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The large reported E2 strength between the 2% ground state and 17 first excited state of Li, B(E2;2* —
1+) = 55(15) *fm*, presents a puzzle. Unlike in neighboring A = 7-9 isotopes, where enhanced E2 strengths
may be understood to arise from deformation as rotational in-band transitions, the 2* — 17 transition in
8Li cannot be understood in any simple way as a rotational in-band transition. Moreover, the reported
strength exceeds ab initio predictions by an order of magnitude. In light of this discrepancy, we revis-
ited the Coulomb excitation measurement of this strength, now using particle-y coincidences, yielding a
revised B(E2;2T — 1T) of 19(fZ)(2) e*fm*. We explore how this value compares to what might be ex-
pected in the limits of rotational models. While the present value is about a factor of three smaller than
previously reported, the current experimental data indicates that the B(E2) value remains anomalously

enhanced.
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I. INTRODUCTION

Large E?2 transition strengths found in the A = 7-9 mass
region [1,2] suggest that these nuclei are significantly de-
formed, which gives rise to rotational structure as a dominant
feature in the low-lying spectrum [3,4]. The strong transitions
between the ground state and the first excited state in Li, "Be,
and °Be, or between excited states in ®Be [5], are interpreted
as in-band rotational transitions. This deformation, in turn, is
understood to arise from cluster molecular structure [6—-10],
e.g., with "Be as a He +*He dimer, and the heavier Be
isotopes as “He + “He plus neutrons.

In general, E2 strengths provide a probe of nuclear struc-
ture and its evolution [11]. For light p-shell nuclei, which
are accessible to ab initio nuclear theory by a variety of ap-
proaches, ab initio calculations can provide qualitative insight
into the structural origin of the E2 strengths [12—15]. Mean-
while, experimental measurements can provide quantitative
validation of the ability of calculations to faithfully describe
the nuclear system [16].

Taken in this light, the large reported E2 strength be-
tween the 2* ground state and 17 first excited state of 3Li,
B(E2;2T — 17) = 55(15) €*fm* [17], presents a puzzle.
This strength corresponds to ~58 Weisskopf units, which
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would be considered collective even in much heavier mass
regions. The M1 strength for the 2] — 17 transition can be
deduced from the measured lifetime of this transition due to
the dominance of the M1 component. The measured lifetime
of the 17 level was measured previously by the Doppler-shift
attenuation method [18,19]. The large value of the corre-
sponding M1 transition strength is interesting in its own right,
but we focus on the E2 component, which gives informa-
tion complementary to the M1 transition strength. The E2
transition strength is related to the quadrupole deformation
of the nucleus whereas the M1 transition strength is related
to the current distribution, in particular exchange currents.
As the 27 — 17 transition in ®Li is dominated by the M1
component, we have chosen to use the technique of Coulomb
excitation to selectively measure the E2 transition strength.

It is not unexpected that 3Li would be deformed. For in-
stance, the ground state of the mirror nuclide ®B is suggested
to have proton halo structure [20-23] as a deformed "Be core,
with a loosely bound proton in a spatially extended molecular
orbital [24]. The ground-state spectroscopic quadrupole mo-
ment of 8Li is similar in magnitude to those of its deformed
neighbors [25].

Nonetheless, an enhanced 2T — 17 transition cannot be
easily understood as an in-band rotational transition, like the
transitions in neighboring nuclei. As least in a conventional
axially symmetric rotational picture [26,27], if the 2% ground
state is the bandhead of a K = 2 band, there is no 1+ band
member, and the transition to the 17 excited state is at most an
interband transition (between K = 2 and K = 1 bandheads).

Moreover the reported strength exceeds ab initio Green’s
function Monte Carlo (GFMC) predictions [14] by nearly two

©2024 American Physical Society
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orders of magnitude, despite the same calculations predicting
a result for the quadrupole moment of the 2* ground state,
which is in line with experiment [25]. In this paper, we present
ab initio no-core shell model (NCSM) calculations of the type
presented in Ref. [28], with various interactions, which are
likewise inconsistent with the reported £2 enhancement. Al-
though the absolute scale of E2 strengths is poorly convergent
in NCSM calculations, robust and meaningful predictions
may be obtained by calibration [29] to the experimentally
known electric quadrupole moment.

