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Enhanced isomer population via direct irradiation of solid-density targets using a
compact laser-plasma accelerator

Robert E. Jacob," 2 Speero M. Tannous,' Lee A. Bernstein,''? Joshua Brown,! Tobias Ostermayr,? Qiang Chen,?
Dieter H G. Schneider,? Carl B. Schroeder,2? Jeroen van Tilborg,? Eric H. Esarey,? and Cameron G R. Geddes?

! Department of Nuclear Engineering, University of California, Berkeley, CA 94720
2 Lawrence Berkeley National Laboratory, Berkeley, CA 94720
3 Lawrence Livermore National Laboratory, Livermore, CA 94550
(Dated: December 21, 2024)

Excitation of long-lived states in bromine nuclei using a table-top laser-plasma accelerator pro-
viding pulsed (<100 fs) electron beams provided a sensitive probe of gamma strength and level
densities in the nuclear quasicontinuum, and may indicate angular momentum coupling through
electron-nuclear interactions. Solid-density active LaBrs targets absorb real and virtual photons up
to 35 + 2.5 MeV and de-excite through gamma cascade into different states. A factor of 4.354 +
0.932 enhancement of the °Br™ /*°Bré isomeric ratio was observed following electron irradiation, as
compared to bremsstrahlung. Additional angular momentum transfer could possibly occur through
nuclear-plasma or electron-nuclear interactions enabled by the ultra-short electron beam. Further
investigation of these mechanisms could have far-reaching impact including decreased storage of
long-term nuclear waste and an improved understanding of heavy element formation in astrophysi-

cal settings.

INTRODUCTION

Long-lived isomeric states in nuclei have a broad range
of implications. They have long been believed to play a
particularly important role in stellar nucleosynthesis [I],
especially in the A = 80 mass region [2]. Most recently,
there has been a renewed theoretical interest in the pop-
ulation of Astrophysical Isomers (aka “Astromers”) [3],
with experimental evidence for the population of Kr iso-
mers via laser-induced plasma-nuclear processes [4]. The
vast majority of the population mechanisms suggested
for these states proceed through individual, discrete low-
lying states. However, the far larger density of unresolved
“quasicontinuum” states with a broader range of angular
momentum at higher excitation energies could provide a
far more efficient mechanism for isomeric state popula-
tions.

The lifetime of low-lying nuclear levels which could
serve as “doorways” into isomeric states have relatively
long lifetimes on the order of nanoseconds, leading to
an excitation energy width on the order of peV via the
AEAt>h/2 uncertainty relation. This means that fewer
than 1 part in 102 radiation quanta are capable of excit-
ing these states in a kT =~ 30 keV plasma. In contrast,
the exponentially higher density of nuclear states at sev-
eral MeV, together with the increased likelihood that nu-
merous final states will exist that have significant overlap
with a given initial level, will lead to a significantly in-
creased excitation width via Fermi’s Golden Rule:

T(E,, Ey) = [< fIV(E; = Ep)li >* x p(Ep), (1)

where p(Ey) is the nuclear level density (NLD) at the final
state energy and V(E; — E¢) represents the interaction
between the initial and final states, which in the case of
bound states is proportional to the y-strength functions

(ySF). Together, these concepts represent the density of
potential nuclear states and the probability of transitions
between them, as a function of energy and spin. Per Gut-
tormsen et al.[5], for nuclei with A a2 50 — 240, the NLD
will be 103 — 107 levels per MeV near the neutron sep-
aration energy (S,), and there is significant evidence of
enhanced «SF in stable Molybdenum nuclei from pho-
toneutron emission [6 [7] at high energies and particle
transfer at low energies [8]. These high NLDs and «SFs
make nuclei in this mass region an attractive target for
nuclear isomer excitation, mitigating the ultra-narrow
energy window facing direct excitation of long-lived iso-
mers.

