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In the rapid shape change from spherical to deformed nuclei in the Z = 40 Zr isotopic chain,
recent work has identified shape coexistence in °Zr. Between °°Zr and the strongly-deformed
1007, 987r is expected to also exhibit coexistence of nuclear shapes. The degree of mixing between
different configurations is mainly determined by the nucleon-nucleon interactions. For nuclear model
predictions, experimental constraints are needed, but barely available for °*Zr. To study low-lying
transitions in %®Zr, a Coulomb excitation experiment was conducted at the ATLAS facility at ANL
using a *®Zr beam extracted from the CARIBU ion source and GRETINA for -ray spectroscopy
coupled to CHICO2 for ion detection. This paper reports on the first decisive deduction of the
B(FE2;2{ — 0F) transition strength in *®Zr and on its interpretation.

The emergence of collective behavior out of the single-
particle motion of the valence nucleons is the basis for un-
derstanding how nuclear structure evolves with the num-
ber of valence protons and neutrons. First ideas of nu-
clear deformation as direct effect of neutron-proton cor-
relations, eventually resulting in the early filling of higher
orbitals, have already been discussed since the late 70’s
[1-3]. By now, these effects are well known and com-
monly accepted to lead, for example, to the occurrence
of so-called islands of inversion through the tensor force.
This occurs, e.g., in the region of neutron-rich Na and
Mg isotopes [4-7], where the traditional N = 20 neu-
tron shell gap vanishes, or in neutron-rich isotopes below
Z =28 [8, 9], where quadrupole correlations support an
early filling of higher-lying orbits beyond the “normal”
valence space. When certain configurations, which would
be suppressed in a normal ordering of shell-model or-
bitals, become energetically favorable, shape coexistence
can result; i.e., the presence of different deformations ei-
ther mixed into the eigenstates of the nucleus, or of dif-
ferent eigenstates characterized by distinct nuclear defor-
mations. Already the addition of only two nucleons to
an even-even nucleus can change the nucleon configura-
tions drastically. This is manifested by the occurrence
of shape-phase transitions [10] such as; e.g., in N = 90
isotopes [11-13]. Besides this type-I evolution of collec-
tivity, Togashi et al. [14] have recently pointed out an-
other mechanism named type-II shell evolution. In the
latter, the reconfiguration of nucleons within a given nu-
cleus, along the lines of Ref. [1-3], can lead to changes
in the effective shell-model structure as a function of ex-

citation energy, similar to the impact brought about by
a changing number of nucleons.

The Zr isotopes have been identified as a good example
for type-II shell evolution, strongly supported by recent
electron-scattering experiments on *°Zr [15] (and reanal-
ysis within Ref. [16]). The ground state and the 2] level
were found to be nearly spherical from the 2IL excitation
energy and the small B(E2) transition strength of 2.3(3)
W.u. connecting it to the Of ground state. In contrast,
the first excited 03 level and the quadrupole-excited 23
state located on top of it were found to be associated with
large deformation based on a large B(E2;25 — 03) value
of 36(11) W.u. Similar observations have previously been
reported for %4Zr [17]. A distinction between shape co-
existence in ?9Zr and others found in the nuclear chart
was found [15, 16]. The formation of a deformed excited
structure in the Zr isotopes, in the presence of a spher-
ical ground state up to N = 58, has been predicted by
state-of-the-art Monte Carlo Shell Model (MCSM) cal-
culations [14], but is backed by transition strength data
only up to N = 56. From the systematics of Fig. 1, a
2Ch)
E(2])
1007y is clearly visible. This rise is accompanied by an in-
crease in the B(E2;2] — 07) value from 2.3(3) W.u. to
80.5(44) W.u. between these two isotopes, while their re-
spective 2] energies decrease from 1751 to 213 keV. This
change in the ground-state structure is most likely due
to the presence of the excited deformed band, as in *¢Zr,
which becomes energetically favored and, hence, evolves
into the ground state of 19°Zr.