The large reported E2 strength in ®Li [17] was measured by
Coulomb excitation with a radioactive beam of 8Li, where the
inelastically scattered 3Li nuclei were detected by measuring
their energy using a Si detector. Such an experiment is osten-
sibly susceptible to events coming from 3Li that is produced
in its excited state in the primary reaction rather than those
coming from the Coulomb excitation of 8Li in the secondary
target, which would result in an inflated measured Coulomb-
excitation cross section and thus the extracted E2 strength.
To eliminate such a possible source of error, we revisit this
radioactive-beam Coulomb-excitation measurement, but now
with y-ray detection capability, to impose a coincidence re-
quirement between the detection of the inelastically scattered
8Li nucleus and the 17 — 2% deexcitation y ray. We use an
array of high-efficiency LaBr; y-ray detectors, in coincidence
with a Si particle detector centered on the secondary target.
While we measure a smaller value than previously reported,
the change is not sufficient to bring experiment in line with
current theoretical understanding of the structure.

We first outline the present radioactive beam experiment
with the TwinSol low-energy radioactive nuclear beam ap-
paratus at the University of Notre Dame Nuclear Science
Laboratory [30] (Sec. II) and detail the subsequent analysis
used to extract the 27 — 17 strength from Coulomb exci-
tation (Sec. III), including an assessment of two-step and
other possible contributions. We then discuss this strength in
the context of rotational and ab initio descriptions (Sec. IV).
These results were reported in part in Ref. [31].

II. EXPERIMENT

In order to produce a beam of 81i, the 10 MV Tandem Van
De Graaff at the University of Notre Dame Nuclear Science
Laboratory (NSL) was used to accelerate a 4.5 e A beam of
"Li 3% ions to 26 MeV. This beam was steered to a production
gas cell, which had a 12 um thick °Be foil placed on the
downstream side of the gas cell to serve as the production
target. The gas cell was filled with 300 Torr of He gas to help
cool the °Be target and a 4 um Ti foil on the upstream side
of the gas cell was used to contain the gas. The ®Li beam was
produced by the *Be(’Li, ®Be) ®Li reaction at an energy of
22.7(5) MeV (80% of the Coulomb barrier), along with other
isotopes produced by competing reactions. This cocktail beam
was sent into the TwinSol apparatus [30]. TwinSol consists
of two superconducting solenoid magnets that are used as
magnetic lenses to focus the radioactive beam of interest and
eliminate contaminants. More details on how the TwinSol
apparatus was used in this experiment are given in Ref. [16].
The first of these two solenoids was set to 2.43 T to best focus
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FIG. 1. The experimental setup is shown. Ten LaBr; detectors
from the HAGRID array are placed at 30°, 60°, 90°, 120°, and 150°
with respect to the beam axis surrounding the Au target, a brass
collimator, and an S7 Si detector inside the scattering chamber (not
shown).

the 8Li beam through a 9 mm diameter collimator placed
between the solenoids, which eliminated the majority of the
contaminants. The second solenoid was set to 1.40 T, to refo-
cus the ®Li beam after it had passed through the collimator.

After exiting TwinSol, the Li beam was sent into our
scattering chamber. The first element the beam encountered
was a 9 mm radius collimator, to eliminate divergent aspects
of the beam and define the beam spot. The collimator and the
experimental setup is shown in Fig. 1. Directly downstream
of the collimator was a target ladder with a 1 um thick '*’ Au
target, an empty frame, and a Si surface barrier detector for de-
termining beam purity. During beam development, the beam
was sent onto the surface barrier detector for particle identifi-
cation and the final beam components were identified as being
98% 8Li with "Be and scattered ’Li making up the majority of
the contaminants. The optimized radioactive beam was sent
onto the the gold foil for the duration of the experiment.
Placed 34.6 mm downstream from the gold foil, a 1000 um
thick S7 annular Si detector, made by Micron Semiconductor
Limited [32], was used to measured the beam that scattered
from the '°7 Au target in the angular range of 20.6°~45.3°. The
upstream side of the Si detector is segmented into 45 0.5 mm
concentric rings from its 13 mm inner radius to its 35 mm
outer radius while the downstream side of the detector is
segmented into 16 radial sectors of 22.5° each, giving precise
radial positions and the ability to measure beam offsets. Due
to the limited number of electronic channels available, the ring
electronic channels were combined in pairs to make 22 rings,
each effectively 1 mm wide. Additional beam parameters that
were deduced from the measurement of the beam with the Si
detector is given in Sec. IIL.

