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Abstract: The development of the 10 PW laser system at the Extreme Light Infrastructure is a crucial
step towards the realization of an astrophysical Earthbound laboratory. The interaction of high-power
laser pulses with matter results in ultrashort (fs-ps) pulses of 10s of MeV ions and radiation that can
create plasma and induce nuclear reactions therein. Due to the high fluxes of reaction-driving beam
pulses, high yields of radioactive target nuclei in their ground and excited states can be provided in
situ on short time scales. Cosmogenic 2°Al, which is of pronounced astrophysical interest, is a prime
candidate for evaluating these new experimental possibilities. We describe how, for a short duration
of At ~ 200ps, laser-driven protons with energies above E, ~ 5MeV can induce the compound
nucleus reaction 2°Mg(p, n)?°Al leading to high and comparable yields of the three lowest-lying states
in 26Al including the short-lived, t; ,, = 1.20ns state at 417 keV. In the aftermath of the reaction, for a
short duration of t ~ ns, the yield ratios between the ground and the two lowest-lying excited states
will resemble those present at thermodynamic equilibrium at high temperatures, thus mimicking high
26A1 entropies in cold environments. This can be seen as a possible first step towards an investigation
of the interplay between those states in plasma environments. Theory suggests an intricate coupling
of the ground state 26Alg,s. and the first excited isomer 2°™Al via higher-lying excitations such as the
] = 37 state at 417 keV resulting in a dramatic reduction of the effective lifetime of 2°Al which will
influence the isotope’s abundance in our Galaxy.

Keywords: laser-induced nuclear reactions; high-power laser systems; laser plasma; nuclear
astrophysics; effective lifetime; 2°Al

1. Introduction

Laboratory measurements of nuclear reaction rates are made on target nuclei in their ground states.
However, in stellar plasma conditions which govern the evolution of abundances in the Universe,
the reacting nuclei are distributed among their excited states. Without providing these conditions,
a proper experimental accounting of stellar models remains elusive. Nonetheless, direct experiments
on the interplay of ground and exited states relevant for nuclear astrophysics have so far escaped
scientific investigation since such studies are extremely difficult to realize in Earthbound laboratories
driven by existing RF-based accelerator systems. This is mainly due to the short-lived, fs-ns nature
of the relevant excited nuclear states in conjunction with the overall rather low instantaneous beam
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intensities deliverable by RF-based accelerator systems during that short timescales which result in low
spontaneous yields for the promptly decaying excited states. As of today, reaction rate evaluations on
excited states have not been measured and theory relies therefore on Hauser-Feshbach calculations [1]
in which an assumption of a thermal population of excited states is undertaken. This approach is
deemed to be very crude in general and is certainly incorrect for a handful of isotopes that have
longer-lived isomers and for which internal thermalization does not therefore easily occur. For such
nuclei, the equilibration of the longer-lived isomer and the ground state (g.s.) occurs only indirectly
via upper-lying levels at high temperatures in the MK to GK regime. The cosmogenic 2°Al, the subject
of this investigation, is perhaps the most prominent case in nuclear astrophysics for this kind of nuclei.

In the following discourse, we depict how the new generation of all-optical, high-power laser
systems (HPLSs) based on chirped pulse amplification (CPA) invented by Strickland and Mourou [2]
can address the problem of providing short-lived states with considerably high yields and hence can
promote astrophysical research in the future.

2. Production and Decay of Cosmogenic 2°Al

2.1. Spontaneous Yields

Core to the depicted concept is the high spontaneous flux of ion-driven reactions as provided by
a single short pulse from a HPLS which leads to high temporal yields Y (t) of excited states by direct
population (d) in a nucleus. Assuming that all nuclear levels are numbered subsequently according to
their energy E;, we find for the direct population of the i-th state;

(1 — exp (_/\i : t)), fort < tirrad,

(1)
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wherein N is the number of atoms exposed to the beam in the irradiated sample, o; the energy
dependent cross-section for the direct population of the i-th state in barns, ¢ the beam flux and A; the
total decay rate of the i-th level in s~!. The parameter f;.,q represents the irradiation time during
which the beam of incoming particles triggers the reaction. For simplification, all the aforementioned
parameters are seen to be time-independent and thus constant during t;;;oq. The factor (f — t4aq ) is
the time elapsed after the production of a specific nucleus and its states via an irradiating beam has
stopped. Equation (1) is valid as long as 0; - ¢ < A; which is the case even for the high, instantaneous
beam fluxes, ¢ that are achievable with a HPLS. Equation (1) only describes the direct population of
the i-th state by the reaction-driving pulse and needs to be extended if an indirect population (feeding)
of this state via higher-lying energetic states occurs. For this more general case, the total yield Yj(t) for
the i-th state, assuming that 1 <i < k < N, can be calculated via,

Niot t
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in which

dYi ()
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is the instantaneous activity of the feeding state k with half-life Ay and f}; the partial branching ratio of
the k-th state to the i-th state. The variable N;o: describes the total number of states in the nucleus which

A(t') =

feed into the level at E;. For complex systems in which a long decay chain with constant initial activities
Ag(0) exists, Equation (2) will result in the Bateman equation for the i-th state [3]. To include the
possibility that the feeding state at Ey is also directly populated by the flux of particles with a specific
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cross-section of 0y, the instantaneous activity Ay (#') defined in Equation (3) was used in Equation (2)
for the calculations in this work. We also exclude the possibility of any induced upward transitions
from E; to the higher-lying states at Ey via photo-absorption as no extremely hot equilibrated plasma
condition can be provided by a HPLS for which those photo-absorption processes would appear with
high enough yields to change Y;.