In general, in a shape-phase transition of first order
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FIG. 1. Systematics of observables in the Zr isotopic chain: a)
Development of the low-lying level energies, b) energy differ-
ences of 2% and 07 states and c) Ry/» (blue, left-hand scale)
and B(E2) (red, right-hand scale) values of the ground states
indicating a shape transition. Only a lower limit was available
for the B(E2) value for **Zr prior to this work (shown by the
arrow) and, hence, the (dashed) line linking *Zr and '°°Zr is
simply to guide the eye.

the two unperturbed structures, here the spherical and
the deformed one, exchange in energy. Since interactions
between both structures will be finite, even if small, the
mixing between states with the same angular momentum
will lead to an avoided crossing; i.e., these states will ex-
change character, but will not be degenerate. This be-
havior can be seen in Fig. 1 (b) showing the difference
of the energies of the lowest 07 and 2% states through
the Zr isotopic chain. The 0 and 0 levels are clos-
est in 199%r, marking the isotope nearest to the crossing
of both structures, which is the point where both unper-
turbed structures should be maximally mixed. Assuming
that the 21 and 23 states up to °Zr correspond to the
(nearly) unperturbed spherical and deformed configura-
tions, respectively, a similar picture should occur. One
observes that the closest approach of both states occurs
already in ?8Zr, which suggests that the 2T states ex-
change their characters earlier than their respective 0T
states. Given that the level spacings in the deformed

structure are smaller than in the spherical one, this be-
havior can, in fact, be expected.

These considerations make *®Zr a key isotope in this
isotopic chain. The questions to be addressed are
whether the spherical configuration is still dominant in
the ground state, and how the phase transition affects
the structures of the excited states. The significant E0
strength of p?(E0;05 — 0) points to the necessity of
taking mixing into account. However, this may also result
from a large deformation difference between both states.
Hence, information on B(E2) values of %®Zr represents
a sensitive test of the available theoretical descriptions,
not only of the Zr isotopes, but for this entire region.

Experimental information on the B(E2;2] — 07)
value in ?%Zr, which would be capable of deciding be-
tween a deformed-collective or a weakly-collective vibra-
tional structure, is scarce to date. The only available
data give a lower bound of 1.83 W.u. obtained from a
fast-timing lifetime measurement [18]. Here, we present
the first measurement of a decisive upper bound to this
B(E2) value from a Coulomb excitation experiment per-
formed with a radioactive 8Zr beam. The new data indi-
cate that the 2 — 0] E2 transition in %Zr is not due to
the rotation of a strongly quadrupole-deformed nucleus.

The experiment was performed at the ATLAS facil-
ity at Argonne National Laboratory (ANL). %Zr ions,
among other nuclei, were extracted from the CARIBU
source [19-21] after spontaneous fission of a 37 GBq (1
Ci) 2°2Cf source. The fission fragments were slowed down
in a degrader foil and were subsequently thermalized with
high efficiency and turned into a 17 charged-ion beam
by a gas catcher. After a first mass selection by the
CARIBU isobar separator, the extracted ions were trans-
ferred to an ECR ion source for charge breeding. They
were then injected into the ATLAS superconducting lin-
ear accelerator. Further mass separation of A = 98 nu-
clei was performed during post-acceleration by magnetic
rigidity selection. Nevertheless, the isobars of *®Zr from
Sr to Mo were the main components of the final beam
“cocktail”. The beam composition was analyzed using
a 49.7 mg/cm? "' Au target stopping the beam about
2 m downstream from the reaction target. A single Ge
detector with a detection efficiency of €,=0.2% at 1 MeV
was placed at the beam stop. The beam-on-target time
summed up to 6 days.