Outside of the scattering chamber, ten LaBr; detectors with
2 in. x 2 in. cylindrical crystals from the HAGRiD array
[33] were placed 17.2 cm away from the target, in order to
measure y rays emitted by Coulomb-excited 8Li nuclei. The
arrangement of the LaBr; detectors can be seen in Fig. 1. The
detectors were placed symmetrically around the chamber at
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30°, 60°, 90°, 120°, and 150° on both sides of the beam axis.
The y-ray peaks from the intrinsic radiation of the LaBrj
detectors, B decay of '*®La, were used to gain match the
different detectors before the experiment and were monitored
throughout the experiment.

The signals from the Si and LaBr; detectors were run
through preamplifiers and into a digital data acquisition
(DAQ) system using Pixie-16 modules from XIA, LLC [34].
In this experiment, a hit in any detector channel defined an
event in the DAQ, with a hit in any another detector channel
being considered coincident and packaged together into the
same event if it occurred within a 500 ns time window of
the original event. In the second half of the experiment, this
timing window was reduced to 100 ns, to reduce the number of
random coincidences in the y-ray spectrum. The experiment
was run for a total of 5 days with a beam rate of 4.1(3) x 10°
pps. The precise determination of the beam rate is discussed
in Sec. III.

At the end of the experiment, a 1.44 uCi '>?Eu source was
placed at the target location and the multiple y rays from its
decay were used to calibrate each LaBrs detector in energy
and determine its y-ray efficiency. The entire array was found
to have a total y -ray efficiency of 0.82% at 1 MeV. The energy
resolutions of the LaBr; detectors in the array were 1.6-2%
at 1408 keV. These resolutions were sufficient to cleanly
resolve our y ray of interest (981 keV) since this energy is far
enough away from the background y rays seen in the Doppler
uncorrected spectrum.

III. ANALYSIS

To determine the E2 transition strength from our exper-
imental observables, we needed to precisely determine our
integrated beam rate over the course of the experiment and
determine the y-ray yield from the Coulomb-excited ®Li nu-
clei. The details of each step are outlined below.

In order to determine the total, integrated 81i beam current,
we simulated the process of producing an in-flight beam with
TwinSol, which leads to an extended spot size on the target.
We modeled the beam as having a finite radius and offset from
the center of the target. A fixed collimator upstream of the
gold foils restricted the beam spot to a 9 mm radius, which
was chosen to match the size of our gold target. Due to the
proximity of the target to the Si detector, a diffuse beam will
cause the 8Li ions seen in the rings of the Si detector to come
from a range of scattering angles. The Si detector also shows
some up-down asymmetry in the measured rates in the sectors,
indicating that the beam was offset to some degree. Because
of the diffuse and asymmetric nature of the beam, comparing
the distribution of the particles in the rings of the detector to a
Rutherford distribution does not yield an accurate fit. We used
a GEANT4 [35-37] simulation to model the width and offset
of the beam on target, accounting for the various scattering
angles that result in counts in a single Si detector ring. The
distribution of scattering angles seen in one of the inner rings
of the Si detector is shown in Fig. 2. The radius of the beam
and its offset from the beam axis were varied in the simulation
over a range of values (1-7 mm for the radius and 1-4 mm
for the offset) to reproduce the distribution seen in both the
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FIG. 2. A simulation of the distribution of angles of 8Li particles
observed in the first ring of the Si detector used in our analysis when
using the beam spot determined by our simulation. The number of
particles seen here is not representative of the total particles seen
during the experiment, though the shape of the distribution should be
accurate.

rings and sectors. We found a 7 mm beam radius and a 1 mm
offset best reproduced the shape of the Si detector ring and
sector data. The data seen in the Si rings and the simulation
results are shown in Fig. 3. It can be seen that the simula-
tion reproduces the shape of the measured counts in each Si
detector ring very well. After the simulation reproduced the
shape of the experimental data, it was scaled to have the same
magnitude as the total number of counts measured during the
experiment and a beam rate of 4.1(3) x 10° pps was extracted
from the scaling. The beam rate uncertainty was estimated by
changing the beam parameters and the beam scaling until the
simulation results exceeded the experimental uncertainties.

