Coulomb Excitation of 8Sr and the limits of the N ~ Z ~ 40 island of deformation
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The region of N &~ Z = 40 has long been associated with strongly deformed nuclear configurations.
The presence of this strong deformation was recently confirmed through lifetime measurements in
N =~ Z Sr and Zr nuclei. Theoretically, however, these nuclei present a challenge due to the vast
valence space required to incorporate all necessary orbitals. Recent state-of-the-art predictions
indicate a near axial prolate deformation for N = Z and N = Z + 2 nuclei between N = Z = 36
and N = Z = 40. In this work we investigate the shores of this island of deformation through a
sub-barrier Coulomb excitation study of the N = Z + 4 nucleus, 3°Sr. Extracting a spectroscopic
quadrupole moment of Qs(27) = 0.5705 eb, we find that 8°Sr is inconsistent with significant axial
prolate deformation with a significance of 1.50. This result, albeit with a large uncertainty, indicates
that the predicted region of strong prolate deformation around N = Z = 40 is tightly constrained

to the quartet of nuclei: "%"8Sr and "88°Zr.
INTRODUCTION

The atomic nucleus exhibits a number of emergent
properties arising from the underlying structure of its nu-
cleons. Among these is collectivity, arising from the col-
lective motion of nucleons as the nucleus deviates from
sphericity, which is a key test of nuclear models, nec-
essarily involving multiple nucleons within the nucleus.
Quadrupole deformation in the upper fpg region of nu-
clei, delimited by the N = Z nuclei °Ni and '°°Sn,
has long challenged configuration-interaction type nu-
clear models. This is due to the strong influence of the
interaction between the 1gg,5 orbital below N = Z = 50
and the 2d5/, orbital residing outside of the nominal fpg
space, requiring a vast valence space to capture the nec-
essary correlations. This effect is further exacerbated at
the line of N = Z, where the protons and neutrons oc-
cupy the same single-particle orbitals and thus experience
enhanced correlations due to their large spatial overlap.

The region around N = Z = 38 *Sr and N = Z = 40

807y has long been associated with strong deformation [T
3]. The extent of the quadrupole deformation in the
region was recently verified through lifetime measure-
ments [4] of the first 2% state in °Zr. This work also
confirmed the enhanced deformation previously reported
in 76Sr [5]. These measurements yield B(E2) = 120(*1%)
W.u. and B(E2) = 93(9) W.u. for 5Sr and 8%%Zr, re-
spectively, indicative of strongly deformed (52 =~ 0.4)
nuclear systems. Heavier isotopes of strontium, mean-
while, have also been found to be strongly collective,
with B(E2) = 93(5) W.u. in ®Sr ( N = Z + 2) and
B(E2) = 94(4) W.u. in 89Sr (N = Z + 4), seemingly
placing them within this region of strong deformation.
Recent developments in nuclear-structure theory have
yielded promising results in this region [6], demonstrat-
ing the emergence of deformation at N = Z = 40
using the the pairing-plus-multipole Hamiltonian with
the monopole-based universal force (PMMU) [7, §]. In
Ref. [6], N = Z and N = Z + 2 nuclei were inves-
tigated using the PMMU interaction, making use of
both Monte-Carlo Shell Model (MCSN) and Hartree-



Fock Bogolyubov plus generator coordinate method
(HFB4+GCM) many body methods. Collective observ-
ables were extracted, with the authors highlighting the
role of the quadrupole-quadrupole interaction between
the 1gg/o and 2ds,p orbitals across the N = 50 and
Z = 50 shell gaps. It was found that calculations incor-
porating the gd interaction predicted strongly deformed,
prolate systems between N = Z = 36 and N = Z = 40,
whereas the suppression of the gd Q@ interaction en-
tirely eliminated this effect, resulting in modestly de-
formed oblate systems. For more details of the PMMU
interaction and the methods used, the reader is referred
to Refs. [6H8]. Further to the strongly-deformed nature
of the nuclei around N ~ Z = 40, we note that 30Zr
has also been predicted to exhibit multiple shape coexis-
tence, with five 0T states predicted below 2.25 MeV [9],
highlighting the complex interplay between nuclear con-
figurations in this region of the nuclear landscape.