The beam, with an energy of 464 MeV, impinged on a
1.59 mg/cm? thick 9Pt foil for Coulomb excitation of
target and beam ions. The recoiling particles were de-
tected and identified with the forward shell of CHICOZ2,
a segmented PPAC array with a scattering angle accep-
tance of 12° < 0 < 85°, an angular resolution of Af = 1°,
and a time resolution of A¢ < 500 ps [22]. The ex-
perimental conditions ensured that only so-called safe
Coulomb excitation [23] events were recorded. The de-
excitation vy rays were detected with GRETINA, a ~-ray
spectrometer consisting of electrically segmented high-
purity germanium crystals covering a solid angle of 17
with a detection efficiency of €,=6.5% and an intrinsic
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FIG. 2. Spectrum from GRETINA summed over all detec-
tor angles following Doppler correction for A = 98 reaction
products. The insert provides the difference in time of flight
between the beam and the target nuclei over the scattering
angle 6. The selection of the A = 98 ions is indicated by the
dashed red line.

energy resolution of 52 <1% at 1.3 MeV [24]. The -
ray hit with the largest energy deposition was assumed
to be the first interaction point of an event. The energy
and efficiency of GRETINA and the focal plane detector
were calibrated using the standard Eu, Ta, Cs and Co
sources.

Using CHICO2, beam- (A = 98) and target-like (A =
196) ions in the outgoing channel were separated, as il-
lustrated in Fig. 2. Hence, outgoing ion velocity vectors
were reconstructed and these were used for the Doppler
correction of detected v rays, which were emitted in flight
at velocities of about % = 8%. Furthermore, the 2
mm position resolution of GRETINA was used for the
Doppler correction. The powerful combination of both
systems enabled an energy resolution of about 7 keV at
800 keV. Fig. 2 provides a sum spectrum obtained with
GRETINA following the application of the Doppler shift
correction, in coincidence with A = 98 events recorded
in CHICO2. Shown in Fig. 3 is a zoom into the en-
ergy range of the expected 2f — Of transition. The
latter spectrum is dominated by the 3] — 2] transi-
tion of ?®Mo at 1230 keV. No peak corresponding to the
217 — 07 transition of “®Zr is visible at 1223 keV, which
should appear on the left tail of the contaminant peak
from “®Mo. Nevertheless, an upper limit for the inten-
sity of a peak at 1223 keV with a 30 significance limit
could be extracted.

For the deduction of this upper limit of the 21 — 0
intensity, it was required that the intensity of a hypo-
thetical peak at the 1223 keV nominal energy has a 3o
- significance, considering the maximum possible values
of the peaks’ FWHM, as determined from fits to nearby
transitions in *®Mo. A linear background was used and
its, as well as the energy calibration’s, minor uncertain-

ties are accounted for by the fit. The procedure is illus-
trated in Fig. 3, showing a significant 1223-keV peak on
the tail of the %*Mo 1230-keV transition for the best value
of the FWHM, and for a maximum possible FWHM, re-
sulting in an upper limit of 40 counts for the 2/ — 0]
transition in ?8Zr.

The amount of “8Zr in the beam was extracted by
decay spectroscopy of the components at the beam
stop. For this, well-known level schemes, ~- and (-
decay branching ratios [25, 26] of %Sr, %Y, %Nb and
(if existing) their isomers, and the overall decay chain
Sr—Y—Zr—Nb—Mo were employed. From the intensi-
ties of observed 7-ray transitions in *®Y, 9Zr and *®Mo,
rates of %8Sr [113(9) pps], ®Y [159(23) pps] and Y™
[101(20) pps], and the sum of “®Nb, 9Nb™ and %Zr
[218(44) pps] were deduced. Less than 5 pps of “Nb™
could be identified in the beam. Following the indepen-
dent Cf fission yield division of isomeric state to total
amount of “8Nb of 0.15 [27], <35 pps can be attributed to
98Nb and its isomer, leading to a 98Zr rate of at least 162
pps. The intensity ratios of this deduced beam composi-
tion are in agreement with the CARIBU yield estimates
[28].

All' A = 98 projectiles contributed to the Coulomb
excitation of the 6Pt target. The corresponding cross-
sections and expected yields for low-lying transitions of
the involved nuclei were calculated with the computer
code CLX by H. Ower et al. [29] and compared to the
data. Neglecting minor Z-dependent differences, the un-
stable A = 98 nuclei were assumed to contribute to the
target excitations according to their relative beam inten-
sities. The surplus of target excitations, which cannot be
attributed to other beam components (Nb, Mo, Y, Sr)
must be attributed to ?8Zr.

