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Multi-photon stimulated grasers assisted by laser-plasma interactions
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We investigate theoretically the possibility of achieving the stimulated amplification of v-rays.
Herein, our approach circumvents the so-called “graser dilemma” through a non-linear, multi-photon
mechanism. Our work foresees the combination of a high-intensity v—flash generated by the interac-
tion of a high-intensity laser pulse with plasma and intensive photons supplied by an additional laser.
We show that multi-photon stimulated emission processes can have a larger effective cross-section
compared to a one-photon process. The bandwidth of the supplied photons can also be tuned to
curtail linewidth broadening. Naturally, Méfbauer transitions can be chosen to apply the scheme
in the first instance. Furthermore, we derive that even multi-photon stimulated emission in the
form of an anti-Stokes type could allow our scheme to be applied to non-Mo68bauer nuclei, provided
that the supplied photon energy can be tuned to compensate for the recoil and other broadening
induced losses. The graser development can be spearheaded using multi-PW class high-power laser
systems such as the 10 PW installation at Extreme Light Infrastructure - Nuclear Physics (ELI-NP)
in Romania.

PACS numbers: 12.39.Fe, 25.30.Bf, 21.45.-v, 21.60.Cs

I. INTRODUCTION

photon sources. This strategy provides a general avenue

In the dawn of the 21%% century, the pursuit of a
coherent y—ray source, known as a graser, has proven
elusive despite decades of relentless efforts summarized
e.g. in [1, 2]. The technical realization of this endeavor
has remained a formidable challenge, casting a shadow
over the gamut of potential applications it could unlock
for advancing fundamental science and technology.
Theoretical and technical obstacles, seemingly insur-
mountable, have impeded progress in this quest. In this
challenging landscape, a beacon of optimism emerges
from recent breakthroughs in multi-petawatt high-power
laser systems (HPLS) !, exemplified by the 10PW
ELI-NP installation [3-5]. These cutting-edge systems
not only represent a milestone in laser technology but
also open exciting possibilities in the burgeoning realm
of nuclear photonics. Building on insights gleaned from
the work of peers [6—-20], our inspiration is further fueled
by a previous study [21], where we demonstrated that
the sheer intensity of y—photons, generated through
laser-matter interactions, could offer a transformative
avenue for overcoming the significant angular momentum
gaps inherent in many nuclear systems. Extending this
paradigm, our current work delves deeper into the realm
of multi-photon absorption and emission. We will exploit
non-linear effects by combining a high-brilliance y—flash
from laser-matter interaction and multiple high-intensity
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to circumvent the obstacles preventing the conception
of nuclear ~-ray laser systems so far. Our approach is
new as in previous works depicting graser concepts in
the past decades, HPLS systems in the PW-regime that
can provide flashes of intensive ~-rays coincident with
intensive optical beams to initiate multi-photon effects
could not have been foreseen to be in existence. This
includes the aforementioned seminal works by Baldwin
et al. [1,2].

The structure of our work is as follows. First, we dis-
cuss pathways to overcome the graser dilemma in Sec. II.
This comprises a review of the low cross-sections for stim-
ulated emission for isomers, the broadening of the narrow
absorption line breadth, photon removal effects, and the
recoil energy losses that prevent re-absorption. Then, in
Sec. I, we investigate several possibilities for designing
the first graser. In Sec. IV, we discuss how to control
the multi-photon process to achieve different objectives.
Finally, our findings are summarized in Sec. V.

II. CIRCUMVENTING THE GRASER
DILEMMA

Einstein’s theory utilizing detailed balancing dictates
the following relation between the spontaneous emission
coefficient A and stimulated emission coefficient B [22]:
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A=8 , (1)

where h is the Planck constant, v is the frequency of the
photon, and c is the speed of light. Thus, the probability
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of spontaneous emission grows quickly with the increase
of v, leading to a shorter window of time for the sys-
tem to accumulate a sufficient amount of lasing states,
i.e. the excited state where the «-ray is stimulated from.
Such a build-up is, however, necessary for grasing to hap-
pen. For nuclei, long-lived isomer states exist, and the
spontaneous emission coefficient A can be made small by
special spin-isospin arrangements. Nevertheless, Eq. (1)
indicates that the stimulated emission coefficient B must
be even more suppressed, which prohibits the y-ray from
being amplified. Realistic calculations indicate that one
encounters the graser dilemma: the incompatibility be-
tween available pumping power against spontaneous de-
cay and the minimum required stimulated emission cross-
section for grasing.

Consequently, proposals to overcome the above
dilemma can be categorized into two main categories:
Firstly, those that adopt alternative pumping that does
not directly involve photons to avoid Eq. (1), which
include nuclear reactions [23-29] or charged particles
pumping [30-36] and secondly those that utilize the non-
linear effects with intense optical laser pumping [37-12].
In this work, we follow and extend the spirit of the latter
and utilize the non-linearity of multi-photon processes.
In detail, a temporal coincidence of y—flash with a sec-
ondary beam of very dense photons. This circumvents
the dilemma by enlarging the effective y-ray absorption
cross-section and compensating any homogeneous shift
due to recoil or other mechanisms.

