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The lifetimes of the first excited 2+ states in the N = Z nuclei 8Zr, 78Y, and 7°Sr have been measured
using the y-ray line shape method following population via nucleon-knockout reactions from intermediate-
energy rare-isotope beams. The extracted reduced electromagnetic transition strengths yield new
information on where the collectivity is maximized and provide evidence for a significant, and as yet
unexplained, odd-odd vs even-even staggering in the observed values. The experimental results are
analyzed in the context of state-of-the-art nuclear density-functional model calculations.
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The basic understanding of why atomic nuclei possess
different shapes as a function of isospin and excitation
energy relies heavily on experimental data identifying new
physics phenomena and on developments in nuclear theory
to explain and predict such properties. The development of
nuclear collectivity (related to deformation) is a key
property central to our understanding of the nuclear force.

Self-conjugate (N = Z) nuclei in the mass (A) 80 region
are predicted to possess some of the most deformed ground
states of all nuclei in nature [1-4]. The reduced transition
probability B(E2;2" — 0T) [denoted B(E2|)] is one of
the best probes of quadrupole collectivity and provides an
indication of nuclear deformation. B(E2]) values exist for
the medium-heavy N = Z nuclei %Ge [5], %%Se [6,7], "°Br
[71, 7Kr [8,9], 7*Rb [10], and 7°Sr [11]. These demonstrate
rapidly increasing nuclear collectivity with the addition of
nucleons beyond A > 70. This rapid variation makes this
an attractive region to test nuclear models. The remarkably
low E(2%) energies of the N = Z nuclei "%Sr [12], 78Y [13],
and 89Zr [14] are indicative of the neutron-deficient A =~ 80
region being strongly deformed, a compelling suggestion
of enhanced collectivity. Beyond mean field methods
calculations predict 8Zr to exhibit five different, almost
degenerate, nuclear shapes. These calculations suggest that
the ground state possesses a near-axial highly deformed
shape with 8, = 0.55 and B(E2}) = 3900 e fm* [15].
Given that B(E2|)=2220(270) ¢*fm* has been measured
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for 7°Sr [11], corresponding to a smaller deformation of
B, = 0.45(3), further measurements are clearly needed to
establish the experimental trend of the collectivity in N=Z
nuclei up to, and beyond, the midpoint between the
spherical doubly closed-shell N = Z nuclei **Ni and '%°Sn.

N = Z nuclei play a pivotal role when investigating
neutron-proton (np) collectivity due to the spatial overlap
of their respective wave functions at the Fermi surface,
allowing them to act coherently. This can result in isoscalar
(isospin T = 0, coupled angular momentum / > 0) fermion
np pairs [16,17]; a feature unique to nuclei. It has been
hypothesized that a nuclear superfluid [18-21], analogous to
“Cooper Pairs” in superconductors, exists in nuclei with
competing isoscalar np pairing and normal (np and like-
nucleon, nn and pp) isovector (7" = 1, = 0) pairing modes.
The former has been predicted to become more prominent in
the ground states of heavier (A > 76) N = Z nuclei [22] and
to play an important role at higher spins in 8%Zr [23]. Despite
there being no conclusive experimental evidence of this
specific phenomenon, shell-model calculations predict that
isoscalar pairing has an important role in enhancing collec-
tivity in heavier N = Z nuclei [24]. Hence, measurements of
B(E2|) in these nuclei are important.

The present work has determined the mean lifetimes of
the first 2% states in °Sr, 7Y, and 8%Zr, yielding the first
data at and beyond the midshell point between °Ni and
100Sn, The new data also reveals the presence of a clear
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FIG. 1. Particle identification of reaction products from the
(a) %Zr and (b) ggY secondary beams. The plot shows energy loss
against time of flight measurements from the detection system of
the S800 spectrograph focal plane.

staggering effect in the B(E2|) values between odd-odd
and even-even nuclei, which cannot be explained using
state-of-the-art density functional theory (DFT) calcula-
tions including standard isovector pairing.

The experiment, performed at the National Super-
conducting Cyclotron Laboratory (NSCL) at Michigan
State University, utilized a Mo primary beam at an energy
of 140 MeV /nucleon following acceleration by the K500
and K1200 cyclotrons [25]. A cocktail of secondary beams
was produced following fragmentation on a thick *Be target
at the entrance to the A1900 separator [26]. The extracted
cocktail beam consisted of ~0.9% 81Zr, ~8.5% 8°Y, ~26.8%
79Sr, ~43.3% "®Rb, and ~18.9% "'Kr. The 2+ state of the
N=Z7 ﬁng was populated via one-neutron knockout from
the ~400 pp s §)Zr secondary beam with an energy of
77 MeV /nucleon [Fig. 1(a)], while the 2+ state in 33 Sr was
populated via one-neutron knockout from JgSr. The nuclei
78Y and 7$Sr were both populated through the §)Y secondary
beam, via two-neutron knockout and three-neutron, one-
proton removal reactions, respectively [Fig. 1(b)].