From the beam composition, the obtained yield of tar-
get excitation and the upper limit on the intensity of
the 27 — 0] transition of %%Zr, an upper limit for
the B(E2;2] — 07) value of “®Zr was obtained. The
limiting value of 40 counts for the transition of inter-
est would translate into a value of 8.9(20) W.u. for the
B(E2;2{ — 07) strength of %Zr, with the uncertainty
stemming essentially from the beam composition. Hence,
a conservative (definite) upper limit of 11 W.u. is de-
duced from the present work.

With the lower limit on the B(F2) value from a pre-
vious measurement [18], the B(E2) value of *®Zr is here-
with constrained to 1.83 W.u.<B(E2;2f — 07)<11
W.u.

The newly constrained B(E2) value of %8Zr is included
in the updated systematics of the Zr chain found in Fig.
4. Tts relatively low value with an upper bound of 11 W.u.
and a lower one near 2 W.u. compares well to the B(E2)
values of 92947y of ~6 W.u., or 2 W.u. for %Zr, reflecting
a rather small deformation or the absence of collectivity
in the ground state. In contrast, the next even-even iso-
tope, 199%Zr, is highly collective, hence, deformed in its
ground state, with a B(E2) value of 80.5(44) W.u. In
the following, these findings are discussed with respect
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FIG. 3. Doppler-corrected energy spectrum obtained with
GRETINA summed over all detector angles. Shown in blue
(lowest line at 1223 keV) is a fit to solely the 3, — 2] tran-
sition peak of %Mo at 1230 keV, in red (middle line at 1223
keV) and green (upper line at 1223 keV) hypothetical contri-
butions of the 2} — 07 transition of *Zr at 1223 keV with 40
observed transition counts at the maximum possible FWHM
(red, middle line) and best fitted value of the FWHM (green,
upper line). See text for further details.
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FIG. 4. Experimental B(E2;2] — 0) values in the Zr
chain and shell-model calculations (Sieja 2009 [30]) with stan-
dard (ef;;=0.5, eg;;=1.5, shown by circles) and increased
(ets;=0.8, el;y=1.8, shown by stars) effective charges and
recent Monte Carlo shell-model calculations (Togashi 2016
[14], shown by squares). The B(E2) value of *®Zr is limited
by previous work [18] (lower limit) and an upper limit was
established in this work. Note the change of vertical scale
above 20 W.u.

to a simple shell-model frame, as well as in the context
of available large-scale shell-model calculations.

In a simple picture, referring to the sequence of active
orbitals, neutrons in the ground state of the N = 52 — 56
Zr isotopes are mainly bound to the v2ds,, orbital. This
is corroborated, not only by the systematics of Fig. 1, but
also by the small (even negative) 21 g factors in these iso-
topes [31]. With Zr isotopes located on the Z = 40 pro-

ton sub-shell closure, which separates the pf shell from
the 1gg/o orbital, ?°Zr is located on sub-shell closures
of both protons and neutrons. In a normal filling se-
quence of the neutron orbitals, the v3s; /; state would be
filled in %®Zr, herewith forming another sub shell. This
would account for the high 2] energies in %Zr and %Zr
since, for the formation of a 27 state, in either case neu-
trons need to be promoted to the higher-lying v1g7 /s,
v2dsz, or v1hyy o orbitals, and protons must overcome
the pf—gg/2 shell gap. The present result, reflecting low
collectivity, indeed hints at a mostly inert **Zr ground
state with neutrons filling the ds,, and sy orbitals and
protons filling the pf shell.

This interpretation agrees well with results of the large-
scale shell-model calculations by Togashi et al. [14].
These indicate that the filling of the neutron orbitals
above the s, /5 state is responsible for protons being pro-
moted to the gg /o orbital, and vice versa. This occurs by
excitation of either type of nucleons to their respective
orbitals, leading to a coexisting deformed structure, com-
bined with the natural population of neutron orbitals be-
yond the sd states above N = 58. The interplay between
both mechanisms leads to the shape-phase transition in
the Zr isotopic chain, which takes place between N = 58
and N = 60. Extensive theoretical studies within the
IBM and the mean-field approach [32, 33] describe the
shape evolution in the whole mass region reasonably well
and point out the uniquely pronounced, fast structural
change of Zr isotopes.