In this work we clarify the nature of the nuclear shape
approaching the region of strong deformation around
N =~ Z = 40. For the first time we are able to em-
ploy a method sensitive to the underlying nuclear shape,
presenting the first sub-barrier Coulomb excitation mea-
surement of 89Sr, lying only two protons and two neu-
trons “South East” of N = Z = 40 89Zr. In doing so we
are able to access the spectroscopic quadrupole moment
of the first 2% state, Q,(2]). This is a key observable
in understanding the collective properties of the nucleus,
and can be related to the specific shape of the intrin-
sic nuclear deformation: prolate vs. oblate vs. triaxial.
Therefore, we can constrain the limit of the predicted
island of strong, axial, prolate deformation approaching
N =~ Z =~ 40.

EXPERIMENTAL METHODS

The experiment was carried out at the TRIUMF-ISAC
facility, with the use of the ~-ray detection array TI-
GRESS [10, 11]. Radioactive 8Sr was produced using
the isotope-separation online (ISOL) method. The TRI-
UMF cyclotron impinged a 520-MeV proton beam upon
a thick niobium target, producing radioisotopes which
were then extracted using the Ion-Guide Laser Ion Source
(IG-LIS) [12]. IG-LIS suppresses surface-ionised prod-
ucts using a repeller electrode held at 40 V, permit-
ting only neutral atoms to escape the target volume.
After diffusing from the target volume, the strontium
atoms are selectively ionized through resonant ioniza-
tion and mass separated, providing a purified beam of
80Gr. The singly-charged ions are then charge bred us-
ing the electron cyclotron resonance (ECR) charge state
breeder (CSB) [13] [I4], prior to injection into the ISAC
and ISAC-II accelerator chain. The use of the CSB in-
troduces stable contaminants into the beam, of which the
most problematic for the present work are isobars of °Sr,

in particular 8°Se which dominated the beam composi-
tion (approximately 98.4% of the total, as determined
with the TRIFIC ionization chamber [I5]), and 8°Kr (ap-
proximately 1.3%), which was also produced in the decay
of 898r within the CSB. The beam was then accelerated
to 4.25 MeV /u and delivered to the experimental station.

The beam was impinged upon a 0.882mg/cm? target
of 208Pb at the centre of TIGRESS, with S3-type annu-
lar silicon particle detectors located 27-mm upstream and
33-mm downstream of the target, as used in e.g. [16]. TI-
GRESS was in its “forward” configuration, with the front
suppressors partially withdrawn, allowing the HPGe de-
tectors to be closely packed around the target cham-
ber and in order to maximize detection efficiency. Ex-
cited states in the beam and target nuclei were popu-
lated through Coulomb excitation, with scattered nuclei
detected in the S3 detectors. Prompt v-rays from the
de-excitation of the populated excited states were de-
tected in TIGRESS. The data were analyzed using the
GRSISort [I7] analysis package built in the ROOT [I§]
framework. Scattered particles were selected and identi-
fied as A = 80 (beam-like) and A = 208 (target-like) on
the basis of their kinematics, as shown in Fig.[ll Gamma-
ray energies were added-back based on coincident hits in
immediately neighboring HPGe crystals to maximize ef-
ficiency and suppress Compton background. Compton-
scatters were further suppressed on the basis of hits in
the TIGRESS Compton veto detectors. Gamma-ray en-
ergies were then corrected for their Doppler shift on the
basis of the two-body scattering kinematics, yielding the
y-ray spectra shown in Fig. 2] Clearly, the spectra are
dominated by the excitation of the strong 8°Se contam-
inant in the beam, with a 2] — 0] transition energy
of 666 keV. The 27 — 0 transition in 89Sr was, how-
ever, visible above the Compton scattering background
at 386 keV (see Fig, allowing for its yield as a function
of scattering angle to be extracted. The peak area was
extracted using a combined fit, obtained through a chi?
minimization, with a Gaussian peak and a second-order
polynomial background fitted to the experimental data
for each angular range. Alternative background param-
eterizations were investigated but were not found to sig-
nificantly impact the result, fluctuations between them
were incorporated into the uncertainty on the yield as a
function of scattering angle.