The secondary beams were separated via the A1900
separator with a momentum acceptance of 0.5% prior to
impinging on a 188-mg/cm?-thick °Be target at the S800
target position. Products of the knockout reactions from each
secondary beam were identified via time-of-flight and
energy-loss measurements, with corrections for position
and angle dependence using the ion track information from
the S800 spectrograph [27]. In-flight de-excitation y rays of
reaction products at the secondary “Be target position, were
detected with the Gamma-Ray Energy Tracking In-beam
Nuclear Array (GRETINA) [28]. GRETINA consisted of
two rings with four detector modules centered at 58° and six

at 90°, covering laboratory angles of 37° to 116°, with each
module consisting of four 36-fold segmented HPGe crystals.

Lifetimes of the 2 states in 8%Zr, 78Y, 73Sr, and 7Sr were
obtained using an established y-ray line shape method
[29,30], previously used to measure lifetimes of states in
3Ni [31], 78Sr, and 7Sr [11]. This method utilizes the
position distribution of the reaction products downstream
of the target position at the time of de-excitation. At
beam velocities appropriate to the present experiment
(v/c = 0.3), this corresponds to ~0.9 cm downstream of
the target position per 100 ps. The resulting low-energy
tails of the event-by-event Doppler-corrected y-ray spectra
were replicated through GEANT4 simulations incorporating
both the S800 spectrograph and GRETINA geometries
[32]. The lifetime, energy, and scale of the simulated
2t — 0" transitions and an exponential background con-
tribution were allowed to vary freely until the y* of the
simulation compared to the experimental spectrum was
minimized. The GRETINA lifetime simulation package
allows for effects on the y-ray line shape resulting from
transitions feeding the 2" state. Lifetimes from the feeding
4t — 2% transitions were estimated from the known life-
time of the 4™ state in "Sr [33], scaled by a factor of 1/E;.
Effects of this feeding on the measured 2" lifetimes is
small given that the 4t — 27 decay is > 20 times faster. To
confirm the veracity of the method we have measured the
lifetime of the 27 state in "3Sr to compare with the known
value [11].

The lifetime and energy of the 27 states were determined
through a 2D y?-minimization procedure, replicating the
method used in Ref. [31]. Allowing the energy of the
2t — 07 transition to vary freely eliminates any systematic
uncertainties, when determining the optimum lifetime,
arising from imperfect geometry or Doppler correction
or previous y-ray energy determination. Doppler-corrected
spectra for 8Zr, 78y, 78Sr, and 7%Sr are displayed in Fig. 2
with the optimized simulations. The corresponding y?
distributions for lifetime, having minimized already on
the energy, are shown in the inset. The small, high-energy
tail observable in the peaks for 3Zr and 78Sr [Figs. 2(a) and
2(c)] is due to incorrect reconstruction of a small number of
events by GRETINA. A similar low-energy tail should also
be present, but has no effect on the extracted lifetime since
the spectral shape is dominated by Doppler-line shape
effects. Since there is no simple way of simulating this
effect, the 294-300 keV region was excluded from the
x*-minimization procedure for 8Zr. This reduced the total
2 but had no effect on the measured lifetime. The statistical
error of the mean lifetime is derived from the > + 1 value
of the fitted y*-distribution minimum, yielding 7}J ps for
80Zr. Systematic errors arise from uncertainties in beam
velocity (varies depending on nucleus), exponential back-
ground (0.1%), simulated GRETINA interaction position
resolution (6.2%), effects of states feeding into the 2 state
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FIG. 2. Doppler-shift corrected y-ray spectra for (a) 3Zr,
(b) 78Y, (c) "Sr, and (d) 7%Sr at the specified after-target velocity
(#). Experimental spectra are compared to the optimum simulated
spectra (red lines) with an additional exponential background
contribution (dashed blue lines). Inset plots display the y? per
number of degrees of freedom (NDF) distributions as a function
of mean lifetime at the optimum energy determined through the
2D y’-minimization procedure employed (see text), with the
minima corresponding to the measured lifetime.