A. The smallness of stimulated emission
cross-sections: Problems and solutions

From Eq. (1) the asymptotic stimulated emission cross-
section is given by [1],
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where I'y is the natural width of the excited state with its
relationship to the half-life governed solely by the Uncer-
tainty Principle, and I" represents the total width after
considering all broadening effects, I'y < T'. Eq. (2) is a
“hard” limit which dictates that any individual photo-
absorption or stim;;lated emission cross-section cannot
10~

exceed Oagy A on B2 cm?, with E, being the energy of

~v-photons given in MeV. However, the ansatz leading to
Egs. (1) and (2), assumes the yields of being linear to the
radiation density of the incident field. In other words, it
is based on the approximation that the incident field has
low intensity, so each scattering center will interact with
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one incoming particle per time. Events concerning two
or more particles interacting with one scattering center
are no longer small and eventually dominate over single-
processes as the intensity of the incoming field grows,
which was first investigated in terms of two-photon ab-
sorption [13], and later generalized to n-photon process
(nPP) [44-59]. Note that this additional ingredient is of
combinatorial origin. Thus, the enhanced effective cross-
section of this ingredient does not violate any physical
limit deduced from the two-body (one-to-one) scattering
process. In some senses, the original limit is circumvented
instead of violated. A similar analog of this combinato-
rial enhancement is found in nuclear many-body interac-
tions [60, 61].

Meanwhile, it turns out that the ingredient of supply-
ing intense optical photons (as proposed in Refs. [38—42])
alone is not sufficient to overcome the dilemma. Gener-
ating sufficient populations of short-lived excited states
requires large amounts of y-photons plus at least a graser-
level pumping power. Since there is no graser to start
with, isomers are likely to be the only choice to build
the first graser. However, the angular momentum quan-
tum number difference (AJ™) between any isomer state
and the final state (the state after the release of ~ rays)
must be large (in general 2 3) to allow the existence of
isomers. Since a photon has intrinsic J*™ = 17, it has
a low probability of triggering a transition with multi-
polarity higher than E1. Therefore, one must resort to
multi-photon processes. For the effect to be pronounced,
it then requires each virtual state to resonate with a nu-
clear intermediate state, which is usually separated by at
least 2 1keV, making the desired multi-photon transi-
tion incompatible with the optical photon energy. Previ-
ous proposals [38—42] then rely on spontaneous decays to
go over transitions with gaps larger than the optical pho-
ton energy. Unfortunately, calculations showed that this
process is not efficient enough, even enhanced by optical
photons [62].

Recent progress in HPLS could become a game-
changer for the above situation, as intensive y-photons
can be produced. In Ref. [21], we proposed an improved
isomer-pumping and depletion scheme combining the in-
gredient of supplying optical or infrared photons and the
~v-photons generated from HPLS via laser-matter interac-
tion. The transition rate through the multi-photon pro-
cess (nPP) with favorable intermediate states reads
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where e is the charge, w; = Ej/h, with E; the energy of
the i*" photon with amplitude &, A the reduced Planck
constant. The interaction kernel M ™) sums over eigen-
states (ma| ~ (my], i.e.,
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where (f| and (i| are the final and initial state, H; is
the transition operator due to the ith photon. wiim; =
(E; — Ej)/h. Note that here we have generalized the pre-
vious n-photon-absorption (nPA) in Ref. [21] to nPP with
w; > 0 (< 0) indicating absorption (emission) of photons,
which then gives upward (downward) transitions across
virtual states. Under Weisskopf estimates [63], the re-
sulting effective cross-section (given in [cm?]) experienced
by the last y—photon (labelled here as the lasing photon
with energy E.,) reads
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where X; = A%/3 (with A the total number of nucleons)
if the transition carried by the i*"-photon is of E1 type.
For M1 and E2 type transitions, X; will be suppressed
by 2 25 and 2 100 times concerning the E1 value. The
superscript |AJ| < n indicates the largest angular mo-
mentum difference that nPP can achieve. E, and ws
must have the same unit, with w~ the larger of the to-
tal width of (f| or the laser bandwidth. P; is the power
density of photons in Wem™2. AE; (in eV) represents
the energy difference between each virtual state and the
state it resonates with.

For agé)P"A']'Sn in Eq. (5) to be appreciable, all
adjacent virtual/intermediate states must be separated
within an E2 transition. Note that the main considera-
tion in arranging an nPP sequence is to connect states
with favorable transition multipolarities. An adjacent
pair (m;| and (m;y1| need not be the two states closest
in energy. An ideal scenario is that every virtual state
is separated from an intermediate state by the natural
width of the intermediate state, i.e., AE; < 1073eV to
10~%eV. Thus, if one could optimize the laser-plasma
interaction to maintain P, > 1017 Wem ™2 per eV inter-
val over 1keV < E, < 5MeV, nPP will be of the same
order of magmtude as 1PP, Wthh has ceg ~ 1071 cm
for A &~ 200 nuclei. In this case, supplying extra pho-
ton beams is unnecessary, at least in retaining a large
effective nPP cross-section. Otherwise, providing pho-
tons at other energies could compensate for the missing
intensity. The supplied photons (defined as w-photons in
this work) mostly? carry out M1 transitions and merely
act as a means of boosting the combinatorial choices
together with the ~-photons. In this instance, half of
the denominator would become the energy of the sup-
plied photons instead of the natural width of the in-
termediate state. An averaged AE; < 10~(2t4/2) eV in
Eq. (5) is expected if the supplied photons have an energy
E, ~107%eV (with a < 4) and a bandwidth 10~%eV. To

