector at very
safe distances. Such an oblate deformation is in agreement
with the pairing-coupling, the modified Nilsson, and the rotor
models as well as BMF and SM calculations. Overall, a sim-
ilar r, trend is observed between A = 4n self-conjugate and
well-deformed rotors in heavy nuclei. The growing indication
of an increasing nuclear polarizability with excitation energy
could be tested with a precise lifetime measurement of the 2
state in %% Ar, without involving Coulomb excitation. A precise
lifetime measurement can reduce the uncertainty associated
with (2] |E2[|0]) in determining the relevant (2[|E2[|2])
matrix element.
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