
Abstract. We review the modern state of research in a new
scientific field that has emerged recently: nuclear photonics.
The name is primarily associated with the development of
new-generation gamma-ray sources based on traditional and
laser±plasma electron accelerators. The use of the Compton
backscattering method to ensure the required parameters of
gamma-ray beams provides a high energy and high intensity of
the beam, low angular divergence, and a high degree of polar-
ization. Beams of ions, neutrons, and other particles can also be
formed using modern high-power laser systems. Overall, the
sources produced allow solving a number of important funda-
mental and applied problems, including optical anisotropy ef-
fects in nuclei and studies of nonlinear quantum electrodynamic

effects in strong electromagnetic fields and of the excitation of
nuclear isomers. Among the important applied problems are the
generation of neutrons and positrons, laboratory astrophysics,
the development of nuclear nonproliferation inspection systems,
and nuclear medicine and biology.

Keywords: nuclear photonics, Compton scattering, gamma-
ray sources, nuclear spectroscopy

1. Introduction

The development of laser methods for producing relativistic
particles with energies above nuclear reaction thresholds has
given rise to a new research field, nuclear photonics. This term
does not yet have a clear-cut definition, because it combines a
range of various interdisciplinary fields.

No monographs or reviews on nuclear photonics are
available as yet, the reason being that this discipline has
formed only very recently. However, we can refer, for
example, to the proceedings of a conference on nuclear
photonics [1], whose program covered the following areas:
Compton gamma sources and related acceleration technolo-
gies, ultra-high-power lasers and related technologies, preci-
sion photonuclear spectroscopy, isotope separation, photo-
excitation of isomers, photofission and nuclear transmuta-
tions, ultrarelativistic laser interactions and quantum
electrodynamics effects, production and study of rare iso-
topes, photonuclear cosmology, gamma monochromators,
gamma optics and detectors, generation of positrons,
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neutrons, electrons, protons, and other particles, industrial
safety, and medical applications.

Photon beams obtained by various methods are used in so
many different areas that it is practically impossible to discuss
them in a single review. The term `nuclear photonics' appears
to have been first used in [2] in 2012. It was then used in 2014
at a conference on nuclear safety and nuclear nonprolifera-
tion in Japan [3]. Since 2016, ``Nuclear Photonics'' confer-
ences have become regular and are held every two years. This
research field has an extremely high potential for innovations.
One of the conference organizers [1, 3], Dr. Chris Barty from
the Livermore National Laboratory, USA, noted that, in
2016, investments in this area amounted to several billion US
dollars.

We begin this review by discussing the principal mechan-
isms of particle acceleration in laser plasmas. We describe
installations at which laser beams of high peak power are used
to produce beams of relativistic electrons, fast ions, positrons,
neutrons, and gamma quanta.

Section 3 is devoted to the study of nonlinear quantum
electrodynamics effects in the interaction of laser radiation
with electrons, including in Compton scattering.

In Section 4, we consider some general laws of photo-
absorption of nuclei depending on the photon energy. It
should be borne in mind here that research in nuclear
photonics can relate to diverse nuclear physics problems,
such as electromagnetic interactions of relativistic ions and
Coulomb dissociation. Extending this review to these subjects
would increase its size and raise a number of debatable
problems, because there is still no consent in the world
literature on the description of these physical processes. We
therefore limited ourselves to the discussion of photonuclear
reactions only. We specifically focus on problems that are
now being studied at a new level with the use of new-
generation gamma beams.

In Section 5, we describe some applied and interdisciplin-
ary fields related to the use of new-generation gamma sources,
including astrophysics, gamma tomography of large-capacity
containers, biology, and medicine.

In Section 6, we draw our conclusions on the prospects for
a new scientific field, nuclear photonics.

2. Laser±plasma particle accelerators

2.1 High-power femtosecond laser systems
For charged particles to be accelerated by a laser field to
subluminal velocities, a laser radiation intensity is needed that
exceeds the so-called relativistic one

IR � 1380

l2
�1�

(wavelength l is expressed in micrometers, and intensity, in
PW cmÿ2), which corresponds to an electromagnetic field
with the normalized vector potential a � eA=mc � 1 (where e
and m are the electron charge and mass). In what follows, we
use a0 to denote the amplitude of the vector potential a.