2 One exception would be that the intermediate states are sepa-
rated within E2 transitions and energy reachable by the supplied
photon.
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Figure 1. Illustration of an nPP graser example. The num-
ber inside each arrow labels the order of the process at each
step, which can be photo-absorption or stimulated emission.
Two possible arrangements of the supplied photons are listed:
One in which the enhancement is carried out by one photon
beam and the second one in which two beams with equal but
opposite momentum are used. Optical or infrared photons
with tunable energy FE., are supplied by intensive lasers with
a duration that covers the entire lasing process.

retain o2FF ~ 10719 cm?, it then demands the supplied
photons to have P,, ~ 10" Wem ™2 with 2 the or-
der of magnitude missing in P, with respect to 1018-atb
Wem 2.2 In any case, a continuous vy spectrum will au-
tomatically enable combinations with supplied photons
to maximize the resonance with each intermediate state.
The only requirement is their intensity and neither the
~v-photons nor the supplied photons must be coherent.
Particle-in-cell (PIC) simulations [86-90] indicate that
a continuous y—photon spectrum can be generated by
an HPLS. Existing calculations suggest that photons
accumulated within 1eV interval anywhere from F =
1keV to 5MeV have an intensity P, ~ 10° Wem ™2 to

102 Wem ™2, Thus, aside from a few special cases, an
PP,|AJ|< _ . .
Oogy IAJISm 10719 ¢m? can only be retained by in-

creasing the intensity of the supplied photons P, 2
1023 Wem ™2, under the condition that both the energy
and the bandwidth of the supplied photons ~ 1eV.
Pulses from such HPLS, though available today [3,

], trigger the laser-plasma mechanism to destroy solid
targets [96-09]. However, it is not necessary to have the
nPP cross-section comparable to 1PP for an arbitrarily
large n, nor does the effective cross-section need to be
held at 107 cm? to enable grasing to occur. The range
of |AJ| < 4 already covers a wide variety of isomers, and

3 The estimate assumes that at each step the vy-photon carries
out an E1 transition, unless under the presence of the helical
beam [641-85].



manipulating them with U;lfrf)p’m]lgl >10~%° cm? would

be sufficient for grasing to occur, as will be discussed in
Sec. 11 C.

Fig. 1 illustrates our general scheme, with the two sce-
narios to be discussed further in Section III. The entire
process is a multi-photon process ending in an anti-Stokes
form. Due to the multi-step nature of nPP, some clar-
ifications regarding the commonly used terminology are
needed. In the 1PP case, one refers to the state where
the photons are stimulated as the lasing state, and there
could be storage states that supply the population of
the lasing state. The definitions could become tenebrous
once the process involves multi-photons. In this work,
we denote the entire lasing process, starting with an ini-
tial state and ending with a final state. The initial state
must have a number density N; greater than Ny, which
labels the number density of the final state after the re-
lease of y-photons®. The transition from the initial to
the final state is carried out by nPP, which goes through
various virtual states. Kach virtual state will resonate
with an intermediate state to maximize the nPP ampli-
tude. We denote the physical state that resonates with
the last virtual state before the release of v as the “top
state”. Transitions between virtual states are carried out
by combining the y-photons generated from laser-matter
interactions with one or two w-photon sources provided
continuously throughout the lasing process by intensive
lasers. If the energy gap FEg.p, between adjacent states
is reachable by the w-photon, the transition can be com-
pleted by the w-photon alone. Otherwise, v-photons need
to be employed. In the latter case, each ~; could carry
out up to an E2-transition®, while the w-photons carry
out M1-transition [21]. Note that although alternatives
have been suggested [29], our scheme requires a popu-
lation inversion, which can be achieved by nuclear re-

actions [100], separation of isotopes [101-105], or HPLS
assisted single- [106] or multi-photon absorption mech-
anism [21]. The preferred path (e.g., the nPP route

from initial state through (ma|, (ms], ..., toward the “top
state”) will depend on the detailed structure of the nu-
clei. In general, the top state is a state which can decay
easily to a state other than the initial state. The final
state is not necessarily the ground state. It is advanta-
geous to have a short-lived final state so that population
inversion can persist for a longer time against the initial
state’s spontaneous decay (or any depletion).

In summary, with the ingredient of an HPLS produced
~v—{flash, it is possible that the nPP effective cross-section
of transitions across multipolarities can already be en-
hanced up to ~ 107" cm? utilizing the most powerful
HPLS available presently [3]. This tremendous value of

4 In this sense, one could identify the initial state as the “lasing
state”.

5 In this work “up to” means the inclusion of all transitions which
have equal or larger probabilities than the specified multipolari-
ties. E.g., up to E2 means either an E1, M1 or E2 transitions.

Jf;fl; P is comparable to the single-photon absorption cross-

section of E1 type and enables stimulated emissions for
a wide variety of nuclear isomer states. Although the
opposite/competing mechanism exists, it is only signifi-
cant after the population is reversed between the initial
state and the final state. Most importantly, the nPP-
induced transitions are entirely decoupled from sponta-
neous emission, which is dominated by single-photon pro-
cesses, therein belies a strength of our ansatz. Thus, the
limitation imposed by Eq. (1) is levitated, and the initial
state can have a longer half-life ¢,/ to accumulate its
population without hindering its stimulated emission.