Equation (1) shows Y; scales linear with ¢. Experiments show that ~108~ times higher values
for the spontaneous beam fluxes ¢ are achievable with HPLS if compared to typical values associated
RF-based technology. Though these extremely high fluxes can only be delivered for ultrashort
irradiation time spans t;,,4 which are in the order of the lifetime of short-lived states, the resulting
enhancement in the presented case, t1/, = 1.20ns level at 417 keV in 26A1, will still be in the order of
1078 larger when compared to a DC or RC beam from a conventional accelerator system, since the
crucial factor [1 — exp (—A - tj;raq)] is still around ~0.1. The other important factor in Equation (1) is the
exponential decline after t;,,,q which is given by the term exp (—A - (t — tjzraq))- This term expresses
the fact that any time-resolved probing of the interplay of states including short-lived isomers must
occur within a short timeframe itself, which can only be realized by a generically short probing pulse as
provided by a HPLS. Therefore, to allow such kinds of studies at e.g., the Extreme Light Infrastructure
for Nuclear Physics (ELI-NP), two synchronized laser beamlines are implemented. The possibility of
ultrafast probing is another unique feature of HPLS-technology.

In addition to a direct reaction-induced production of a nuclear state, a population enhancement
of states of interest can often be achieved via the feeding from states at higher energies as shown in
Equation (2). This circumstance, which will become especially interesting once mono-energetic beams,
can be delivered by a HPLS.

It is also important to note that Equation (1) only applies for a single pulse of short duration
and the overall total reaction yields driven by a HPLS are some orders of magnitude smaller than
those achievable with most of the RF-based systems over a prolonged experimental campaign.
However, in summary, it is clear that if ;.4 is in the order of the lifetimes of short-lived excited
states (Tgnort = 1/ Aghort), their yields, relative to longer living, e.g., few seconds, or even stable states,
can be optimized for time spans in the order of Tgp -

2.2. Yield Distributions of Excited States and Temperature Equivalents

The yield ratios between the ground and exited states can be mapped to a corresponding
Maxwell-Boltzmann distribution describing a thermal equilibrium represented by a single temperature
T via,

4)

i) (2-h+1)

in which Y7 and Y, describe the state populations at a given time, J; and ], are the spin values of
the nuclear states at the energies E; and E;. Equation (4) has been used for the matching of state
populations to temperature values of evaporation fragments emitted from a compound nucleus after a
fusion reaction. Thus, the appliance of this concept to laser-induced nuclear compound reactions seems
more than adequate, especially as the time spans involved are similar to the typical interaction times
which can be provided by a HPLS. The formation stage for the compound nucleus takes a period of
time approximately equal to the time interval for the bombarding particle to travel across the diameter
of the target nucleus which is ~1 x 10721 s. After a relatively long period during which the compound
system has thermally equilibrated which can extend up to 1 x 10~1%s, it disintegrates, usually into
an ejected small particle and a larger evaporation fragment nucleus which inherits the compound’s
temperature represented by the corresponding value of kgT. Thus, after a correction for the energy
given to the rotational motion of the residuals is applied, one can deduce on the internal temperature
of a reaction residual from its measured population ratio. The validity of this approach was e.g.,
demonstrated by Morrissey et al. [4] who proved that the population ratio does represent the internal
temperature of a residual nucleus for a wide range of internal excitation energies. Hence, kg T will

Y2(t) B (2]2+1) ~eXp(E2_E1>
e )’
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represent the temperature of a nucleus if equilibrated in hot plasma. Obviously, in an experiment no
hot plasma conditions can be provided in the matter surrounding the compound nucleus sustaining
an equilibrium in a secondary reaction target. Therefore, the high value for kgT within the nucleus will
only prevail for the fleeting time spans associated with the shortest lifetimes of the decaying excited
states that were populated. High-power laser accelerators can create this special state of synthetic
entropy condition where we will find a gamut of hot nuclei in their short-lived excited states in a
surrounding cold environment after a reaction-triggering laser pulse. During the associated short time
spans the temperature, which was present in the nuclear matter at time of the evaporation, is normally
equivalent to kgT values in the MeV regime which equates to hot plasma temperatures in the GK
region. It is worth noting that of course one can produce excited states in nuclei, for example via
nuclear reactions or beta decay, or in-flight whereby <y-rays are detected with arrays of germanium
detectors around a target position with RF-based technology. However, it is the provision of high
spontaneous yields which makes a HPLS an interesting tool for selected cases of nuclei in which the
equilibrium studies on thermalized conditions are particularly hard to achieve due to the interplay of
long- and short-lived isomers. Moreover, the high temporary yields of hot evaporation residues can,
in principle, be probed by a secondary ion- or y-beam originating from a second synchronized laser
pulse. We again must stress the fact that no real plasma environment at hot temperatures will exist in
such a hypothetical experiment; it is just the population distributions of the excited states in plasma
which is mimicked by the inheritance of the compound nucleus’ temperature.