Increasing the laser radiation intensity requires using the
shortest possible laser pulses. For the development of
approaches that ensured the amplification of ultrashort
pulses to high energies and hence the production of ultra-
strong fields, G Mourou and D Strickland were awarded the
Nobel Prize in Physics in 2018 [4]. Presently, the duration of

25 fs has been achieved for pulses carrying significant
energy. 1 The relativistic regime of the interaction of laser
radiation with matter was recently realized for extremely
short, 7 to 8 fs, laser pulses with a peak power of about 1 TW
in the extremely tight focusing regime [5]; however, the
possibility of using installations of this type for nuclear
photonics studies has to be discussed separately. We also
note that focusing a light beam onto a spot with a diameter of
the order of the wavelength (to maximize the intensity) is
undesirable, because this significantly increases the diver-
gence and the width of the energy spectrum of particles.

An increase in the peak and average flux of accelerated
particles is associated with an increase in the energy and
repetition rate of laser pulses: the total number of particles
accelerated per pulse is proportional to the laser pulse energy,
and the pulse repetition rate determines the average current of
accelerated particles. For high-power femtosecond laser
systems, this frequency is steadily increasing due to progress
in laser technologies: the introduction of diode pumping, the
search for optimal configurations of amplifying stages,
cooling circuits, etc.

For nuclear photonics, both `desktop' femtosecond lasers,
which can be installed in conventional research laboratories,
and ultra-high-power laser complexes, often located inside
dedicated structures, are of major interest. The first type
of laser is characterized by a peak radiation power P up to
10 to 30 TW at the pulse repetition rate f � 10ÿ50 Hz (and
1±10 kHz in the near future [6]). Such lasers are currently
operating in hundreds of laboratories around the world, but
even such facilities are rather scarce in the Russian Federa-
tion. Only the installation at Lomonosov Moscow State
University is used for research on the subject of our interest
here, but its peak power is insufficient (1 TW, 10 Hz) [7]. A
number of experiments were carried out at the Central
Research Institute of Mechanical Engineering (TsNIIMash)
[8] and at the Russian Federal Nuclear Center, the Zababa-
khin National Research Institute of Technical Physics
(RFNC±VNIITF) [9] at facilities with a peak power of
10 TW; however, the operating mode of these lasers (single
pulses 1 ps in duration) does not define them as a promising
research facility.

There are a number of installations with an `intermediate'
peak power of 50±200 TW and a pulse repetition rate up to
10 Hz, which are produced by commercial companies on
demand or are created `in-house' by scientific groups. In the
Russian Federation, the only laser complex of this kind on
which work is carried out on the subject under discussion here
is the RFNC±VNIITF 100 TW laser [10].

The second type of laser is unique scientific installations
whose peak power currently reaches 10 PW at a repetition
rate up to 1 Hz. They are produced in the framework of
special research programs and collaborations. An overview of
the current state of affairs in this area and development
prospects is available in [6, 11]. In this review, the pan-
European project ELI (Extreme Light Infrastructure)
deserves special mention: it unites three newly created
scientific complexes located in the Czech Republic, Roma-
nia, and Hungary [12] and is aimed at ion acceleration,
biomedicine, and laboratory astrophysics (ELI Beamlines,

1 Recent paper [312] reports the use of postcompression for producing

pulses 11 fs in duration with a peak energy of 1.5 PW, which opens up new

prospects for the acceleration of charged particles and for studies in

nuclear photonics.
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Czech Republic [13]), laser-induced nuclear physics (ELI-NP,
Romania [14]), and the dynamics of ions, atoms, molecules,
and electrons in solids on femto- and attosecond scales
(ELI-Alps, Hungary [15]). The main research facilities of
ELI-NP are two 10 PW lasers (25 fs, 0.1 Hz) with an on-target
peak intensity over 1023 W cmÿ2, as well as a synchronized
Compton laser source based on a linear accelerator and a
nanosecond laser. A high-power high-frequency laser under
construction at ELI-Alps is regarded as a test ground for
advancing nuclear waste decontamination technologies.

The Russian Federation has the only PEARL laser
complex (0.5 PW, single-pulse mode), created and operated
by the Institute of Applied Physics (IAP, RussianAcademy of
Sciences, Nizhny Novgorod) [16]; in addition, the XCELS
project is in the development stage [17], whose implementa-
tion would provide the creation of a laser complex with a
record total peak power P � 200 PW.