(varies), y-ray anisotropy effects (1.5%) and geometrical
uncertainties (3%). Combining these in quadrature produ-
ces a mean lifetime for 8%Zr of z=207(19) ps at an
energy of E(27)=290.4(4)keV yielding B(E2]) =
1910(180) e fm*. All results are summarized in Table L

The identical procedure was repeated for "8Sr to ensure
that a lifetime consistent with that of Ref. [11] was
obtained. The known 254 keV 5~ — 4~ transition [34]
is observed within the line shape of 78Sr [Fig. 2(c)], which
was included within the simulation with a short lifetime of
1 ps, where its energy and intensity were allowed to
vary freely. As with 8Zr, the upper-tail region between
280-290 keV was excluded from the fit. The statistical
error of +3 ps was combined with the aforementioned
systematic errors giving a mean lifetime of 7 = 286(20) ps
and an energy of E(2%7)=278.1(3) keV. This agrees
with 7 =276(39) ps from Ref. [11] and is consistent
with the earlier measurement of Ref. [33]. The weighted
average of these results produces a value for B(E2))
of 1840(100) ¢*fm*. The same procedure produces

TABLE I. Optimum E(2") energies in keV and mean lifetimes
7 in ps extracted from the y?-minimization procedure. E(2")
errors are calculated from statistical and systematic uncertainties
(see text for details). The measured mean lifetimes are compared
with previously measured values (z,.,) where possible. Weighted
averages for the mean lifetimes (z,,,) are then used to calculate

B(E2]) values in e? fm*,

E(2+) T Tprev,1 Tprev,2 Tavg B(E2L>
807r 290.4(4) 207(19) 1910(180)
By 283.6(8) 36977 1200450

85 278.1(3) 286(20) 276(39)" 224(27)° 266(15) 1840(100)
76Sr 261.6(5) 250(44) 296(36)* 278(28) 2390(240)

*Reference [11].
PReference [33].

7 =250(44) ps for the 2* state of 7°Sr at E(2F) =
261.6(5) keV [Fig. 2(d)], which are consistent with the
known values of 261.5(3) keV [35] and 296(36) ps [11].
The weighted average of these values produces
B(E2] )= 2390(240) e*fm*.

In the case of 78Y [Fig. 2(b)], an unknown ~252 keV
transition is seen in the line shape. Due to low statistics, it
was not possible to confirm if this decay is coincident with
the 2% — 0" transition. It is also possible that this con-
taminant possesses a sufficiently long lifetime (250 ps) to
impact the line shape. Allowing the lifetime of the state that
emits the y ray to vary from 1 to 100 ps, whilst allowing the
contaminant’s intensity to vary, introduces an additional
systematic error of fgo ps on the 2" lifetime. Likewise,
lowering or raising the contaminant’s energy by 1 keV
with a lifetime of 1 ps yields an average systematic error
of f§7 ps, culminating to a total systematic error, when
combined with the previously mentioned factors, of f3519 ps.
Combined with the statistical error of 3 ps, a mean lifetime
of 7=2369"]] ps at E(2+) = 283.6(8) keV is obtained,
corresponding to a B(E2]) of 120015 ¢ fm*. A small
discrepancy exists between the extracted y-ray energy and
that of Ref. [13] (281 keV), however, the latter was a very
low-statistics measurement with no given error.

The systematic behavior of the B(E2]) values of the
N = Z nuclei from %Ge to 8Zr is plotted in Fig. 3. There
have been various theoretical attempts to replicate the
B(E2]) systematics of the even-even N = Z nuclei
approaching A = 80. In a shell-model approach (e.g.,
Ref. [36]), the large fpgds model space required in this
deformed region provides computational challenges. In
particular, severe truncation is required, limiting the ability
to reproduce the correct degree of collectivity, and a con-
sistent treatment of B(E2],) values across the whole region is
hampered by the need for different truncations, valence
spaces and interactions. DFT calculations do not suffer from
the same limitations. Constrained-Hartree-Fock-Bogoliubov
calculations, mapped to the five-dimensional collective
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FIG. 3. Schematics of the B(E2|) values for the N = Z nuclei

from *Ge to 3%Zr. Red symbols correspond to the present work,
where 7Sr (triangle) is a weighted average of the present work
and Ref. [11]. The black data points are taken from [5-10] with
weighted averages used where possible. The blue dashed line is to
guide the eye. The inset displays CHFB + 5DCH calculations
from Ref. [1] (blue dotted line) and data for the even-even N = Z
nuclei.

quadrupole Hamiltonian (CHFB + SDCH) [1], for the even-
even N = Z nuclei are compared to experimental values in
the inset of Fig. 3. These incorporate factors such as the
mixing of different shapes, including the triaxial degree of
freedom. This methodology reproduces the sharp increase in
collectivity between %Se and 7°Sr, attributed to the gd
orbitals [36-38]. These calculations also show reasonable
agreement with the data for 8%Zr and the suggestion that the
maximum collectivity is observed in 76Sr.