Two additional profound advantages can be realized
through the nPP-stimulated graser. First, the supplied
photons can be tuned to compensate for the recoil or any
shift of the absorption line, which makes non-Mo68bauer
graser possible. Second, the bandwidth of the supplied
photons provides a natural way to levitate the broadening
of the narrow line breadth issue, which will be discussed
in the next section.

B. Broadening of the narrow absorption line
breadth: problems and solutions

Another major issue of grasers, which becomes severe
when long-lived isomers are adopted as the initial state,
concerns the huge difference between the natural absorp-
tion width and the total width after broadening. Note
that even without the pumping versus spontaneous de-
cay dilemma, the I', /I" factor of Eq. (2) is still presented.
To achieve population inversion, it is preferable if one
could adopt isomers as the initial state. Meanwhile, this
also means the initial state is associated with a narrower
width Iy = In(2)h/t, /5. For example, a 10s half-life cor-
responds to a natural line width 3.7 x 10717 eV. Mean-
while, various broadening mechanisms disturb nuclei in
the target, and even in the most preferable cases of se-
lected M&8bauer isomers, the resulting widths are at best
of the same order and are almost always much larger than
the natural width I'y, [1]. For non-Mo68bauer nuclei, the
broadening is dominated by the “Doppler breadth”, i.e.,
I'=Ip~ %\/RlosskBQ, where Rjoss is the recoil energy
loss, kg is the Boltzmann constant, and # is the absolute
temperature. For Rjoss = 1€V and room temperature,
I'p ~ 0.3eV. Thus, for a t;/5 = 10s non-MdfBbauer iso-
mer, its absorption line is broadened by 106 times. Line
broadening can sometimes be seen as desirable, especially
if 'p > Rioss happens (mostly at high temperature),
which will, in principle, allow the stimulated ~-photon to
have a capacity covering the recoil-loss. However, as with
broadening the condition I'p > I',, generally weakens the
amplification process, there is, de-facto, no progress with
respect to a practical graser solution to be expected from
broadening effects in general [107]. For graser setups that
solely rely on a single-pulse amplified linearly, the above
means a one per 1016 chance that a stimulated- can find
a nucleus with the correct vibration velocity which is suit-



able for the next stimulation process. Thus, even with a
99% isomer purity, the broadening will completely negate
the possibility of grasing. Various mechanisms to narrow
I'p have been proposed several decades ago concerning
selected MoBbauer nuclei [108-116].

On the other hand, the supplied photons in the nPP
scheme alleviate this difficulty significantly. The w-
photons provided by intensive lasers come with a band-
width that is typically of order w, ~ 1073eV — 107 %eV
and could be easily enlarged at least up to 100 times
by shortening the duration of the pulse. Powerful large-
bandwidth lasers with ~ 0.1eV for both the central pho-
ton energy and bandwidth are also possible [117, ].
We will use the term “spectrum width” to describe this
maximum achievable coverage in energy. In practice, as
long as a spectrum width w, = I'p &= 0.1eV to 1eV is
available, most of the -photons resulting from the ampli-
fication process will have intense enough w-photons with
suitable energy to combine with (via nPP) so that the
stimulating process can carry on®. The trade-off in that
scheme is that the resulting -ray will have an energy-
spread ~ w,,.

C. Photon removal by Compton scattering and
pair production: problems and solutions

Now, we consider the photon removal effects and dis-
cuss to what degree we can reduce them in our nPP
scheme. Previous estimates [119] indicate only lasing
photons with energy < 1 MeV will be favorable. This
is mainly due to the photon removal effect by Compton
scattering and pair production for £, > 1.022MeV, in
combination with the limitation given by Eq. (2). As
shown above, the limitation in the cross-section can now
be removed through nPP. Here, we focus on the remain-
ing photon removal mechanism.

First, since the low-energy photon beam will be sup-
plied continuously (compared to the duration of the en-
tire lasing process) with an intensity P, > 10" Wem ™2
its loss due to various interactions with electrons, though
significant in magnitude, is still negligible compared to
its original intensity. 'The main concern is the en-
ergy /momentum shift of the stimulated y-photons caused
by Compton scattering with electrons in the material.
For E, > 1.022MeV, ~-photons will start to experi-
ence positron-electron pairs produced in the electric field,
which further reduces their chance of triggering another
stimulated emission.

Fig. 2 illustrates the total non-nuclear photon removal
cross-section o, as a function of energy. One can see that
the nonnuclear photon removal cross-section decreases
with E, but reaches a minimum and becomes constant

6 An even smaller w, ~ 1072I'p is acceptable provided that the
minimum concentration of initial state (to be discussed in the
following subsection) can be increased accordingly.
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Figure 2. Total non-nuclear photon removal cross section o,
of several substances in the 10keV to 10 MeV energy range
(converted from Fig. 5 of Ref. [119]; or Fig. 2 of Ref. [1]).

after £, 2 1 MeV because electrons and positions inter-
acting with the electric fields produced by the nucleus
persist after £, > 1.022MeV.

For grasing to happen, it requires [1, ]

N; Ugflf)P > (Ntot Oq + 1/L)7 (6)

where Nio is the number density of total atoms in the
target, and L is the length of the target in the direction
of the graser propagation. Therefore, the absolute min-
imum of the effective cross-section required corresponds
to 0P > 10725 ecm? for most of the nuclei, assuming
that 1/L can be made small compared to other terms in
Eq. (6) and one could populate N; &~ Niot.