In addition to direct photonuclear excitation, nuclear-
plasma interactions (NPIs) may provide another en-
hancement for isomer excitation in high energy density
plasma environments [9, [10]. Of particular interest to
this experiment are nuclear excitation by electron transi-
tion (NEET) [I1, 2] and nuclear excitation by electron
capture (NEEC) [13]. The NEET process describes nu-
clear excitation via virtual photon exchange as a result of
electronic de-excitation within a partially ionized atomic
shell. In contrast, NEEC describes nuclear excitation via
virtual photon exchange induced by atomic electron cap-
ture into a partially ionized atomic shell. These processes
can be thought of as time-reversed bound internal con-
version and internal conversion nuclear decay processes,
respectively [9]. Additionally, photon absorption and in-
elastic scattering of electrons from nuclei are present in
these environments and provide other pathways for nu-
clear excitation.

When utilized together the nuclear quasicontinuum
and NPIs offer an exciting tool to explore indirect iso-
mer population in nuclei. Nuclei excited to states within
the quasicontinuum may be readily susceptible to energy



and spin modifications as a result of NPIs with low en-
ergy background photons and plasma electrons. These
excited states will de-excite to either the ground state
or isomeric states, with unknown feeding ratios. It fol-
lows that excited nuclei with better matched spin may
preferentially de-excite into isomeric states. Traditional
accelerators have yet to do demonstrate probing of NPIs
in the quasicontinuum with femtosecond beams.
Laser-plasma accelerators (LPAs) can provide ultra-
short, high-energy electron bunches on the order of 10’s
of femtoseconds at high repetition rates [I4]. LPAs en-
able high-repetition rate probing of NPIs, allowing nu-
clear states to be excited and further modified within
ultra-short timescales. The goal of this experiment is
to explore the quasicontinuum as a pathway to the indi-
rect population of long lived isomers in "Br nuclei and
observe potential modifications to feeding ratios in the
presence of NEEC and NEET interactions using a novel
experimental platform. Results will help develop under-
standing of nuclear-plasma interactions for applications
in nuclear waste management and astrophysical settings.

EXPERIMENTAL SETUP

The irradiation target consisted of a 1 cm right cylinder
LaBrj scintillator crystal mounted to a photo-multiplier
tube which served as an “active target”. The crystal
was both an activation target and decay radiation detec-
tor, calibrated with a known 37Cs check source. The
™Br nucleus has a J™ = 9/2% isomeric state, "°Br™, at
207.6 keV with a half-life of 4.85 seconds, which decays by
emission of a 207.6 keV ~-ray with an absolute intensity,
If/‘bs, of 76%, supplemented by internal conversion [33].
Immediately following irradiation the PMT was biased
and allowed to observe decay radiation for 20 seconds,
after which the PMT was unbiased and another irradia-
tion was performed. This process was repeated for many
shots with stable beam conditions to allow for the collec-
tion of sufficient counting statistics. Following the cumu-
lative irradiation period, the PMT was biased to collect
longer-lifetime decay radiation. This was performed after
both the bremsstrahlung photon and electron irradiation
cases. Rest time was significantly longer than the longest
expected half-life of 4.42 hours for the 85.84 keV isomeric
state, 8OBr™, in 89Br [34].

Two unique source configurations were used, one
for direct irradiation of the target with electrons and
another for bremsstrahlung photon irradiation of the
target, shown in Figures and For photon ir-
radiation, a 0.46 T dipole magnet is used to disperse
the electron beam for energy selection with a movable
bremsstrahlung converter. The converter consists of a 2
mm tall, 5 mm deep stainless steel bar. A 0.75 T bend-
ing dipole magnet was used to prevent electrons from

State Half-life, 7,/ Target Nuclei

80Br™  4.42 hrs 81Br
80Bré  17.68 mins 81Br
Br™ 4.85 s 81Br, ™Br
BB 119.4 ps Br
"8Br®  6.45 mins Br
TTBr™"  4.28 mins Br
TBrg"  57.04 hrs Br
TABLE 1. Unstable products

from (v,n), (v,7') reactions on
natural Br, from ENDF [32]

" Not observed

reaching the active target by bending them into a low
Z beam dump. Bremsstrahlung photons up to 35£2.5
MeV excite the target into the nuclear quasicontinuum.
For electron irradiation, the bremsstrahlung converter
and secondary bending dipole were removed from the
experiment, allowing 35+ 2.5 MeV, <100 fs electron
bunches to excite nuclei into the quasicontinuum and
promote electron-nuclear interactions in the target.