Yields from Coulomb excitation were evaluated using
the semi-classical coupled channels Coulomb excitation
code GOSIA [19], with the SRIM [20] software pack-
age employed to account for energy loss of ions in the
target. An external y? minimisation was used, in con-
junction with GOSIA, which uses the ROOT MINUIT
libraries [2I]. The experimental data were divided into
thirteen angular ranges, with six used for the detection
of beam-like particles in the downstream detector, six for
detection of target-like particles in the downstream de-
tector, and a single angular range for detections in the
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FIG. 1. Charge detected in the rings of the downstream S3
detector. The laboratory angles are shown on the upper axis.
The top band are the A=80 nuclei, such as the desired %°Sr,
and the lower band are the 2°*Pb nuclei which have been
scattered by the beam-like particles. Other smaller features
in the data are attributed to A/Q contaminants in the beam,
present at a lower level than the A = 80 nuclei and excluded
on the basis of kinematic selection. Note that, for the purpose
of presentation, bins containing less than 5 counts have been
omitted from this figure.

upstream detector, due to lower statistics at backwards
angles. This provides for a near continuous coverage from
approximately 30° — 160° in the centre-of-mass frame.
Due to the large 3°Se contamination, normalisation to
a target transition was not possible and the minimisa-
tion therefore used the adopted literature value of B(E2;
27 — 07)= 94(4) W.u. in ¥Sr, as an additional con-
straint [22].

RESULTS

The dominant source of uncertainty in the present re-
sult arose from the large Compton background on which
the 386-keV 80Sr peak was located. Every effort was
made to reduce this background, including the use of
the Compton suppression shields mounted on the TI-
GRESS array and the application of appropriate mul-
tiplicity gates to the experimental data. Even with these
efforts, the uncertainty remained dominated by this back-
ground, to the extent that all other systematic contribu-
tions to the uncertainty are largely negligible. We em-
phasize, however, that the key experimental observable in
determining the quadrupole moment reported here is the
relative ~y-ray yield as a function of scattering angle, and
thus the contaminants within the beam are only relevant
insofar as the background they induce in the spectrum.
In spite of the dominance of the background in the un-
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FIG. 2. (a) Addback v-ray spectra with Compton suppres-
sion for detected A=80 nuclei over all rings of the Si detector,
Doppler corrected for A=80 nuclei. (b) As (a) but for detected
208Ph nuclei with a Doppler correction for A=80 nuclei for
Si detector rings 13-24, corresponding to centre-of-mass an-
gles 90° — 110°. Insets: These show the 386keV 27 — 0F
transition for 8Sr, with fits to the data as described in the
text. The unmarked major peaks seen in this figure are from
other A=80 beam-like projectiles, with the strongest peak at
666 keV corresponding to the decay of the 27 state in 5°Se.

certainty evaluation, we briefly discuss some systematic
contributions below that were included within the anal-
ysis.

One key contribution to Coulomb excitation is the role
of multi-step excitations. These excitations can result in
interference terms due to the relative signs of the ma-
trix elements involved. It was found that the impact
of interference from the higher states on the 21+ state
was negligible. An additional consideration in this anal-
ysis was the low 0] state observed in Ref. [23] to be at
1000(100) ke V. This level is expected to have an E2 tran-
sition to 27 and an EO transition to 07 similar to those
seen in work for other nuclei in this region [24, 25]. To
ensure that there was no undue strength attributed to
this 0 — 27 transition, an EO transition will need to
be accounted for in the analysis for which GOSIA has
no facility at present. This leads to the method seen to
be used in Refs. [26H28] where a pseudo 17 level is made



in GOSIA for the purpose of adding M1 de-excitations
following the 0 — 1;8% 4o — 0f path. It was found
that there was no strong influence of this transition on
the experimental results obtained here, with a systematic
contribution to Q(2]) of 0.01 eb.