The cosmogenic 2°Al, was chosen for this evaluation due to its importance for astrophysics and
some already existing or soon to be published experimental work [5,6]. Our work here will give
an answer to the long-standing questions: “What is a unique feature of all-optical PW accelerators
which cannot be achieved with traditional RF-based accelerator technology and how can the the CPA
technology invented by Strickland and Mourou be best applied to enrich fundamental nuclear physics
research?”. We believe that we can answer this question satisfactorily as we depict the unique ability
of high-intensity laser acceleration to allow the production of high temporal yields of ultrashort-lived
nuclear species in their ground and excited states, which is a crucial step towards the realization of
an astrophysical laboratory. The supply of high yields of short-lived states positively distinguishes
HPLS-driven accelerators from standard RF-based technology. In the future, these states can be may
subjected to further probing by e.g., creating a low-temperature plasma environment such as WDM
during the reaction processes or using an ultraintense probing X-ray beam in coincidence. Moreover,
our work will show that already existing TW and PW laser-driven systems can be used to measure
hitherto elusive in situ nuclear reaction rates in plasma to underpin astrophysical theory. As such,
the presented discourse promotes future nuclear research at facilities such as ELI-NP and elucidates
how they will help understanding of the complex chemical evolution within our Galaxy. In this
respect one needs to point out that it is e.g., already possible to create warm dense-matter conditions
in the laboratory [7,8]. Even the study of exotic fusion-fission reactions in the quest to produce very
neutron-rich isotopes to understand the production of heavy nuclei in the Universe [9] is envisaged
at ELI-NP.

2.3. The Importance of 2°Al for Astrophysics

To understand the astrophysical abundances in our Galaxy, the cosmogenic isotope 2°Al is of
outstanding astrophysical significance as it is a core isotope for y-ray astronomy [10]. Its presence in
the Galaxy was discovered by Mahoney et al. [11]. Theoretically, the isotope derives from explosive
helium, carbon, oxygen, and silicon burning cycles [12], as well as novae or supernovae explosions,
Wolf-Rayet Stars, red giants, and supermassive stars [13,14]. Moreover, the correlated excesses of its
daughter product Mg in comparison with stable 2’Al provide important constraints on the formation
time of primitive meteorites and components therein [15-17]. The total galactic abundance of 2°Al
is estimated to be around 2 Mg, to 3Mg,. State-of-the-art theories only account for a fraction of this
value. A study of the effective lifetime T.¢ of 2°Al is henceforth necessary. Any related experimental
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investigation must account for the rather unique and complex decay pattern of the isotope which is
sketched in Figure 1.

1+ 1057
t19 = 25fs
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3+ 417
tl/g = 125 ns
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Figure 1. Simplified decay pattern of 2°Al including the lowest four states. The two + decay branches
are depicted with the blue dotted lines. The y-transitions between the states are indicated with red
arrows, such as the 417 keV state which solely decays into the ground state 26Alg,s, To the right of
the level scheme, the proton energy range 4.988 MeV < E, < 5.820 MeV surveyed for the reaction
26Mg(p,n)?°Al by Skelton et al. is depicted [18].

In cold environments, 2°Al decays via two prominent ¥ decay routes from its ground and
first excited state which are characterized by very different values of their degree of forbiddenness.
This special scenario complicates the evaluation of the effective 26A] decay rate A in a stellar plasma
as one cannot assume the first two states existed in an equilibrated thermal distribution. Specifically,
the decay from its ] = 5" ground state is a second-order forbidden BT decay with a corresponding
long half-life of t; /, = 0.717 My leading to a branching of 97.24% to the first excited state in Mg at
1809 keV. The B* decay is followed by a quasi-prompt emission (t1 , = 476 fs) of the corresponding
y-ray in 2°Mg. It was this transition which was discovered by Mahoney et al. with the HEAO-3
satellite surveying the radiation background of the Galaxy in 1984 [11]. On the other hand, the first
excited state of 2°Al at 228 keV (*°™Al) decays via a rather fast (t /2(26mA1) = 6.355) super-allowed
0" — 0" B* decay directly into the stable ground state Mg, 5. Due to the high spin difference,
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a direct electromagnetic transition from the 228 keV level to the ground state 07 — 5% in 2°Al has
an extremely low transition probability and, as such, one is forced to treat the decay of 2°Als s and
26mA] as different species in theoretical evaluations. To shed light on the overall destruction of 2°Al one
needs to estimate the interplay between these two states in hot environments to be able to calculate the
effective decay rate A in stellar plasma.