This experiment was performed at the BELLA
Hundred Terawatt Thomson laser system, located at
Lawrence Berkeley National Laboratory in Berkeley, Cal-
ifornia [15] [16]. For this experiment, a 1.75 J, 40 fs
laser pulse was focused to a waist size of 17 ym FWHM
with a peak intensity of 7.25 x 10® W/cm” in a high-
density gas jet, which produces <100 fs electron beams
through laser-plasma accelerator mechanisms [14]. Elec-
tron beams were diagnosed with a magnetic spectrome-
ter placed after a dispersive dipole magnet. A movable
LANEX sheet was imaged and the energy-spatial disper-
sion calculated using RADIA [I7]. The electron spectrum
is shown in Figure For calculations performed later,
the electron beam charge is not necessary.

RESULTS AND DISCUSSION

The LaBrs crystal is manufactured with natural
bromine which contains an abundance of 50.69% 7"Br,
with the remainder composed of 8'Br [I8]. Population
of the ™Br™ state occurs via the Br(vy,y’)™Br™ and
81Br(7,2n)"Br™ reaction pathways. Given the approx-
imately equal proportion of “Br and ®'Br nuclei in the
active target, we are unable to attribute experimental
excitations of the Br™ state to a particular parent nu-
clei. Meanwhile, the 3°Br™ and 3°Br® states are primarily
populated via the 1 Br(v,n) reaction. A list of possible
bromine states is given in Table [I}

For each irradiation case, inter-shot spectra were
summed to create a shot-integrated decay spectrum. An
example time-series is shown in Figure The "Br™
signal was observed near 207 keV with a calculated
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FIG. 1: (a) Experimental setup for bremsstrahlung photon irradiation, with the converter target and 0.75 T bending
magnet shown. Diagnostic LANEX sheet was insertable after this first magnet, and could be moved out of the beam
path to prevent unwanted electron scattering and bremsstrahlung generation. (b) Experimental setup for electron
irradiation, with the converter and bending magnet removed. (c¢) Measured electron spectrum averaged over 100
shots, with inset of single-shot image showing the shadow from the bremsstrahlung converter. The slanted shadow
is a result of the imaging geometry, with the LANEX screen normal at 45° to the laser axis. (d) Level diagram for
"Br with a solid blue arrows indicating nearest-neighbor population of the isomeric state, and the dashed red arrows
indicating excitation into the quasicontinuum complemented by subsequent nuclear-plasma interactions, shown in

black, before de-excitation into the isomeric state.

Ti’;g = 4.05 4 0.64 seconds. From the post-irradiation

spectra 3'Br™ decay was observed near 85 keV with a
calculated T?’/(g = 4.36 £ 0.05 hours. Additionally, the

production of short-lived 8°Br# and "®Br® nuclei was de-
termined by fitting the post-irradiation e~ /e* and v de-
cay, Npet(t), between 0.5 and 2.3 MeV with Equation
where Ng 7. A80gs Ngsg, and A7sy are fit while N§O™
is fixed to the population determined from the post-
irradiation spectrum, and Agg,, is fixed to the accepted
value. Here N{ terms refer to the initial population of
species ¢ immediately following the irradiation period and
A; the species’ decay constant. The governing population

equations are

Naog(8) = 522 o™ (e st — ¢t
Agog — Asom

+ NG oot (2)
Nrgg(t) = Ng¥e Aot (3)

Npet(t) = At (1809 809 Nsog (t) 4+ N78g A789 N784 (1))
+C, (4
where At is the time bin width, C is a linear background

term, and the 7; terms are detector response fractions
calculated in FLUKA for the target geometry, respective
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FIG. 2: Shot accumulated time-series data showing the
accumulation and decay of the 207.6 keV "Br™ signal,
highlighted with dashed lines. The curved detector re-
sponse is a result of rapid biasing following an irradiation.
The inset continuous time-series data shows the decay of
the 89Br™ state, over many hours after irradiation.