On the other hand, assuming that the effective cross-
section of ~-photons can be enhanced to o’fF =~
10720 cm? for n < 4, it is likely that the required mini-
mum concentration of the initial state is Nj/Nyo, > 105,

Any shift in E., larger than the absorption width is
counted as photon removal effects in Fig. 2. In our
scheme, the criterion is less stringent, as the bandwidth
of the supplied optical or infrared photons replaces the
absorption width. However, this is of minimal help, as
the significant sources of photon removal above 1 MeV,
namely Compton scattering and pair production, cre-
ate shifts in wavelength at the order of the Compton
wavelength of the scattered particle (electron or nucleus),
which corresponds to an energy 2 0.1keV and cannot be
compensated by the w-photons supplied by typical lasers.
Nevertheless, it is worth mentioning that intense 1 ~ 5
keV photons can be generated from betatron radiation in
specific laser-matter interaction schemes. The recently
suggested intensity P ~ 10'® Wem™2 [90] is just two or-
ders of magnitude” away from starting significantly com-
pensating the above-mentioned photon removal effect.

7 This source needs to participate nPP together with other pho-
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Figure 3. Illustration (not to scale) of a possible target design.
The waist of the supplied laser is tunable and could cover the
entire entry area of ~ 0.05cm x 0.05cm.

Neither the pair production rate nor the charge of a
specific nucleus can be changed. Thus, without further
increasing the effective cross-section, the only option for
lowering the minimum concentration would be to choose
a lower-Z nucleus such as Na or H in Fig. 2. Adopting gas
targets will not change the concentration requirement but
will lower the total number of isomers required by ~ 1073
times due to the lower Nio, and therefore potentially
shorten the pumping time further®.

Typical ~-photons generated by an HPLS through
laser-plasma, interaction are confined within an initial
area ~ 10 um x 10 um, at production with an angular
divergence 6 < 30° for the majority of the beam. Unlike
the case of grasers, for isomer pumping, nPP is not re-
quired to cover all the |AJ| between the initial and the
isomer state, as there could be favorable decay paths from
the final state to the desired isomer state. Thus, 2PP
could be sufficient to cover |AJ| 2 4. It is then reason-
able to assume that pumping with a o2fF ~ 1072! cm?
can be done without destroying the target. In this sce-
nario, most isomers will be populated within a volume,
as illustrated in Fig. 3. Assuming a solid number den-
sity Niot ~ 1022em™ and N;/Niyy = 1075, the mini-
mum number of isomers required within this volume is
~ 10'3. In the pumping scheme, which utilizes y—flash
from laser-plasma interactions with an 10 PW HPLS and
with nga enhanced to /= 107! cm? via the assisted op-
tical photons [21], the yields of isomers per laser shot in
the target illustrated in Fig. 3 is mainly limited by the
number of v photons produced per eV interval. The cor-
responding value is ~ 10° based on the PIC simulations
based on the optimal setup currently available in the lit-
erature [36]. Thus, the minimum concentration is likely
to be reached with ~ 10* shots of an HPLS, which will
be in the reach of a few days of beamtime at a state-of-

tons, and need to be larger than ~-photons’ intensity P, ~
10'2 Wem™2 in order to not lower cfgp P further.

8 The recoil issue can in principle be solved by the supplied optical
photons and will be discussed later.

the-art 10 PW facility such as ELI-NP.

Populating a sufficient concentration of isomers,
though it can be time-consuming depending on the
HPLS’s repetition rate, does not suffer from any the-
oretical problem as long as the t;,5 of the chosen iso-

mer is greater than the total pumping time. On the
other hand, the strict requirement on o’f% to enable

grasing can lead to a situation that supplying optical
photons with P, > 10" Wem™2 becomes necessary,
which then destroys solid targets. Furthermore, inverse
bremsstrahlung (aka inverse Compton scattering) in the
corresponding plasma environment could potentially al-
ter the total photon removal cross-section. However, even
in this case, the target-fragmentation process or the me-
chanical shock-wave propagation is much slower than the
speed of light and the entire stimulated emission process.
Thus, a one-time-use graser with a nano-wired-like or
other special target designs might be favorable for the
first experimental realization.

We note that further enhancing the y—flash by a factor
of 10! ~ 103, either by optimizing the target design with
new laser-plasma interaction schemes or simply improv-
ing the HPLS setup itself’, is likely. If the enhancement
is reflected in the intensity of the y—flash, i.e., P, itself,
then o7FF is also enhanced accordingly (up to a threshold
value to be determined experimentally, where a further
increase in P, will play a significant role to the target
with unfavorable outcomes, like the optical photons af-
ter P, > 10'® Wem™?). Thus, each order of magnitude
in the form of such enhancement will shorten the total
pumping time by up to two orders of magnitude for the
same amount of yields, as both the effective cross-section
and the actual number of v photons are increased ten
times. At the same time, the required N;/Nioy is lowered
by one order of magnitude due to the increase of Ungf’ P
leading to a total reduction between 102 ~ 10? for the
graser pumping time.