Theory predicts that a thermal equilibrium between the long-lived 5 ground state and the first
isomeric 0" state at 228 keV will occur at high temperatures (1 x 10°K to 1 x 10° K) via a manifold
of interlinking high-energy transitions which induce a population of short-lived (fs-ns) high-lying
energy levels. This will result in a much shorter 7. for the 26A1 in hot environments. The groundwork
of this interpretation was done by Ward and Fowler [19], followed by a more complex analysis by
Coc et al. in 1999 [20]. Both efforts are cited in the most elaborated work to date, which focuses
on the decay of 2°Al in thermodynamic equilibrium by Gupta and Meyer [21]. In that work a new,
holistic approach that introduces a dissection of the structure of 2°Al into two different ensembles
e and e, is based on whether the most prominent decay path feeds into the ground state (e1) or the
first excited state (e;) at cold temperatures. They then calculate in detail how these two ensembles
start to merge into a single Maxwell-Boltzmann distribution. In detail, the authors evaluated the
Einstein coefficients of induced absorption between the lowest-lying 64 states in 2°Al which allows the
determination of the effective transition rate between the two assumed species represented by e; and
ey, labelled A;, for 2°Al as a function of temperature T. Their results show that below T ~ 0.4 GK the
26mA] metastable state has no chance to equilibrate with the ground state before decaying via 2°™Al.
The scenario dramatically changes above T ~ 0.4 GK where internal equilibration of 2°Al competes
with the B decay from the metastable 2™Al thus influencing the transition between the two species.
This equilibration leads to a much-enhanced A.¢. The increase of Ao between 0.1 GK to 10 GK is
around 25 orders of magnitude (1 x 1071571 to 1 x 10 s™!) thus underpinning the need to find
experimental pathways for investigations. It is, however, clear that a technical realization of such a hot
plasma in the above-cited temperature regime will experimentally remain elusive for the foreseeable
future. However, the production of the short-lived states via the decay of a hot nuclear compound
results in the production of sufficiently high yields of the excited 417 keV 3" state, comparable to those
of the first two states in 2°Al for a duration of several ns (see Equation (1)). According to Gupta and
Meyer, the aforementioned 2" excited state plays the most crucial role in steering the equilibration
between the two ensembles. As such, the provision of the short-lived 417 keV isomer with high yield
can be seen as a first step towards measurements at short-lived excited states and their interplay with
longer-lived states. This scenario will become particularly interesting if, in future, high fluxes of fs-long
probing X-rays can be delivered in coincidence with the production of the excited states or warm
dense-matter conditions (WDM) with the driving proton beams. Again, in both cases, no extremely
hot plasma conditions will exist but still such investigations must be seen as experimental stepping
stones on the pathway to an astrophysical laboratory.

2.4. Cross-Section of 2°Al and its Production in Laser Plasma Experiments

The most effective way to produce 2°Al in situ is by harvesting laser-induced proton acceleration.
In the associated compound nucleus reaction 2°Mg(p, n)2°Al in which the formed compound nucleus
27Al is excited by the energy above the reaction threshold of the impacting proton. The emittance
of a neutron in the exit channel leads to excited states in 2°Al as well as directly to the ground
state 26Alg,s,. Due to the prominence of this reaction, precise measurements of the individual cross
sections for 26Algis_, 26mA | and the 31 level at 417 keV, 2Al4;7, have been carried out over three decades
ago by Skelton et al. [18]. Their experimental campaign facilitated an efficient neutron detector,
the graphite-cube neutron-detection system (GCNDS) at the California Institute of Technology in
Pasadena, CA, US. The cross-section measurements spanned over a proton energy range of almost
1MeV from the reaction threshold at E,, = 4.988 MeV to E, = 5.820 MeV (see Figure 1). A very precise
average energy resolution for the cross sections of 6E = 2.5keV was achieved by measuring a total of
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328 different energy values [22]. In detail they examined three different physical quantities to conclude
on the reaction cross sections for the first three states in 2°Al. Details are displayed in Table 1. Therein
ntot refers to all neutrons emitted in the reaction process while nypg and ny;7 represent neutron channels
that lead to the population of the first or second excited state at 228 keV and 417 keV respectively.

Based on the published data, the integral cross sections o™ and their uncertainties for the three
lowest-lying states in 2°Al were calculated in this work. The relative uncertainty, (5(72:{‘;' / ag‘;, of the
integral cross-section for 26Alg.s,, was found to be higher than those of the other two integral cross
sections, as the integral cross section for the population of the ground state (Tg‘; was not measured,
but calculated from the difference of the measured total neutron yield and the sum of the yields for ng;7
and nys. In the experiment it was not possible to directly measure the produced amount of 2°Al .,
an unfortunate restriction which will also apply for future high-power laser-based investigations.
This is due to the overall low total production yield which will not allow a direct quantification of
ag‘st_. Firstly, the very long lifetime of 2°Al, s does not permit the measurement of its decay with any
radiation detector. Moreover, the expected total yields for the ground state will be in the order of
~1 % 10° to ~1 x 107 per pulse for a thick target which is still far below the sensitivity of conventional
mass separators. The installation of an online isotope separation system including a Penning-trap;
as e.g., depicted in [23] would allow to measure smallest amounts of 26A1g,s, that would emerge from a
thin target after a laser pulse; could potentially address this issue. However, to our knowledge, such an
online isotope separation system is not foreseen to be implemented at any upcoming HPLS worldwide
in the near future.

Table 1. Calculated integral cross sections c'™ and methods used to measure o(E) for the lowest three
states in 2°Al.

State ¢™/MeVmb Method Used in [18]
Total neutron yield from the 2(’Mg(p, ntot)Z(’Al reaction measured by the GCNDS.
int Note, due to the very long half-life of 26Al, 6., NO delayed 511 keV annihilation
o 4.9(9) R . . &S .
&5 radiation yield will be measurable emerging from the associated ground

state decay.

' Delayed 511keV annihilation radiation yield from the 2°Mg(p, nyg)2*™Al
B 30.2(3) reaction measured by two Nal(Tl) detectors in coincidence. An irradiation-count
cycle with t,,q = 65 and fcount = 30s was applied.