The typical average power of petawatt laser systems
already in operation and under construction does not exceed
hundreds of watts. An increase in the average power can be
achieved in the framework of the ICAN concept [18], via
coherent parallel amplification of an initial femtosecond
pulse in a large number of active optical fibers to a subpeta-
watt peak power, with a mean power of tens of kilowatts.

2.2 Laser±plasma electron accelerators
The key idea of the possibility of accelerating electrons to
relativistic energies in a rarefied plasma by an intense laser
pulse was first discussed in [19] and is called LWFA (laser
wake field acceleration); modern setups of such acceleration
in the plasma bubble regime are underlain by computational
work [20] and experiments performed a little later [21±23].
The processes occurring during laser acceleration of electrons
are described in detail in reviews [24±27].

When an ultrashort relativistic laser pulse propagates in
plasma, the ponderomotive force Fp / HE 2 pushes electrons
in the radial direction, thereby forming a plasma cavity (or a
channel, Fig. 1) at the trailing edge of the pulse. The
longitudinal electric field

Ek � mcop

e

a 2
0 =2������������������

1� a 2
0 =2

q �2�

appears inside the cavity (where op is the plasma fre-
quency). Typical spatial field strength distributions for the
longitudinal and transverse quasistationary electric fields
are shown in Fig. 2. The longitudinal field accelerates
electrons and the transverse field focuses them onto the
axis. The longitudinal field strength is 10 GV cmÿ1 for
a0 � 1, which significantly exceeds the typical values
attainable in traditional particle accelerators (up to
50 MV mÿ1). Various approaches have been implemented
for the injection of accelerated electrons [25]: injection upon
wake wave breaking, ionization injection, injection using an
auxiliary laser pulse, injection of an external electron bunch,
and so on.

The maximum energy that can be imparted to an electron
during acceleration in the LWFA regime is determined by,
besides the actual magnitude of the accelerating field (2), the
length on which this acceleration occurs. The following key
factors limiting that length can be distinguished: energy
depletion and a change in the shape of the laser pulse, laser
beam divergence, and dephasing of the accelerated electron
pulse with respect to the laser pulse [24, 25]. The maximum

energy [28]

Wmax � 0:26

�
P

l4n 2
e

�1=3

�3�

is � 1 GeV at a0 � 2, ne � 1, and l � 0:8 (in (3), energy is
expressed inGeV, l inmicrometers, and peak powerP in TW,
and concentration of electrons ne is normalized to 1018 cmÿ3).

The characteristics of an accelerated electron beam
substantially depend on the relation between the laser pulse
duration and the initial electron concentration [24, 25]. For a
number of problems in nuclear photonics, electron beams
with a quasiexponential spectrum and large divergence
obtained in the LWFA regime [24] are of significant interest
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Figure 1. Plasma wave excited by a laser pulse with a0 � 5, propagating

from left to right in a plasma with initial concentration n0 �
7� 1018 cmÿ3 [26].
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Figure 2. Spatial distributions (a) of a longitudinal electric field on axis

Ez�x � 0� and transverse electric field Ex with kpz � 13, and (b) of a

quasistatic electric field corresponding to Fig. 1 [26].
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due to the large charge of the electron bunch and the relative
simplicity of experimental implementation.

Under certain conditions, a laser pulse propagation
regime is possible, such that a single cavity with a nearly
spherical shape, the so-called plasma bubble (or blowout
regime, Fig. 3), forms at the trailing edge of the pulse. It is in
this regime that electron bunches with a small energy spread
and low emittance are formed. In pioneering studies [21±23],
electron bunches with a charge up to 0.5 nC, an average
energy of about 80±90 MeV at the energy spread of several
MeV, and a normalized beam emittance of � 3 mm mrad
were obtained in the irradiation of dense helium jets with laser
pulses. Importantly, such a beam was obtained with an
acceleration length of only a few millimeters.

An increase in the acceleration length (and the electron
energy) is achieved by a simultaneous decrease in the electron
concentration and an increase in the laser pulse energy while
preserving its intensity. In [29±31], electron bunches with an
average energy of 3±4 GeV were obtained using installations
with a subpetawatt peak laser power. The maximum accel-
eration up to 7.8 GeV was achieved using a laser system with
the peak power of 0.85 PW [32] with the laser beam channeled
into a capillary discharge 20 cm in length. Bunches were
obtained with a charge up to 50 pC and angular divergence of
0.2 mrad at an electron beam diameter of less than
100 microns.