We note that two experimental values exist for the
B(E2;0{ — 2f) in the literature from Refs. [29]
and [I]. In order to investigate the correlation between
Qs(2]) and B(F2;0f — 21) value, and any influence
from the choice of literature B(E2;0{ — 27) on the
quoted Q,(2]), we performed a x? analysis for varying
(07| E2|27), as shown in Fig. 3| (a). Only a minimal cor-
relation was found, with the y? distribution correspond-
ing to the B(E2;01 — 27) from Ref. [29] shown in Fig.
(b). The effects of the correlation are included in the un-
certainty quoted below.

With the above considerations and analysis, we obtain
Qs(2) = 05705 eb in %°Sr. While the present result
has large uncertainty, it still excludes a large range of
the available Q(2]) space permitted within the bounds
of standard collective behavior. To demonstrate this, we
consider Q,(27)/ |Q5°*(2)|, where

2 [i6r
7 5

This ratio, also referred to in the literature as the re-
duced quadrupole moment (g5) [30], can also be equated
approximately to —cos(3y) in the strongly-deformed
regime [31]. The experimental value for Q4(2]) yields
Qs(21)/ Q5 (2])] = 0.5(9), which is discrepant from
the prolate limit (Q4(27)/|Q5°(2])] = —1) with a sig-
nificance of 1.50. The distribution of the experimental
yields compared to the extracted value and the axial pro-
late limit can be seen in Fig. [

We now compare this result to state-of-the art calcu-
lations performed using the method outlined in Ref. [6].
Here, the PMMU interaction is used with a large model
space (2ps/2, f5/2,2P1/2, 199/2,2d5/2). This model space
has been shown to be essential in reproducing prolate
deformation in N = Z nuclei beyond A = 70, where the
quadrupole-quadrupole gd interaction plays a dominant
role in inducing nuclear deformation. Further to results
for ©78Sr and other N = Z and N = Z + 2 isotopes,
presented in Ref. [6], we present here calculations for
80Sr, summarized in Fig. [5| (a). The PMMU calculations
predict a large, negative QS(2T) value, at approximately
the prolate axial limit (i.e. Q.(2])/|Qr(2])| ~ —1),
in disagreement with the present experimental result.
The calculations successfully reproduce the experimen-
tally observed [22] B(E2; 27 — 0)= 94(4) W.u with
B(E2; 27 — 0)payay = 96.5 W.u, as well as the level
energies for the 21 and 4] states. We note that the cal-
culations of Ref. [6] predict a shape transition to occur
between A = 80 and A = 84, along the line of N = Z,
with prolate and oblate shape-minima near-degenerate

ngt(2f) — B(E‘Q,O;r — 2?) (1)
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FIG. 3. (a) Qs(2]) extracted in the present work, plotted
against the (0| E2]2) matrix element. The bottom axis is
Qs(27) while the top axis is the corresponding matrix element
(27| E212F). The quoted Q;(2]) in this work uses the result
from Heese 1990 [29] (red band), which is taken as the eval-
uated [22] value. The dashed line corresponds to the Qs(27)
value with the minimum x? for the given (07| E2|2]) value,
while the dotted lines correspond to x2,;,+1. The intersection
of the present data with the second most precise result, taken
from Ref. [I] (Lister 1982) is also shown, having only a very
minor impact on the final extracted Qs(2]) value. (b) The
fitted x? plotted as a function of (2| E2|2]) matrix element
(top axis) and Qs(2]) (bottom axis). Shown by the dashed
line is the minimum value, while the dotted lines indicate the
XZin + 1 limits, yielding Qs(27) = 0.5708 eb.

at 3Mo. In addition, whereas PMMU shell model cal-
culations predict a sudden transition from axial prolate
to axial oblate deformation in Ref. [6], HFB4+GCM cal-
culations predict an intermediate nucleus: 82Zr, in which
Qs(21)/|Q5°t (2] )| & —0.5 lies between the two axial so-
lutions. One might therefore hypothesize that 3°Sr could
be a similar case, lying in a transitional region between
axially prolate nuclei 778Sr and 3°Zr, and axially oblate
nuclei residing at and beyond 8*Mo.