A coincidence gate was placed on the scattered SLi peak
seen in our Si detector in order to reduce the number of y
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FIG. 3. A plot of 8Li ions measured in the rings of the Si de-
tector (circles) and the GEANT4 simulated data (squares). The angles
represent the center of each ring of the Si detector with the horizontal
uncertainties showing the full angular extent of each ring.
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rays from room background and the intrinsic radioactivity of
the LaBrs detectors. As the Si ring and sector and LaBrj
detector responsible for the coincidence event were known,
the geometric angle between the scattered SLi particle and
the emitted y ray was determined and used to correct for
the Doppler shift of the y-ray energy. During the analysis,
a large amount of beam background was observed in the two
innermost rings of the Si detector, which were therefore not
included in this analysis. Additionally, some of the random co-
incidences seen in the spectrum were eliminated by requiring
a tight time coincidence between the LaBr and Si detector sig-
nals. The original coincidence window used in the experiment
was 500 ns wide, but an additional timing gate was added in
the offline analysis. The timing offsets between different rings
of the Si detector and different LaBr; detectors were aligned
and a 30 ns timing gate was placed over the position of the
particle-y coincidences in the time difference spectrum. As
the number of particle-y coincidences was low, this position
was determined by observing the Doppler-corrected y-ray
spectrum while using a moving gate in the time-difference
spectrum. The position and width were chosen to provide a
robust y-ray peak of interest at the expected peak position of
980.8(1) keV, the known literature value of the the 17 — 2+
transition [19]. The y-ray spectrum in this energy range is
shown in Fig. 4 and a small peak is visible above the back-
ground at the expected energy.

In order to determine the number of counts in the peak
corresponding to the 981 keV 17 — 27 transition in a robust
way, we used Bayesian inference in modeling the spectrum
with a Gaussian peak on a linear background:

n(E) = no +m(E — Eg) + w—==e "2 (1)

A
V2752
where ny and m characterize the amplitude and energy slope
of the background, w is the width of the energy bins, and A,
s, and Ey characterize the area, width, and centroid energy of
the peak, respectively. We calculated the posterior distribu-
tion of the fit parameters using a Markov-chain Monte Carlo
(MCMC) algorithm, implemented with the EMCEE package
[38]. The likelihood function was obtained assuming that the
probability for a datum in our spectrum is given by the Poisson
distribution. Uniform priors were used for all parameters ex-
cept the position and width of the peak. The uniform priors
were properly normalized for a range of 0 to 75 for ng, 0
to —1 for m, and 0 to 65 for the peak area A. For the peak
position, a Gaussian prior with a ¢ width corresponding to
1.5 keV was used. For the peak width s, the prior probabil-
ity was given as P(s) = sgl‘i‘(ao:ll)e_"‘(s(’/ 5)2(%‘,’)2“, where so =
10 keV is the most likely or “expected” width of the peak, and
the o = 3 specifies the shape of the distribution of possible
widths. The value of so = 10 keV was chosen based on the
measured widths of the LaBrs detectors’ intrinsic resolution
from calibration data. It should be noted that the subsequent
posterior probability is dependent on the choice of prior prob-
abilities, but the choices made here, especially for the ranges
of uniform prior probabilities, are reasonably conservative.
Two-dimensional marginalized distributions of the calculated
posterior probability density for all pairs of parameters and
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FIG. 4. The Doppler-corrected y -ray spectrum summed over the
entire experiment and in coincidence with the scattered-particle peak
in the silicon detector. The spectrum is binned to 8 keV/bin. The
y-ray peak corresponding to the 2+ — 17 transition of ®Li is seen
at 981 keV. In panel (a) the solid curve of the Gaussian function on
a linear background with the most likely parameters is overlaid on
the data, with the error bands representing 68% and 95% confidence
intervals on the line of best fit. In panel (b) the uncertainty in the fit
is folded with the Poisson statistical error and overlaid on the data;
the spectrum is expected to lie within the band with 68% and 95%
confidence.

the marginalized distributions of one parameter are shown in
Fig. 5.