D. Recoil: Problem and solution

One well-known problem in the realization of grasers
concerns recoil. Unlike typical lasers, where the photon
involves transitions between different atomic/molecular
states and is of eV-scale in energy, the energy of -
photons involves transitions between nuclear states and
is of the order of MeV-scale. Thus, the recoil is no longer
negligible, and the stimulated emitted photon could lose
up to ~ 10eV in energy, which is at least 3 — 4 orders
greater than the width of any state usable for lasing.
With this recoil energy loss, the emitted photon cannot
stimulate another emission. In this regard, grasers can

9 One can increase the yields of isomers per laser shot by n times by
supplying n additional w-photon beams (each differs by > 1eV
in energy) so that a wider energy domain in the v spectrum can
be used in the pumping process [21].



only occur in special cases where individual nuclei are
tightly bound in the lattice structure of solids, i.e., the
MoBbauer nuclei [121].

However, the nPP mechanism provides an extra ben-
efit such that the supplied photons can be used to com-
pensate for these recoil losses. Herein, we discuss two
of the simplest possibilities that could be used to over-
come the recoil problem for non-Mdéfibauer nuclei. In the
past, various recoil-compensation mechanisms have been
proposed [38—12, ]. As a general rule, since recoiling
costs energy, nPP must involve at least one anti-Stokes
process where the supplied photon(s) absorption is fol-
lowed by a stimulated emission of the y—photon. In the
following, we demonstrate that the recoil losses, even in
the most profound case by using gas targets, can be com-
pensated easily by the supplied photons. Denoting wj,,
the energy of the incoming photon, M4 the mass of the
nucleus, then by momentum- and energy-conservation,

win + MaVi = M4V, (7)
1 1
Win + 5MAvi2 = 5MAV2 + w, (8)

where V' (j) is the nucleus’s recoil (initial) velocity and
w is the energy gap between the top state and the final
state. Here, we have adopted natural unit A = ¢ = 1.
One can then obtain the energy loss per absorption or
emission'?, i.e.,

w2

ROSSE in — = i in‘/i. 9
1 Win — W 2MA+w 9)

For gases, Vi & \/3RT/Mpo1, with R = 8.31 Jk 'mol 1,
M1 the molar mass in kg/mol and T the temperature in
Kelvin. At room temperature Vi ~ O(1076). Note that
in our nPP scheme, the top virtual state of the nucleus
before releasing the desired y-ray can have a larger value
of V;, as it has absorbed the momentum from those (n—1)
photons. Thus, the absorption line will be shifted by
3eV to 6eV for a nucleus with A ~ 100 — 200 nucleus
with a y—photon energy wi, ~ 1MeV. The standard
spread of V; will also broaden the line, which is of order
3.3V Riosskf =~ 0.1eV as discussed before.

The most straightforward way to compensate for
the recoil energy loss is to supply two head-on photon
beams with opposite momentum w;, which then leaves
Eq. (7) unchanged but replaces w;, in Eq. (8) by
Win + 2wy. Thus, from Eq. (9), one can solve for wiy,
as a function of w and Vj, then the photon energy of
the supplied lasers needs to be tuned to wi = Rioss/2
to compensate for the recoil. This compensation can
be realized in the pumping process (a) of Fig. 4, where
the two opposite photons provide zero net momen-
tum but pump the nucleus to a virtual state slightly

10 The same equations apply to the case of photon-emission, i.e.,
just replaces w;y, by wout, where weyt is the energy of the emitted
photon.
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Figure 4. Illustration of two simplest recoil-compensating
schemes via nPP. The black curved lines represent the sup-
plied photons, and the incoming (stimulated) y—photon is
represented by the red (blue) curved lines. Solid (dashed)
lines represent physical (virtual) states.

above the top state so that the stimulated-emitted
~vy—photon can have an energy wi, which enables it to re-
combine with the supplied 2w; in the amplification cycle.

A second scheme is to compensate for the recoil by
one supplied photon, as illustrated in (b) of Fig. 4. As
the total momentum increases, the required w; will be
slightly larger than Rigss.

Note that the energy of the supplied beams does not
need to match the recoil loss exactly; a tuning until the
energy plus its spectrum width covers the required wiq
would be sufficient. A caveat is that the supplied op-
tical photons are absorbed in the anti-Stokes processes.
Thus, they needed to be supplied continuously, and their
number-intensity (= I,,) will serve as an upper limit of
the graser number-intensity (but not the graser intensity
which is the product of I, x E,).

The supplied photons generally resonate with the top
state via the M1 transition. Before pumping toward the
top state, the main contribution consists of wi-photons
in combination with v-photons at suitable energies that
resonate with each intermediate state. Then, at the last
pumping step before lasing occurs, the virtual state must
be 2w; (or w;y for the one-photon-compensate scheme)
above the top state. In the beginning, this will lead to a
slightly smaller nPP cross-section compared to the max-
imum Eq. (5) could have, but this choice will have o2F"
be amplified quickly as the intensity of the v flux grows
exponentially.

III. DESIGNING THE FIRST SINGLE PULSE
GRASER

In the above discussion, we only focus on the general
solutions to alleviate the graser dilemma. To overcome
technical limitations at present, specific choices of target
nuclei need to be made. As a general rule, both PIC sim-
ulations and experiments suggested that the y—flash gen-
erated by HPLS has more photons located at the lower
end of the energy spectrum, i.e., 1keV < E, < 1MeV.



This favors low-lying isomers or those with small pump-
ing/depletion gaps between intermediate states.

Once an isomer is chosen to be the initial state, the
remaining challenge concerns overcoming the large an-
gular momentum difference between the initial and final
states throughout the lasing process. They need to be
separated by at least E2 (in most cases 2 E3). nPP then
will involve at least one upward transition with an energy
gap Egap 2 1keV in general. To overcome this upward
gap, it then demands that intensive ~-photons with an
energy matching Fg,, be supplied, which creates a prac-
tical problem.