nuclei, and trimmed to the fit energy range [22]. Equa-
tion [2| describes the population evolution of ®°Br® as a
result of direct population and feeding from the 8°Br™
state. For "®Br®, single-state decay is the only source
considered in Equation [3] given the 119.4 us half-life of
its isomeric state is too short to observe with the bias
cycling of the detector [35]. For the bremsstrahlung
case a normalized x? = 1.000 for 250 < ¢ < 20,000

seconds was achieved with fit Tf% = 17.12 + 0.60 min,

TI?% = 6.34 + 0.08 min. For the electron case, a normal-
ized x? = 1.005 was achieved for 50 < t < 12, 500 seconds
and fit T})% = 18.24 4 0.67 min, T{}5 = 5.82 + 0.07 min.
From these fits, a post-irradiation initial population for
80Br& and "®Br# was established.

For the isomeric transition (IT) peaks of 3Br™ and
7Br™, time-binned projection slices were fitted with a
Gaussian plus linear background fit and exponential de-
cay corrected back to ¢t = 0, then averaged in order to cal-
culate an initial population. Photo-peak efficiencies for
the characteristic gammas from 3°Br™ and "Br™ were
calculated with FLUKA and weighted with their respec-
tive Igbs, in the form npeqr = aneolgbs + (1= EI,‘;Z’S),
to account for the internal conversion fraction with an
assumed efficiency of 1 [22H24]. This adjustment yields
a total population of Br™ and the population of 8°Br™
following the irradiation period. Total populations for
the 80Br™, 89Br&, and "®Br® states were found by cal-
culating population and continuous decay over the dura-
tion of the experiment. Contributions from the decay of
80Br™ to 89Bré were subtracted in order to determine di-
rect 8Bré populations. The calculated Activations/Shot
values are given in Table [II] with isomeric ratios (IRs)
calculated for Br™ /89Br™ and 8°Br™ /8Bre, similar to
the method presented in [20]. Table|lljincludes statistical
and systematic uncertainties attributed to the beta decay

Bremsstrahlung Electrons

Br™ [#/Shot] 28.97 +£2.83  57.58 + 1.75

80Br™ [#/Shot]” 306.95 + 17.95 744.22 + 59.30

80Bre [#/Shot]” 1557.25 & 195.10 809.53 £ 100.27
Br™m/S°Br™  0.094 £ 0.011  0.077 £ 0.007
80Br™ /80Bre  0.211 £ 0.033  0.919 £ 0.135

TABLE II: Activations/Shot for populated
states with isomeric ratios

“ These values are shot-averaged with decay cor-
rected populations following the irradiation pe-
riod.

detector response fitting (5%) and the decay correction
(5%), where applicable. The presented IRs avoid system-
atic laser energy fluctuations, which have been measured
with a FWHM < 3.3%[36].

TALYS 2.0 calculated cross sections for the
79Br(7,'y’)79Brm, 81Br(’y,2n)79Brm, BIBI‘(’Y,H)SOBrm
and ®'Br(y,n)%°Br® reactions were used with the
FLUKA bremsstrahlung spectrum to calculate IRs for
comparison to experimental data [2I]. The best match
value of 0.115 for the ™Br™/8'Br™ IR was achieved
with the Back-shifted Fermi Gas Model [37] with a spin
cut-off parameter multiplied by a factor of 0.1 [2I], and
the Simplified Modified Lorentzian Model [39]. The best
match value of 0.330 for the %9Br™/%YBré IR, which
agrees with values calculated in other work [46], was
achieved with the Generalized Superfluid Model [40] [41]
with a spin cut-off parameter multiplied by a factor of
0.2 [21], and the Gogny-Hartree-Fock-Bogoliubov model
[42]. There is a disagreement between our experimentally
observed IR of 0.211 and that reported by Pavalvanov
et al. [46]; however, systematic factors, such as an
overcalculation of the 8°Br® population resulting from
the more complex active target geometry, are removed
when calculating double ratios between irradiation
cases, as discussed later. Notably, the curtailed angular
momentum distributions are in agreement with trends
observed by Rodrigo et al. [38] in calculating isomeric
ratios with TALYS following reactions with incoming
massive particles. In our case, more sharply curtailed
distributions may be representative of the limited
angular momentum carried by incoming photons relative
to massive particles.