Included in Fig. 4 are B(E2) strengths from a shell-
model calculation [30] using standard and increased effec-
tive charges, as is often found in this region [34, 35]. The
agreement between data and calculations with the in-
creased effective charges is satisfactory up to N = 58, but
calculations for higher neutron numbers were not possi-
ble. Also included in Fig. 4 are the recent results from
Ref. [14], which extend beyond N = 58. Due to the use
of a larger valence space, including in addition the pro-
ton 197/2, 2d5/2,3/2, and 381/2 orbitals beyond Z = 50
and the neutron 2f;/5 and 3p3/, orbitals below N = 50,
the MCSM calculation based on the JUN45 and SNBG3
interactions assumed smaller effective charges. These cal-
culations predict small B(E2) excitation strengths up to
N = 58 with a transition to large strength at N = 60
and beyond.

The measurement of an upper limit for the excita-
tion yield of the QT state in ?®Zr does not only limit
the B(E2;2{ — 0]) transition strength, but also the
value of B(E2;27 — 03), since the relative intensity
between both transitions is known [25]. Along with the
lower bound from the direct lifetime measurement of Ref.
[18], the latter is constrained to 11.5 W.u. <B(E2;2] —
07)< 71.3 W.u. The large-scale shell model [14] predicts
a value of ~70 W.u., which is near the upper limit of the
experimental range. The B(FE2) value for the decay to
the 05 state, which is the first excited state in the case of
9871, is about an order of magnitude more collective than
that to the spherical ground state. Therefore, one can



conclude that the 2] state is a collective excitation built
on the excited O;r state rather than a spherical, weakly-
collective excitation based on the ground state. The pre-
dicted strength of 70 W.u. is close to the 2] excitation
strength of 80.5(44) W.u. in the neighboring 1°°Zr, where
both the 07 and 2] states belong to a deformed configu-
ration. In fact, the 2; state follows closely the evolution
of the 03 level up to A = 98, where its energy is closest to
that of the 2] state, indicating a switch of the two con-
figurations (see Fig. 1). The 0] and 03 states are closest
at A = 100. Clearly, a higher precision of both B(E2)
values in ?3Zr is required to quantify further the actual
collectivity of the quadrupole excitation of the excited 0
state, and to draw conclusions on the degree of mixing
between spherical and deformed configurations into the
27 level. In the event that a value close to the predicted
70 W.u. for the 27 — 03 transition would turn out to
be correct, the corresponding reduced ground-state tran-
sition strength would be on the order of 10 W.u., rep-
resenting a somewhat increased collectivity in the decay
to the Of state as compared to the values of 2-6 W.u.
seen in the lighter Zr isotopes. This would indicate a
non-negligible, ~20%, mixing of spherical and deformed
configurations in *®Zr. Hence, the accurate measurement
of the expected large B(FE2;2] — 0F) transition strength
will serve as a sensitive measure of the barrier between
spherical and deformed structure, and as a stringent test
for state-of-the-art nuclear models and their ability to ac-
count for the subtle mechanisms responsible for structure
evolution in heavy nuclei.

To conclude, for the first time, upper bounds for the
B(E2) values of the transitions from the 2 level of %Zr
to the ground state and to the first excited 05 state have

been obtained through the combination of the GRETINA
and CHICO2 devices while taking advantage of the avail-
ability of a %®Zr radioactive beam at the ATLAS facility.
The new data favor a weakly (if at all) collective exci-
tation from the ground state, but a comparably strong
excitation from the first excited 03 state, in agreement
with recent state-of-the-art calculations. The results in-
dicate that ?®Zr is near to the shape-phase transition
between spherical and deformed ground states in the Zr
isotopic chain. The one order of magnitude difference in
the B(E2) decay strengths of the 2] state to both low-
lying 0 states is indicative of the large difference in the
structures of the two 01 states. However, a conclusion
on the degree of mixing of spherical and deformed con-
figurations into the 2 state will require higher-precision
data.
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