A. Converter-type grasers

Although there are a few cases of deformed nuclei
where the intermediate states are separated by Fgap S
1keV and E1 transition, the typical energy gap between
intermediate states is 2 10keV, which is too large to
resonate with optical photons. Note that while this is
not a problem in isomer pumping, as they can be filled
by photons in the spectrum of y—flash, the amplification
process requires those y-photons to be supplied with in-
creasing intensity throughout the lasing process. Thus,
the strength of the graser can only be as strong as the
integrated strength of the y—flash (accumulated within
an interval up to the spectrum width of the supplied
laser), which is currently up to P, =~ 102 Wem ™2 for
E, <5MeV. In practice, the amplification process pro-
ceeds at the speed of light plus the stimulating time-cost
for nPP'!'. Therefore, the y-flash duration should also
cover the total stimulated-emission time-cost—which in-
volves nPP and is < 1fs per event. Assuming each stim-
ulated event costs 0.5 fs, one could have ~ 50 events cov-
ered by the typical 25fs duration of y—flash, which re-
sults in the limitation of a total number of ~ 259 ~ 10'°
aligned and coherently released v-rays. Although this
number well exceeds the current upper limit of the -
photons can be generated in the y—flash (< 10° per eV
interval for E, < 5MeV), it might serve as a bottleneck
in the future.

In summary, the above type of grasers can be ap-
plied to a wide range of nuclei, with transitions de-
scribed in Fig. 1. However, this type of graser serves
as “y—converters”, which gather the incoming ~y-photons
within a specific energy interval (depending on the sup-
plied laser spectrum width) and convert them into a co-
herent output.

11 Since nPP involves multiple transitions between nuclear states
before stimulated emission, the time cost is not likely negligible.

B. Optical-photon-triggered grasers

Grasers do not rely on continuous support from
~v—flash demand specific energy-level arrangements in the
nucleus. As a general requirement, the initial state must
still be separated from its final state by at least E3 or
M2 transition (which allows it to have a t;/, ranging
from days to years) to allow sufficient pumping time.
Under this condition, one can select a nucleus where
the top state is within 1keV and E1 from the initial
state, while the final state is separated from the top
state within the E2 transition. Then one could supply
102 more intense optical beams which corresponds to
P, = 10> Wem ™2 to maintain an effective stimulated
emission cross-section > 10725 cm? for the y— photons,
so that grasing could occur. This possibility is illus-
trated as case (a) in Fig. 5. Another possibility (case
(b) in Fig. 5) is just to start with an isomer that is sep-
arated by E3 from the final state. Then, the E3 tran-
sition might be enhanced directly by injecting photons
with P, > 10** Wem ™2, In both cases, a high concen-
tration of isomer state (N;/Niox > 1 %) is required to
enable amplification against the photon removal effects.
Note that both settings, when realized in solid targets,
lead to a single-shot graser arrangement, as the strong
optical pulse will destroy the medium. These systems
are, in principle, possible in the immediate future by uti-
lizing a succession of replaceable nano-wire targets on a
shot-to-shot base.

C. Self-feeding grasers

Finally, a setting demands an extraordinary arrange-
ment of the nucleus’s level structure. The simplest case
of this “self-feeding” scheme consists of a 4-level system
as illustrated in Fig. 5 (c), where the final state sponta-
neously decays fast enough (normally through E1 but can
be accelerated by the supplied photons) to lower states
with one of the releasing photons (= 4*) matching the
energy gap 7 (within 1keV difference) and multipolarity
between the initial state and the top state. Then, except
for the first nPP, which is still stimulated by the y—flash,
the spontaneous emitted 4* can fill the upward gap in the
next nPP process. In this way, each stimulated nucleus
releases a v and a 4*, with 4" being re-absorbed and
being amplified. Throughout the periodic table, by re-
stricting isomers to #1/5 > 30d, radioactive *™*Lu would
be a prime candidate as it has the required level struc-
ture. However, in this case, both the ¥* and % are of
E3 transition, which makes it unfavorable. Possibilities
involving a combination of two or more nuclei with 4*’s
feeding each other, though difficult in target manufactur-
ing, cannot be ruled out.
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Figure 5. Illustration of optical-photon-triggered grasers: (a) and (b); and self-feeding grasers: (c).

D. Desired quality of the gain medium and the
supplied photons

Typical high-power lasers have 0.1eV < E, < 10eV
and bandwidth 1073 eV to 107! eV. Thus, even without
destroying the target, to have a oz = 1072° cm?, the
required intensity of the supplied photons would make
the majority of the solid targets non-transparent to the
supplied photons which can only penetrate a skin depth
within a few nm from the surface. In principle, with spe-
cial target designs, this does not prohibit any linear-type,
single-pulse graser. In practice, it requires the surface of
the target to be smooth (with a roughness within a few
nm) along the lasing direction.

As recoil losses up to ~ 5eV can be compensated by
the supplied photons, the gain medium of grasers is not
restricted to the solid type. Moreover, if it turns out
that supplying optical photons with P, > 10" Wem ™2
which destroys most of the solid targets anyway would
be necessary, there might be no practical advantage (in
the sense of just allowing grasing to occur) of favoring
solid targets instead of gas or liquid targets.