) Prompt 417 keV +y-ray yield from the 2°Mg(p, ng;7)?°Al using an ultrathin target
ot 19.3(9) with a thickness of 8.5 ugem 2. The prompt radiation was measured by a 60 cm3
Ge(Li) detector.

We assume that integral cross sections will be valid for the high instantaneous fluxes ¢ of protons
at a HPLS as plasma conditions will not prevail in the secondary target. The precise measurements
as depicted by Skelton et al. [18] cannot be repeated at a HPLS for the foreseeable future. First and
foremost, the systems are not capable of delivering high-flux pulses of reaction-driving mono-energetic
protons with high frequency. Hence, overall yields and associated measurement statistics derived
from a laser plasma experiment will lack behind the results obtainable with RF-based technology.
Indeed, laser accelerators are best described as high-intensity low-repetition-rate systems if compared
to RF-based technology. In addition, the most widely applied ion acceleration mechanism is the
target normal sheath acceleration (TNSA) scheme as described by e.g., Wilks et al. [24]. Although
proton energies of up to 100 MeV are achievable with TNSA [25], their proton energy distribution
dN/dE, inherits the Maxwell-Boltzmann energy distribution of the initially accelerated electrons and
is therefore not mono-energetic, hence HPLS will practical allow only the measurement of integral
cross sections at present.

Moreover, a direct efficient way of a measurement of neutrons in the way presented by
Skelton et al. [18] is also not feasible for the time being at any existing PW laser site as they used a
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highly efficient neutron detector surrounding the relatively small target chamber. For comparison,
the target chambers used in high-power laser research will have a volume in the order of several m?
and hence cannot be surrounded by a 47t detector system.

Additionally, during any proton pulse, an in situ measurement of the 417 keV transition is
also not possible, as the initially produced proton beam coincides with intense soft and hard X-ray
background radiation producing a strong electromagnetic pulse (EMP). Therefore, the only observable
in a laser-driven 2°Al experiment will be the 511 keV delayed annihilation line, from which 13§ can be
derived. Nonetheless, we will be able to scale the presumed yields for the ground state and second

excited state at 417 keV based on the calculated integral cross sections O'g_lst. and (ijll; using the measured

value of 015k as reference.

An inaugural prima facie experiment was undertaken with the Vulcan laser at the Rutherford
Appleton Laboratory (RAL) in which the 2Mg(p, nps)?™Al reaction was studied with laser
accelerated protons created by 300 TW pulses at a rate of ~f = 2 x 10~*Hz. Protons well above
the reaction threshold at E, = 4.988 MeV could be produced. A delayed 7y-radiation line measured
in situ at 511 keV with t?;g = 6.6(3) s was unambiguously identified as the annihilation radiation
associated with the B decay of 2°MAl. The total yield per pulse measured was as high as 5 x 10° of
26mA]. They produced nuclei were concentrated within a volume of ~ 0.08 cm? in the secondary MgO

reaction target. For more details see [5,6].

3. Theoretical Evaluation of Achievable Population Distributions for the First Three Excited
States in 2°Al in Laser Induced Plasma Experiments

3.1. General Considerations

Based on Equations (1) and (2) and the values of the integrated cross sections '™ from Table 1,
as well as the results of the inaugural experimental study, the achievable population yields of the lowest
three states in 2°Al were theoretically estimated. A short proton irradiation period, tjr,q = 200 ps was
assumed. To adjust such a short t;..,4 in an experiment, one needs to place the ultrathin plastic sheets
used as primary targets for proton production in very close proximity to the secondary reaction target,
consisting of 2°Mg or 2®MgO in isotopically enriched form. This was applied in the aforementioned
inaugural test experiment ah RAL. In such close geometry one is able to minimize the spread in
the time-of-flight, dttop, between the most energetic protons produced and those that will be just
above the reaction threshold at E, = 4.988MeV [6]. It is worth pointing out that the minimization
of dttor is crucial to provide a short #;..4. Distances between the primary production target and the
secondary reaction target of less than 1cm are technical feasible to date. Choosing a much closer
distance could mean that the secondary production target maybe damaged or even destroyed by a
single laser pulse at high intensity. Obviously, the original 25 fs duration of the initial laser pulse
which drives the proton production cannot be sustained, but with distances in the cm regime, dttop
values below 100 ps can be achieved. At any experiment one ideally would maximize the intensity of
protons in the relevant energy rather than producing higher energetic protons with e.g., E, > 9 MeV.
Also, the high magnitude of protons with energies below the reaction threshold maybe facilitated in
future experiments to create conditions of WDM in the volume within the secondary target where the
reaction takes place. That alone is worth a consideration, as such scenarios cannot be achieved with
conventional RF-based technology.