Considering the exclusive (y/e”,n) feeding of the
80Brm and %°Br& states, the associated IRs provide
the clearest insight into the physical processes involved.
Comparing the IRs by irradiation case in Table [[T] in-
dicates a factor of 4.354 £ 0.932 increase in the effec-
tive population of the isomeric state in 8°Br® following
irradiation by electron beams as compared to brems-
strahlung. FLUKA simulations comparing the stainless
steel bremsstrahlung spectrum and internally generated
LaBrs bremsstrahlung spectrum are plotted in Figure
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FIG. 3: Simulated spectra at the LaBrs active tar-

get comparing the internally generated bremsstrahlung
(brems.) and electron scattering spectrum following di-
rect electron irradiation with external brems. from the
converter. Calculated with FLUKA for a flat distribution
electron beam at 35+ 2.5 MeV. The inset shows TALYS
calculated microscopic cross sections from adjusted best
fit parameters, with the x-axis depicting the same energy
range as the larger plot.

The LaBrs internal bremsstrahlung spectrum was used
to calculate an IR of 0.328 with identical TALYS param-
eters as given above, which indicates that the observed
differences cannot be attributed to differences in photo-
nuclear interactions.

Previous works have examined (e, e’) excitation of iso-
meric states using few MeV electrons, but did not ex-
plore (e, €'n) reactions [43][44]. An experiment performed
by Dzhilavyan et al. [45] compared the population of
the J™ = 127, 6 Au™?2 isomer following bremsstrahlung
(7,n) and (e, e'n) reactions on %7 Au with E, = 59 MeV,
which indicated an 18 & 3% increase in the population of
the isomer relative to the J™ = 27, 196 Au® state follow-
ing electron bombardment. They suggest that enhanced
population of the isomeric state following electron irra-
diation may be due to increased population of higher en-
ergy states, as compared to photons. Longer ~-cascades
from these states could result in larger angular momen-
tum transfer to the residual nucleus, with potential con-
tributions from quasi-direct neutrons carrying additional
angular momentum [45]. In contrast to Dzhilavyan et al.,
our enhancement is 18.64 £+ 5.25. Further comparison
of these results is difficult given the cumulative differ-
ences in nuclei, isomer-to-ground spin ratios, state pari-
ties, electron energies, and electron bunch duration.

CONCLUSIONS

This work demonstrates the ability to alter populations
of long-lived isomeric states in ®°Br nuclei through exci-
tation into the quasicontinuum using a compact laser-

plasma accelerator. A factor of 4.354 + 0.932 increase in
the 80Br™ /89Br# isomeric ratio following irradiation with
fs electron beams as compared to photons indicates that
further theoretical probing of nuclear-plasma interactions
in the quasicontinuum should be explored. Studying
quasicontinuum-localized NPIs in the presence of ener-
getic, high-charge density fs electron beams is important
for the further development of efficient isomer population
manipulation techniques. Further experimental work will
be performed.

Improved understanding of NPIs and electro-nuclear
interactions could influence heavy element stellar nucle-
osynthesis through modifications to the angular momen-
tum of residual nuclei. These results establish the utility
of ultra-short pulse electron beams from laser-plasma ac-
celerators as a novel platform for isomer manipulation
and studies of statistical nuclear properties, such as -
strength functions and nuclear level densities.

The authors gratefully acknowledge fruitful discussions
with Ross Koningstein and Professor Emeritus Peter
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U.S. Department of Energy, National Nuclear Security
Administration, Defense Nuclear Nonproliferation R&D
(NA-22) and the Office of Science, Office of High Energy
Physics, under Contract No. DEAC02-05CH11231, and
by a philanthropic gift from Google LLC.
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