The curve corresponding to the most likely parameters is
plotted over the y-ray spectrum in Fig. 4(a), along with 68%
and 95% confidence intervals on the fit curve. In Fig. 4(b),
we show the effect of including the Poisson statistics into the
model prediction. From the posterior probability distribution
for the model parameters (generated by the MCMC algo-
rithm), we generate 15 000 synthetic y-ray spectra; 68% of
the generated spectra fall within the shaded band in Fig. 4(b),
while 95% of the generated spectra fall between the dotted
lines. The fact that the band in Fig. 4(b) is substantially wider
than the band in Fig. 4(a) reflects the fact that, even for
reasonably well-constrained fit parameters, we expect signifi-
cant scatter in the spectrum entirely because of low counting
statistics.

The most likely value of the area of the Gaussian peak
is 31*_’3 counts, where the error bar comes from the limits
that correspond to lo normal probabilities. For the other
parameters, the maximum likelihood is given by s = 8.4723,
Ey =981.1(14), m = 0.038(6), and ny = 24.1(7), again with
lo uncertainties. It is worth noting that the marginal
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FIG. 5. The marginalized distributions for the calculated posterior probability density function of the Gaussian and linear background
parameters. The two-dimensional contour plots show the marginalized distribution for each pair of parameters and the one-dimensional
histograms show the marginalized distributions for each parameter along the horizontal axis. The plots in the lower triangle are smoothed
using kernel density estimation from the package SEABORN [39], while the plots in the upper triangle are histograms of the Monte Carlo
sample points. Similarly, the solid curves in the diagonal plots are smoothed using kernel density estimation, while the histograms represent

the sample points.

distribution for the peak area is not Gaussian, especially
for values approaching zero. Based on the area parameter’s
marginal distribution, the interval corresponding to 20 (97.7%
probability) excludes a lower value below 9.0 counts. The
implication of these peak area values on the deduced B(E2)
values will be discussed later in this section.

In addition to looking at the posterior distributions, we
have also analyzed the y-ray spectrum using a Bayes factor
analysis. The Bayes factor is a ratio of posterior probabilities
for two hypotheses and can be used in model selection [40].

One of these hypotheses can be the null hypothesis and the
one we have chosen is that there is no peak that exists at
981 keV. In this hypothesis, the spectrum is described only
by a linear background. The Bayes factor disfavors the use
of many adjustable parameters so a hypothesis with a smaller
number of parameters that can describe the data equally well
will be favored over one with a larger number of parameters.
This means that model selection using the Bayes factor is not
solely based on how well the data are fit by the model but
will favor the simpler model in the case that both models fit
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the data equally well. One of the most important inputs into
the Bayes factor is the prior probability for the peak area. As
mentioned previously, we have chosen a uniform prior for the
area with a range of 0 to 65 counts, a reasonable and generous
assumption. In order to calculate the Bayes factor, we use a
sequential Monte Carlo (SMC) algorithm, as implemented by
the PYMC3 package [41]. We obtain a Bayes factor of 9.0 when
comparing the “peak” hypothesis to the null hypothesis. This
value falls squarely in the range given by Ref. [40] of 3 to
20, which is considered “positive” evidence against the null
hypothesis. Although this value of the Bayes factor does not
completely exclude the null hypothesis, there is substantial
evidence for the “peak” hypothesis such that it should not be
ruled out.

Using the measured efficiency of the LaBrs array and the
most likely value for the number of counts observed in the 981
keV y-ray peak, we were able to determine the absolute y-ray
yield for the experiment.

The final step was to determine the 8Li B(E2;2" — 1%)
value from the total y-ray yield in the experiment. We used
a version of the Winther—de Boer Coulomb excitation code,
which is based on the semiclassical theory of Coulomb excita-
tion [42]. This version of the code was capable of calculating
electric dipole to hexadecapole transitions and also multiple
excitations. After inputting an £2 matrix element, the code
outputs a differential cross section which can be used to
match the output of the y-ray yield measured in the exper-
iment. Due to the shape of the Li beam, varying scattering
angles in each Si detector ring, and Si detector geometric
efficiencies, it would be difficult to account for in a simple
calculation. Therefore, we used the GEANT4 simulation to use
the event-by-event simulated angle to determine the proper
Coulomb-excitation probability given by the Winther—de Boer
calculations. We determine the B(E2) by finding the value that
matches our experimental y-ray yield through the GEANT4
simulation. The ®LiB(E2;2t — 1) value we obtained is
19J_FZ e*fm*, which includes the y-ray yield statistical and
beam rate uncertainties.