Isotopically enriched 2°Mg target comes at a high cost. Natural magnesium cannot be taken
due to a series of intruder reaction channels which would make the identification of the t; ;, = 6.35s
decay of 2°™Al impossible. A crucial parameter is also the thickness of the 2°Mg target. To enhance
the yield, one would install a bulky target which would extend to thicknesses in the sub-mm to mm
regime. In the prima facie experiment at RAL a thick target consisting of MgO powder was used in
which all protons were stopped [5]. This optimization of the target thickness was based on SRIM [26]
calculations in which the condition was set that even the most energetic protons produced in the
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experiment with E, ~ 9 MeV are deaccelerated to energy values below the reaction threshold within
the secondary target. A thickness of 1 mm was derived. SRIM can also be used to calculate the
corresponding time tstop by which all protons are reduced to kinetic energies below E, = 4.988 MeV.
It was found that within a duration of tstop = 100 ps the electronic and nuclear stopping has reduced
all impacting protons with E, ~ 9MeV to an energy below the reaction threshold in the chosen
thick target. With respect to tstop it is important to mention that the stopping of the fast protons
occurs already during the time less energetic, hence slower, reaction-driving protons arrive at the
target. Hence, a crude estimate of a maximal irradiation time of t;;,q = 200 ps (é10F + tstop) can be
assumed. Most importantly, for the case study on 2°Al, is the fact this value is still well below the
lifetime of the crucial short-lived second excited state at 417 keV with t; ;, = 1.20ns. With optimized
geometry and targetry the assumed 200 ps value for t;,.,4 can easily be halved in future experiments
with PW systems.

It is important to mention that HPLS will eventually be capable of producing macroscopic sheets
of protons in which collective stopping effects will lead to a much-increased stopping power and
hence reduced stopping times. In this work we do not consider these potential effects, but, as well
as minimizing t;.,4, an enhanced stopping will result in higher plasma temperatures than those e.g.,
characterizing WDM conditions, offering new pathways for astrophysical investigations in the future.

3.2. Simulations of Population Yields for 2°Al obtained by a Short Pulsed Laser Proton Beam of High Intensity

Figure 2 shows the calculated distributions of Ygs, Yxog and Yyy deduced from
Equations (1) and (2) assuming t;;;,q = 200 ps. The extracted values for the associated integral cross
sections 0™ in the region between E, = 4.988MeV and E, = 5.820 MeV were taken from Table 1.
We assume the proton energy distribution, dN/dEp, within this range to be constant as a first order
approximation. The time zero ty = 0 which is truncated in the logarithmic display, refers to the
time of the first reaction induced by the fastest protons arriving in the secondary production target.
Although the yield depicted on the y—abscissa is in arbitrary units, a.u., the value is aligned with
obtainable levels of concentration in units of 1 cm 2 deduced from the initial measurements of 2°™Al at
the RAL. The values can be seen as a minimum estimate for achievable yield concentrations with a PW
laser system. We assume all consecutive pulses to impact on the same volume within the secondary
production target, hence the yield for 26Algs‘, Ygs., builds up continuously after each pulse due to the
very long lifetime of the ground state, t; , = 0.717 My. In addition, the ground state is populated by
direct feeding from the 417 keV level (Equation (2)) which decays via an E2 transition (see Figure 1).
As 26Al is cosmogenic we can assume its original concentration in Mg or MgO, before the first shot,
in the secondary target probe to be Ygs_ ~ 0. Moreover, we consider that two sequential proton pulses
are separated by an interval of ¢ = 100 s for simplicity which reflects roughly the time interval between
two consecutive pulses from the 10 PW system at ELI-NP. As a result, the yield for 2°™Al, Y3, does not
build up between two consecutive shots which would be the case for the 1 PW and 0.1 PW systems
at ELI-NP as they operate at higher repetition rates ~ Hz. Most interestingly is the fact that ag?;_
describing the direct population of the ground state, is significantly lower than for the excited states
but builds up continuously in the active secondary target volume after each pulse due to its long
lifetime. We calculated these conditions for a series of consecutive laser pulses, assuming the target to
remain undamaged during the impact of all subsequent pulses. Crucially for the understanding of
temporal yield evolution is the fact that the irradiation time ¢ < 200 ps is still lower than the lifetime of
the 417 keV state which allows this state to accrue comparable yields with regard to the first excited
state at 228 keV per single pulse. For the first couple of pulses this is even true for a comparison with
Ygs. as can be derived from Figure 2. The two yields Y2yg and Y417 remain unchanged for the two
consecutive pulses shown in Figure 2 and for any additional subsequent pulse. This is a very special
condition only achievable with the ultrashort pulses provided by an all-optical accelerator system.
Consecutive pulses will only lead to higher values for Yy s in the same target volume.
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For the near future, a total of several 100 pulses with a 10PW laser system can be seen as a
reasonable estimation for the number of total shots deliverable in a single experiment. With optimized
target geometry, the appliance of proton focusing and PW induced proton pulses, potentially of
mono-energetic nature, one can expect yields to be several orders of magnitude higher than those
sketched in this work based on the RAL experiment. As shown in Table 1, the decay of the 511 keV
delayed annihilation radiation will be the only measurable entity in any future laser-driven experiment
while the other intensities would have to be calculated in reference to the precise cross-section data
of Skelton et al. [18]. It is also important to point out that, if the irradiated volume is changed on
a pulse-by-pulse base, each consecutive pulse will impact on a region where no measurable yield
for 26A1g,s, existed before. The importance of that scenario and associated technical aspects will be
depicted in the aforementioned forthcoming publication [6]. However, it is clear that due to the high
costs of isotopically enriched 2°Mg an experiment relating on a constant supply of non-irradiated 2°Mg
will be not feasible for budget and resourcing reasons.