Alternatively, it could be advantageous to populate the
isomers in a gas form and have them bound onto the
surface of a solid target. Suppose isomers can be se-
lected/concentrated [28, 123—125] during this process. In
that case, the absolute number of isomers required can be
greatly reduced, as distributing them very densely on the
surface will be sufficient. The pumping time estimated
in Sec. II C can be greatly reduced from 10* shots down
to as low as a single shot for reaching the same minimum
concentration.

Regarding the energy of the supplied photons. As dis-
cussed in Sec. IT A, the key factor in retaining a oeg =~
10720 cm? is P/(AE)?, where AE is the greater of the
supplied photon energy or the natural width of the inter-
mediate state. As the natural width of the nuclear inter-
mediate state < 1072 eV to 10~* eV, it is of interest to in-

<1072 eV, i.e., within
the THz range. Using photons belonging to this energy
range as the main source of the supplied photons allows
a much better resonance between the virtual and inter-
mediate states. An intensity as low as P,, ~ 104 Wem ™2
would serve the same role as P, > 1020 Wem ™2 for opti-
cal photons in the aspect of enhancing the effective stim-
ulated emission cross-section. Recent advances in this re-
search direction are of very promising nature [126—128].
A potential additional benefit of a THz photon source is
that they might allow a higher threshold in intensity, i.e.,
P, > 108 Wem ™2 before damaging the targets.

vestigate photon sources with E,, <

IV. CONTROLLING THE MULTI-PHOTON
PROCESS

Note that the multi-photon process can trigger both
isomer pumping and stimulated emission depending on
the intensity of the photons and other conditions. The
main control is the intensity of the - and the w-photons,
which can be divided into three regimes.

In the low-intensity regime, all transitions are dom-
inated by 1PP, which corresponds to P, and P, <
10°Wem™ 2. Under this condition, conventional step-
wise pumping/de-excitation occurs. The creation or de-
pletion process toward the desired states is generally
slow.

In the medium-intensity regime, where 102 Wem ™2 <
P, < 102Wem™? and 10" Wem™ < P, <
10'8 Wem ™2, isomer pumping and depletion start to be
enhanced by nPP. Whether pumping or depletion would
occur (or be more significant) depends on the state’s pop-
ulation. It is also subjected to fine-tuning based on the
specific level structure coupled with the intensities and
energy distribution of the photons, provided that one has
detailed control of them.

In the strong regime, which serves as a necessary but



not a sufficient condition for grasing to occur, one re-
quires P, > 10" Wem ™2 and P, > 10** Wem 2. Tmpor-
tantly, additional conditions must be met. First, the min-
imum concentration described by Eq. (6) must be met.
Thus, it depends on specific choices of target and nuclei
together with P, and P,. In general, N;/Nyox > 107°
will be required. With high-lying states above the ini-
tial state with each jump within Fg., < 5MeV and
AJ™ < 2, the strong-regime will enable converter-type
grasers. For optical/infrared photons supplied more than
P, > 10" Wem ™2, and with either condition (a) or (b)
as described in Fig. 5, optical-photon-pumped grasers
can occur where the y—flash is only used as the first
trigger. Finally, the “self-feeding” type of graser is, in
principle, possible and requires the least supplies from
optical/infrared and y—sources. However, suitable com-
binations of elements have yet to be found.

For non-Mo6Bbauer nuclei, a suitable energy and align-
ment of the supplied photons are also required. Other-
wise, even with all of the favorable conditions, only iso-
mer creation and depletion will occur according to their
populations. Those stricter conditions can be advanta-
geous, as they offer extra controls to select the process
desired.

V. SUMMARY

We investigated the feasibility of grasing and the im-
plementation of graser systems through a novel approach
combining the y—flash generated by laser-matter inter-
actions and optical/infrared photons supplied by intense
laser sources. Our key idea, which is essentially gov-
erned by a simple combinatorial enhancement due to
ultra-intense beams, might open a completely new venue
to probe phenomena that were previously inaccessible in
nuclear, particle, and condensed matter physics. Such
an approach is justified now due to the emergence of
strong, high-power laser systems. The dense and con-
tinuous spectrum of the y-photons expected from laser-
plasma interaction of an HPLS in the PW region has the
potential to serve as the game-changer in this field, as
it enables multi-photon processes and can be facilitated
to overcome the graser dilemma as well as many other
known obscurities. Specifically, we showed that a multi-
photon process could solve problems regarding the small
stimulated cross-section, recoil, or any line shift, line
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broadening, and stimulated emission across large mul-
tipolarities.

At present, the first experimental realization of a graser
system will likely utilize isomers separated within an E4
transition from the final state. It will mostly be a single-
shot device, as the currently available y—flashes require
optical/infrared photons to be supplied with an inten-
sity > 108 Wem ™2, which causes target-destruction af-
terward. Any improvement or optimization in either
target-design or laser-matter interaction scheme is there-
fore highly desirable if it improves the intensity of the
~v—flash under 5 MeV and significantly reduces the bur-
den of the supplied photons.

Our investigations also suggest that developing inten-
sive far-infrared beams (E,, < 1072eV) and using them
as the main supplied photon source would be of interest.
This then enables virtual states to resonate better with
intermediate states and enhances the effective stimulated
emission cross-section drastically.

We emphasize that our proposed graser will be of
single-pulse nature only because of the lack of reflective
materials. Nevertheless, our scheme is very general and
can be applied to various nuclei.
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