The low B(E2|) of 7Y is intriguing since it provides
further evidence for an odd-odd vs even-even staggering
effect first noticed in "°Br [7]. The rapidly changing nuclear
shapes and collectivity between %%Se and 7%Sr (see Fig. 3)
create challenges when performing calculations to explain
the staggering effect in this region. However, for 7°Sr and
80Zr the more stable collectivity makes DFT approaches
potentially more viable. Regarding the B(E2/ ) staggering,
there is the possibility of a local nuclear structure origin of
this effect, associated with pair blocking [39]. This is
important since, in a deformed shell-model (Nilsson)
picture, the downsloping (deformation-increasing) [422]
5/2 and up-sloping (deformation-decreasing) [301]3/2
orbitals converge at the Fermi level (see Fig. 4).
Exploring this possibility, we have performed HFB calcu-
lations utilizing the Skyrme UNEDFO functional [40],
where pairing strengths were increased by 20% accounting
for the absence of the Lipkin-Nogami approximation. Wave
functions of the resulting fully projected states were used to
extract B(E2) values for "%Sr and #%Zr and are compared
with the data in the right-hand panel of Fig. 4 with excellent
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FIG. 4. The left-hand panel displays the calculated Nilsson
model single-proton energies against total quadrupole moment
(total Qyp). The circled numbers correspond to gaps between
orbitals for a given number of protons. Since ;gY has an equal
number of neutrons and protons, the single-neutron energies are
very similar. The Fermi level of J3Y is at the crossing point of the
[422]5/2 and [301]3/2 levels. The effects of blocking each of
these orbitals on the B(E2| ) calculated through HFB calculations
(see text) is displayed in the right-hand panel.

agreement. For the odd-odd 78Y, in the absence of blocking
effects, the [422]5/2 and [301]3/2 neutron and proton
quasiparticle levels were found to be degenerate and
equally occupied. However, blocking a proton and neutron
in either quasiparticle level significantly reduces the
pairing correlations. As a result, the blocking of the
downsloping [422]5/2 level has the net effect of increasing
its occupation, whilst simultaneously removing the occu-
pation of the upsloping [301]3/2 level. Both this and the
reduction in pairing are deformation-increasing effects and
the resulting increase in the B(E2]) is seen in Fig. 4.
Likewise, blocking the [301]3/2 level results in a decrease
in B(E2|). However, in this case, the decrease of pairing
correlations in the even-even core cancels any resulting
B(E2]) reduction almost completely. Hence, despite
the deformation-reducing effect of the blocked [301]3/2
orbital, the experimentally-observed B(E2 ) staggering for
78Y is not reproduced. A full search at smaller triaxial and
oblate deformations fails to find any blocked, stable
solutions explaining this effect. However, the possibility
of obtaining, for another functional, a specific odd-odd vs
even-even staggering cannot be excluded. These calcula-
tions utilized standard 7 = 1 pairing correlations so it is
possible that the B(E2| ) staggering may be a consequence
of T =0 pairing modes, currently not included within
DFT calculations.

We note that all early [41] and more advanced [18,22,23]
HFB calculations involving 7 = 0 pairing made specific
approximations, in particular, they assumed that particle-
hole proton and neutron mean fields were separated from
one another. However, a proper self-consistent approach
based on the proton-neutron paired quasiparticle wave
function [17] stipulates that proton and neutron wave
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functions and mean-fields must be mixed [42—44]. Such an
extension, which has never been implemented, constitutes a
major overhaul of realistic HFB codes and is the subject of
our current work. We hope that a correct mean-field
treatment of the 7 = 0 pairing will give us insight into
the collectivity of heavy N = Z nuclei, which was exper-
imentally addressed in this Letter.

In summary, B(E2]) values extracted from lifetime
measurements of the first 27 states in 78Y and 3%Zr extend
the picture of the evolution of collectivity along the N = Z
line towards '°°Sn. Experimentally, the maximum collec-
tivity is established to occur at 7Sr. The observed B(E2))
staggering effect provides an indication of a phenomenon
in odd-odd N = Z nuclei that cannot be reproduced by
state-of-the-art DFT calculations containing standard
isovector (7' = 1) pairing. The next steps are to extend
B(E2/) measurements along the N = Z line to determine if
a continuation of this staggering effect is observed. Further
theoretical developments following recent progress in HFB
DFT calculations with the inclusion of mixing between 7 =
0 and T = 1 np pairing correlations [17] should provide
insight as to whether the B(E2 ) staggering can be attributed
to the presence of isoscalar (7 = 0) np pairing.
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