Coming back to the values of the peak area that are ex-
cluded by a 20 interval, the B(E2;2" — 17) value less than
5.2 ¢*fm* are excluded with a 97.7% probability based on our
data. This probability does not favor theoretical predictions,
which will be discussed in detail in Sec. IV.

The two sources of systematic uncertainties are the M1
component of the excitation probability and contributions
from electric dipole polarizability, i.e., virtual E'1 excitations
to collective structures at high energy. Based on a study of "Li
[43], which should be a fairly close analog to 81, we estimate
the M1 contribution at the forward angles in our experiment
to be between 2% and 3%. Much less easily understood is the
effect of the E1 dipole polarizability. Unlike ’Li, which has a
strong virtual excitation to the breakup of *H +«, ®Li mainly
virtually excites to levels that decay by neutron emission.
Studies on the E1 dipole polarization effect in ®Li and "Li
suggest that this effect is small, on the order of less than 10%
at forward angles [43,44]. With a conservative estimate of 3%
uncertainty due to the M1 excitation and a 10% uncertainty
due to the effect of E'1 dipole polarizability, we account for
these by assigning a systematic uncertainty in the y-ray peak

area, which results in an uncertainty in the B(E2) of 2 e*fm*.
More precise measurements in the future that approach 10%
precision will need to more carefully consider and estimate the
strength of the virtual E'1 breakup. In addition, a calculation
was performed using a coupled-channels code to estimate the
effect of E2 excitations to the unbound 3f level, the level
closest to the neutron threshold. It was found that the cross
section for this excitation was a factor of 1000 less likely
than to the first excited 17 level. It is therefore unlikely then
that two-step processes to known levels would significantly
contribute to our deduced B(E2) value.

Last, a possible mechanism for the population of the
first 1 state in ®Li is the excitation from the nonresonant
continuum in the Coulomb excitation process. The possible
magnitude of this contribution is currently unknown. A future
reaction theory calculation using, for example, the extended
continuum discretized coupled channels method [45-47],
would be able to estimate such a contribution.

IV. DISCUSSION

The present measured B(E2;2T — 17) = 19J_rg(2) e*fm*
in 8Li, while still enhanced relative to the Weisskopf single-
particle strength (0.95 ¢*fm* for A = 8), is reduced relative
to the prior reported 55(15) e¢*fm* [17]. The present value
is now well within the range of E2 strengths observed in
neighboring A = 7 and 9 nuclides, which reach ~42 ¢*fm*
in ’Be.

Nonetheless, the measured strength is still difficult to
accommodate within structural understanding of this nu-
clide. The enhanced E2 strengths in neighboring nuclides are
readily understood in terms of collective rotational enhance-
ment, which cannot so simply explain an enhanced 2* — 1+
strength in 8Li [49]. Even assuming the 2* ground state to be
the bandhead of a K = 2 rotational band, there would be no 17
band member. Ab initio theory, while successfully reproduc-
ing enhanced rotational transitions in neighboring nuclides,
does not predict enhancement of the 2+ — 1+ strength in 8Li
[49].

The deformation and the corresponding £2 enhancement
in 8Li and its neighbors is understood to arise from cluster
structure [6—8]. In a cluster molecular picture for these nuclei,
these nuclei are cluster dimers, with possible additional nu-
cleons occupying molecular orbitals around this dimer core.
Thus, "Li may be viewed as « + ¢, 8Be as o + a, °Be as
o + o + n, etc. It is thus reasonable to expect axially sym-
metric rotation. In a rotational strong coupling picture [26,27],
any additional nucleons are taken to be coupled to the axially
symmetric rotational core.

Directly comparing the different E2 strengths in ®Li and
its neighbors is meaningless without taking into account
the geometric factors arising from rotational motion. Recall
that axially symmetric rotation gives rise to simple relations
among all £2 matrix elements within a band [26,27,50,51]. In
particular, all states within a rotational band share the same
rotational intrinsic state |¢k) in the body-fixed frame, and the
spectroscopic quadrupole moments Q(J) and reduced transi-
tion probabilities B(E2;J; — J;) are all obtained in terms of
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TABLE 1. Experimental ground-state £2 moments [25], for ®Li and selected neighboring nuclides, and transition strengths to the first
excited rotational band member [1,2,16], where available. The rotational intrinsic quadrupole moment extracted from the experimental ground
state quadrupole moment is given, along with the corresponding expected rotational E2 strength.