107 T T TTTTT T T TTTTT

/;-\ - T Yg(.Ss) .
S B —— Yoog | |
g ) Yar7 |
2
>

tirr
ad) 200 ps

104 Lol Lol
10° 10" 10° 10° 10* 10°

t (ps)

Figure 2. Calculated yields Y,yg (red) and Y417 (green) as function of time ¢ per proton pulse with
tirrad = 200 ps (vertical dashed line) and 4.988 MeV < E, < 5.820 MeV. The accumulated yields Yg 5.
for the ground state are superimposed for the 2nd (solid black) and 3rd (dashed black) consecutive
proton pulses. We assume those pulses to impact on the same target volume in the secondary production
target. Note the influence of the direct feeding from the 417 keV level to the ground state from the
non-linear enhancement of Yg s during #;;,q- A time interval of 100 s between the 2nd and 3rd pulse
was assumed.



Galaxies 2018, 7, 4 11 of 15

3.3. Thermodynamic Temperature Equivalents from the Distribution of the First Three Excited States in 2°Al in
Laser Plasma Experiments

Using the Maxwell-Boltzmann distribution as depicted in Equation (4) the ratios of the two yield
distributions; Y228/ Ygs. and Y417/ Ygs. were mapped into temperature equivalents to emphasize the
unique ability of laser-driven experiments to facilitate the short, reaction-driving, ion pulses to mimic
temperature-equivalent scenarios as present in hot interstellar conditions. In absence of a real hot
plasma this interpretation exploits the fact that the hot state of the 2°Al compound residue is conserved
for fleeting lifetimes after the reaction-driving pulse has impacted. The results for the consecutive
pulses numbered, 1, 2, 3, 5, 10, 25, 50 and 100 are displayed in Figure 3.

30 - 1 ] T T
925 - 26mA
2.0 2%Aly17

1.5

L0 s T TR A TR

Temperature (GK)

0.5

103 104
t(ps)

Figure 3. Calculated T equivalents for Yg/Ygs (red lines) and Yyi7/Ygs (green) from yield
distributions according to Maxwell-Boltzmann distribution, for consecutive pulse numbers 1 (solid
thick), 2 (dashed thick), 3 (dotted thick), 5 (solid thin), 25 (dashed thin) and 100 (dotted thin).
The protons are considered to irradiate the same volume in the secondary target. The times fequi
for each pulse at which the two yield ratios converge to resemble one temperature value T are indicated
by the blue & red circles which are connected to a blue line to guide the eye.

Theory states that to infer a temperature between the ground state and the first excited state in the
case of 2°Al is not a straight forward concept, as those states are only connected via higher-lying excited
states in low to middle temperature plasma. Nevertheless, the temperature equivalents between
these two states, based on their yield population, remain in the GK temperature regime due to the
short times of the populating laser proton pulse. At such high temperatures, thermalization can be
assumed in stellar environments [21]. Most crucially, for any successive pulse there exist a defined
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time fequi, where the T equivalents of the first two excited states are equal, mimicking the conditions of
a thermal equilibrium distribution in the absence of real hot temperature conditions in the production
target. For the calculated cases, this regime stretches from 3.10 ns in which the temperature equivalent
is 1.3GK for the first pulse to 9.95ns with T = 0.4GK for the 100th pulse. Any probing X-ray
flash or secondary ion beam would be best timed around tequ; to exploit that artificially stellar-like
astrophysical scenario mimicking an equilibrium in hot plasma. It is worth noting that for consecutive
runs, this particular time increases to almost 10 ns while the temperature-equivalent value decreases.
The fact represents the natural buildup of the long-lived ground state.

Using RF-based technology the realization of such conditions characterized by yield distributions
resembling high temperatures at short time intervals after reaction-triggering pulses is not possible.
It is the shortness of the fastest transition that demands a short triggering high beam flux ¢ to achieve
such scenarios. Moreover, the assumed high yields achievable with a HPLS system are multiple
orders of magnitude higher than those of current RF-technology which summarizes the essence of
the contribution these systems can provide for future astrophysical studies. Again, one needs to
emphasize that we are not referring here to real hot plasma temperatures. It can be envisaged that,
once mono-energetic laser proton pulses are achieved, the depicted calculation can be extended to
include any of the 64 states below the proton separation energy S, = 6.306 MeV threshold of 2Al.
Such a calculation will help in the understanding of the complex interplay between the short-lived
states belonging to the ¢; and e, ensembles and the longer-lived low lying states as function of the
temperature T thus allowing to study the evolution of the effective lifetime Tog for 2°Al.

3.4. Considerations about Measurability at HPLSs

The above work sketches the unique experimental reaction scenarios which can be established
with the short pulses of high-power laser-driven system. Core to the considerations is the fact that
short-lived states can be produced with high yields, which exhibit, in the depicted case of 2°Al a
1.9 x 10?2 times shorter lifetime compared to that of the ground state. It is however important to
consider the measurability of those scenarios in this work. First and foremost, in the case of 2671,
the only measurable parameter at a high-power laser system will be, for the foreseeable future,
the delayed 511 keV radiation. A measurement of the prompt radiation will stay elusive mainly to the
EMP pulse which will not allow a direct deduction of the yield of the t;,, = 1.20ns at 417 keV. Current
y-ray detector systems placed at PW are maybe capable of resolving ms isomers at best [27]. Moreover,
it is unlikely for any forthcoming HPLS system to host a sophisticated, efficient neutron detector system
for inaugural experiments. To deduce yield changes in 2°Al independently of pulse-to-pulse variations,
one could refer to a second reaction channel with a precisely measured cross-section that is triggered
in coincidence with the production of 2°Al. The prima facie experiment therefore used MgO to compare
changes in the yield ratio between 2°™Al and 3N obtained via °O(p, o) !3N. Since the * half-life of
the resulting 3N nucleus is 9.965 min the corresponding yield could be clearly distinguished from the
super-allowed BT decay of 2™Al with t; , = 6.35s [6].