To investigate further, we compare to level energy sys-
tematics. The ratio of the 47 and 27 energies (Ry2)
in particular is well-established as a metric by which to
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distinguish rigid rotors (R4o = 3.33) from vibrational
(Rg2 = 2) systems. This ratio is plotted against neu-
tron number for Kr, Sr and Zr isotopes in Fig. [5| (b)
and for N = 40,42 isotones against proton number in
Fig. [5| (c). Notably, no nuclei considered here reach the
rotational limit, which can be explained by an enhance-
ment in the ground-state binding due to proximity to
the line of N = Z (see e.g. Ref. [32]). Nonetheless, 3°Sr
exhibits a consistently lower R4o value than 7%78Sr and
807y, for which R4y approaches a local maximum, and in-
stead remains approximately consistent with its N = 42
isotonic partners. The even-even isotonic neighbor of
80Gr, ™Kr, has been investigated thoroughly through
Coulomb excitation [33], permitting a full analysis using
the Kumar-Cline rotational invariants [34, [35]. These in-
variants allow for a model independent determination of
(cos (37y)) = 0.41(6), indicating a significant role for tri-
axiality in that system. The measured Q4(2]) value in
the present work is compatible with that expected for a
similar level of triaxiality to that experimentally observed
in "®Kr.

CONCLUSIONS

To conclude, we report on a sub-barrier Coulomb ex-
citation measurement of 3°Sr, performed at TRIUMF-
ISAC. Despite large background present in this work, we
are able to report the first measurement of Q(2]) =
0.570% in 80Sr. Comparison with the expected value for
a rigid rotor indicates a system which has not reached
prolate axiality, and behaves consistently with its N =
42 isotonic neighbors. A comparison was performed
with calculations performed with the PMMU interaction
which are able to include interactions between the key
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FIG. 5. (a) The ratio of the spectroscopic quadrupole moment
(Qs(21)) to the rotational limit (Q;.0;) defined in Eq. [1} as cal-
culated from Ref. [6] using the PMMU interaction with the
Hartree-Fock Bogoliubov plus Generator Coordinate Method
(HFB + GCM) method, showing N=Z7Z and N=Z+2 values
separately. Also shown is the experimental ratio deduced in
the present work for 8°Sr, and the theoretical value for °Sr,
calculated using the HFB + GCM method (red square). (b)
The ratios of the 4] energy to the 2 energy (Ra2) for Kr
(Z = 36), Sr (Z = 38) and Zr (Z = 40) isotopes as a func-
tion of neutron number, N. (c) R4z for N = 40 and N = 42
isotones, as a function of proton number, Z. Strontium-80 is
highlighted in both (b) and (c) with a red circle. The vibra-
tional and rotational R42 limits are indicated by the dotted
and dashed lines, respectively.

1gg/22d5/o orbitals, and which predict a Qs(27) value
more consistent with an axially prolate system. These
calculations, however, predict a shape change between
the prolate and oblate minima to occur between 30Zr
and %Mo, with N = 42 82Zr a transitional point. One
hypothesis would be that 8YSr might similarly lie in this
transitional region. Importantly, with the present result
inconsistent with axial prolate deformation at the level of
more than 1.50, it indicates that the anticipated island
of strongly deformed axial systems around N = Z = 40
is likely confined to "%78Sr and "®8°Zr. Further measure-
ments to reduce the uncertainty on Qg (2{) and to per-



form a more complete sum-rule analysis will be essential
to completely delimit the region of deformation around
N = Z =40, as well as measurements on more neutron-
deficient isotopes of strontium and zirconium event closer

to the line of N = Z.
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