Experiment Rotational

Nuclide Vs QO (fm?) J5 B(E2 1) (¢*fm*) K Qo (fm?) B(E2 1) (¢*fm*)
Li 3/2° —4.00(3) 1/2- 8.3(5) 1/2 ~ 420 ~8.0
"Be 3/2° ~ —6.8 1/2- 26(6)(3)° 1/2 A +34 ~23
8Li 2+ +3.14(2) 3+ 2 ~ +11 ~6.0

1+ 1977(2)° 21 <2
5B 2+ +6.34(14) 3+ 2 A 422 ~25
°Be 3/2° +5.29(4) 5/2- 42(3) 3/2 ~ +27 ~36

“Estimated from mirror nuclide quadrupole moment via ab initio calculations [48].
“Indicated experimental uncertainties, from Ref. [16], are statistical and systematic, respectively.

‘Present work.

a single intrinsic £2 matrix element, or intrinsic quadrupole
moment Qy.' The rotational E2 strengths are thus tied to
the ground state quadrupole moments, which are precisely
measured for many of these nuclei [25].

In "Li, the close-lying 3/2~ ground state and 1/2~ excited
state are interpreted as members of a K = 1/2 rotational band,
where the energy order is inverted due to Coriolis staggering
[27] (see, e.g., Fig. 3 of Ref. [52]). For "Li the measured
0(3/27) = —4.00(3) fm? [25] yields an intrinsic quadrupole
moment of Qp ~ +20 fm?, and thus a rotational prediction
B(E2;3/27 — 1/27) ~ 8.0 ¢*fm*, consistent with the ex-
perimental 8.3(5) ¢*fm* [1]. (This and subsequent rotational
comparisons are summarized in Table I).

For "Be, the ground state quadrupole moment is not experi-
mentally known. However, in a cluster picture, ’Be is obtained
from "Li by replacing the triton (*H) cluster with a *He cluster.
In the limit of well-separated point clusters, i.e., a “ball-
and-stick” model, this substitution gives Q(’Be)/Q('Li) =
50/34 ~ 1.5 [48)], yielding Qo ~ 4+29 fm?, while ab initio
predictions give a somewhat larger ratio of ~1.7 [14,48],
yielding Qp ~ +34 fm2. Thus, in a rotational picture, we
expect B(E2;3/2~ — 1/27) ~ 23 ¢*fm* for "Be, again con-
sistent with the experimental value 26(6)(3) e*fm* [16].

In the heavier neighbor °Be, the 3/2~ ground state is un-
derstood to be the bandhead of a K = 3/2 rotational band,
with the 5/27 excited state as a band member (see, e.g., Fig. 1
of Ref. [52]). The measured Q(3/27) = +5.29(4) fm? [25]
yields an intrinsic quadrupole moment of Qy ~ 427 fm?,
and thus a rotational prediction B(E2;3/27~ — 5/27) =~
36 ¢2fm*, on the same order as the experimental 42(3) e*fm*
[2], albeit not to within experimental uncertainties.

The ground state of ®B, mirror nuclide to 3Li, has been
interpreted as consisting of a proton coupled to a deformed
"Be core. A spatially extended molecular orbital for the pro-
ton has been proposed (from fermionic molecular dynamics
calculations) to lead to proton halo structure [24] and also sug-
gested to contribute to the enhanced ground-state quadrupole

'Namely, 0WJ) = [3K> —J(J + DI/IJ + 1(2J + 3)]Qo,
and  B(E2;J; — J;) = (167 /5)7 1 (JiK20|J;K)*(eQp)*,  where
eQo = (167 /5)" (¢k|Q2.01¢x).-

moment [20,53]. Assuming the ground state to be a K = 2
bandhead, the measured Q(21) = +6.34(14) fm? [25] yields
an intrinsic quadrupole moment of Qg ~ +22 fm? (Table I).