The beamlines at the ELI-NP facility are ideally suited to spearhead any related measurement.
In Table 2 shows the core features of the ELI-NP HPLS characterized by their power P. The ELI-NP
laser system has two equal arms allowing the synchronization of the two beams. The energy E,
and pulse duration £, depicted for the laser pulse represent the average values as required from the
THALES Group, the laser manufacturer in France. At the highest power of 10 PW a repetition rate f of
1 pulse per minute is foreseen. The intensity I, for the 10 PW is estimated to reach values in excess of
1 x 102 Wem 2. At this intensity simulations provide a maximum proton energy EZ*® of a few 100 s
of MeV, to be conservative. The corresponding values for the 0.1 PW and 1 PW systems are taken from
published work [25]. Most importantly it can be seen that the least energetic 100 TW beamline can
deliver protons above the reaction threshold, having additionally the advantage of a comparatively
high repetition rate. It is however important to note that the mean beam currents achievable with any
of the HPLS are still a few orders of magnitude smaller than those achievable with the conventional
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RF-accelerator technology. The values supplied for I'** describe the estimated ranges of the electrical
peak currents induced by the reaction-driving protons from a single high-power laser pulse.

Table 2. Characteristic features of the high-power laser beamlines to be implemented at ELI-NP.

P/PW  Epg/] tpalfs Iyy/Wem™2  f/Hz Ep™/MeV I

P
10 250 25 102223 0.017 >200 kA-MA
1 25 25 1021-22 1 ~100 A-KA
0.1 25 25 1020-21 10 ~30 mA-A

Our presented paper should be seen as a guideline for development, pointing out the possibilities,
rather than an experimental proposal form. It is however hoped that with ever increasing fluxes ¢,
optimized geometry and high laser-to-proton energy conversion obtainable by the next generation of
multi-PW laser plasma accelerators the total obtainable yields for the production of 2°Al will provide
densities in the order of 1 x 101°
laser energy-to-y-conversion, a second laser beam in coincidence could therefore be used to probe
the coupling of excited states by photo-excitation transitions by supplying a secondary, intense, X-ray
beam. This will allow, potentially, the characterization of a yield change of Y53 in the presence of a

cm~2 and possibly even much higher. With improved values for

hot photon bath. An enhancement of Y558 in such a case would be a first indication of the onset of an
equilibrium between the ground and first excited state via the coupling of the e; and e, ensembles
in 26A1 [21]. Moreover, such a study could enable to understand the intricate interplay between the
excited states which govern the A.¢. As current theories only account for a fraction of the abundance
of 2°Al one may expect that a more elaborate evaluation of the effective lifetime will better reflect the
production and decay mechanisms in actual astrophysical scenarios explaining the measured surplus
of 2°Al in our Galaxy.

From the depicted scenarios, it is clear that an online isotope separator facility which uses a
Penning-trap would be an ideal extension to improve any related experiment as it would allow a direct
identification of 2°Al, s as well as supporting the measurement of 2°™Al. It is hoped to implement such
a system eventually at the experimental stations dedicated to nuclear reaction research at ELI-NP.

4. Conclusions

We presented a pathway for high-power laser physics at the interface of nuclear astrophysics.
The example of 2°Al showed that laser systems can provide short-lived states in high yields, comparable
with those states that exhibit much longer lifetimes. This feature is unique to HPLS due to the ability
of all-optical accelerator systems to deliver high temporal fluxes ¢ of reaction-driving protons for the
fleeting time spans in the order of the lifetimes of the shortest-lived excited states. Exploiting the
fact that the high temperatures within the residual 2°Al nuclei prevail for some ultrashort duration
after its creation by a compound reaction, high entropy conditions in cold plasma environments can
be achieved and potentially be tested with a second radiation or particle beam. In the case of 2°Al
the yield ratios, Y218/ Ygs. and Yy17/Ygs, interpreted in the framework of the Maxwell-Boltzmann
statistics, were found to mimic thermal equilibrium at defined times fequ; in the range of 300 ps
to 10ns resembling thermalization in a fictitious GK plasma environment. This circumstance can
help in future experiments in the quest to create a nuclear astrophysical laboratory. In this respect,
future investigations could be the application of coinciding X-ray pulses of high intensities, or an
additional proton beam creating WDM. The study of other isotopes and the interplay of their excited
states maybe envisaged with, e.g., 3*Cl, 1'°In and '8Ta being other very interesting cases for future
investigation [20,21].
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Abbreviations

The following abbreviations are used in this manuscript:

CPA

Chirped pulse amplification

ELI-NP  Extreme Light Infrastructure-Nuclear Physics

EMP

Electromagnetic pulse

GCNDS  Graphite-cube neutron-detection system
HPLS High-power laser system

RAL Rutherford Appleton Laboratory
TNSA Target normal sheath acceleration
TOF Time-of-flight

WDM Warm dense matter
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