However, returning to 8Li, the measured Q%)=
+3.14(2) fm? [25], at about half that of ®B, yields an intrinsic
quadrupole moment of only Qg & +11 fm?, the lowest among
the nuclides discussed thus far by nearly a factor of 2 (Table I),
making any E2 enhancement harder to explain. Such a lower
intrinsic quadrupole moment, relative to the mirror nuclide
8B, is reasonable in light of the lower quadrupole moment of
the "Li core and the replacement of the charged halo proton
by an uncharged halo neutron.

For the 2t — 17 transition, the 17 first excited state in
8Li cannot be a member of the K =2 ground state band.
Even if this 17 state is rotational in nature, it must rather
be a band-head in its own right, of either a K = 1 band or,
conceivably, a K = 0 band with negative signature (and thus
J=1,3,...[26,27]). The transition to this state is then inter-
band transition, requiring a change in the rotational intrinsic
wave function.

In the cluster molecular orbital description, we may expect
the valence neutron to be in a 7w orbital with K = 3/2, as in the
isotone *Be [54]. The K quantum number adds algebraically,
so the K =2 ground state band is obtained from aligned
coupling of this neutron with the K = 1/2"Li core, while the
1" excited state is ostensibly the bandhead of a K = 1 band
arising from the antialigned coupling.

Even if, as a generous upper limit, we were to take the
interband intrinsic matrix element (¢x—;|Q» —i|Px=2) to be
identical in size to the diagonal intrinsic matrix element
(Ppk=2102.0|¢px=2) determining the ground state band’s intrin-
sic quadrupole moment, the rotational picture would give
B(E2;2" — 11)/[eQ(27)]> £ 0.24,2 or B(E2;2T — 17) <
2 ¢*fm*. Only under the less-motivated assumption that the
1" excited state is the bandhead of a negative-signature K = 0
band does a transition on the scale of the present measurement

2As a point of comparison, in the mirror nuclide ®B, fermionic
molecular dynamics calculations give Q(2*)~ 4.9 fm? and
B(E2;2* — 1*)~ 3.3 ¢’fm”, and thus, as a ratio, B(E2;2* —
1)/[eQ(2)]? ~ 0.14 [24].
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become plausible. Taking the interband intrinsic matrix ele-
ment, now (¢px—0|Q2 _2|pk=2), to again be of the same size
as the diagonal intrinsic matrix element gives B(E2;2" —
17)/[eQ2D)]* < 0.98, or B(E2;2t — 11) < 10 ¢*fm*, but
is the less favored scenario.

V. SUMMARY

We have performed a radioactive-beam Coulomb excita-
tion experiment to remeasure the 2% — 1% E2 strength in
8Li, now making use of particle-y coincidences. Compared
to the previously reported B(E2;2" — 17) = 55(14) ¢*fm*
[17], our value of 1977 (2) e*fm* deduced from our measured
data and Bayesian inference is smaller by approximately a
factor of 3, but remains difficult to accommodate within a
theoretical understanding of the nuclear structure.

The enhanced E?2 strengths in the neighboring A = 7 and 9
nuclei are naturally understood in terms of in-band rotational
transitions, and we find that they are well-described by ab
initio predictions. However, there is no simple way to explain
an enhanced 27 — 1% transition in 3Li. Such a transition is
not naturally viewed as a rotational in-band transition, and it
is unnaturally large for an interband transition.

The magnitude of possible contributions from the non-
resonant continuum to the cross section, and thus to the
E?2 strength extracted from experiment, is unknown. Calcu-
lations from reaction theory to estimate such contributions
from the continuum could clarify if they might explain the
discrepancy between experiment and theory. Other possible
contributions to the cross section, from two-step Coulomb
excitation (or dipole polarization), involving virtual excitation
of higher-lying states above the neutron separation threshold,
as well as from indirect feeding involving direct excitation
of these states, are estimated to be insufficient to explain the

discrepancy. The use of particle-y coincidences in the present
experiment eliminates any significant contribution from SLi
1T — 2% y rays that are produced in the primary reaction, re-
moving a possible experimental inflation of the B(E2) value.
In conclusion, our studies confirm that there is no easy in-
terpretation for a large B(E2) in ®Li, and our experimental
result reinforces the tension between experiment and theory
suggested by the previous work.
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