We note that a decrease in the duration of laser pulses
allows proportionally decreasing the required pulse energy
(see (3)) and significantly increasing the optimal electron
concentration. In [33], laser pulses with a duration of 3±4 fs

and energy of only 2±3 mJ at a repetition rate of 1 kHz were
used to obtain electrons with energies of 6±9MeV in the form
of a beam with a divergence of 35 mrad and bunch charge of
0.5 pC in a superdense nitrogen jet (� 0:1nc, where nc is the
critical concentration).

In the Russian Federation, experimental studies on the
wake acceleration of electrons are carried out only at the IAP
at the PEARL subpetawatt facility. In the experiment in [34],
beams of electrons with energies up to 300 MeV were
obtained. In [35], it was reported that electrons with energies
up to 1 GeV were obtained at the same facility.

The conditions (pertaining to a0, ne, etc.) for the
formation of the initial electron bunch differ significantly
from the optimum conditions of beam acceleration to high
energies. In addition, the depletion of the laser pump pulse
energy becomes a significant problem. For example, the
initial proposal to accelerate an electron bunch to 1 TeV was
to use a laser accelerator 29 m in length with a laser pulse
energy of 1600 J and a duration of 0.7 ps [36]. The idea of a
multistage accelerator seems to be more efficient, allowing
independent laser pumping to be used at each stage, with the
parameters of the plasma and laser pulse optimized for each
of the stages [37±39].

The first calculations of a 0.5-TeV linear laser accel-
erator were published in [37]. It was shown there that the
total length of such an optimized accelerator, with the
necessary spacing between the accelerators proper taken
into account, would be 200 m, with the number of stages
equal to 100. A series of experiments on two-stage accelera-
tion performed so far [39] shows that this technology is at
the early stage of its development: the electron energies are
significantly lower than the record values obtained with
one-stage acceleration. The current European project
EuPRAXIA [40] is expected to use multistage laser±plasma
acceleration to produce a high-quality electron beam with
an electron energy of 5.5 GeV at a 5% energy spread [41].
Modern laser technologies also invite discussions of the
acceleration of electrons to energies of hundreds of TeV
[42], with the accelerator length being equal to several
kilometers and a laser pumping energy of several MJ.

An approach is also under discussion where, after the
depletion of laser pumping and/or the dephasing of the
electron and laser pulses, the accelerated electron bunch
itself forms a wake wave [43±46], which means that a
transition to the PWFA (plasma wake field acceleration)
regime occurs. A new electron bunch is then injected into the
newly formed accelerating structure, which allows accelerat-
ing the beam to energies several times higher than the energy
of the initial electron bunch. Another novel scheme, which
received the abbreviation TWEAC (traveling wave electron
accelerator), was proposed in [47]. There, an accelerating
plasma structure is formed by two crossed focused beams
with oblique phase fronts. This ensures the motion of the
accelerating structure at nearly the speed of light and
eliminates the electron beam dephasing problem. Calcula-
tions show that the TWEAC scheme can provide acceleration
to energies of several TeV in a single-stage version. No
experimental tests of the scheme have so far been reported.

Another approach to overcoming the limitation due to the
dephasing of electrons was discussed in [48]. The proposal
there was to use special aberrations introduced into the beam
without changing the duration of the ultrashort pulse in order
to create a configuration of an electromagnetic field with the
intensity maximum, located on the beam axis (and creating a
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Figure 3. Spatial distributions of the longitudinal, Ez (a), and transverse,

Ex (b), fields in a plasma wave in the plasma bubble mode at a0 � 0:5 [26].
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plasma wave), that moves with any predetermined phase
velocity over any distance through the plasma. Calculations
have shown that very high energies of the electron beam can
be achieved: electrons with an energy of several TeV can be
obtained at a distance of 4.5 m.We note that this scheme also
eliminates the need for waveguide structures to guide the laser
beam. The principal fundamental limitation of the proposed
scheme appears to lie in the complexity of manufacturing the
nontrivial optical elements necessary for its implementation,
especially at high peak laser radiation powers.

The generation of relativistic electrons and powerful
fluxes of gamma quanta is also possible when solid targets
are irradiated with a laser pulse. This process occurs in two
stages: the acceleration of electrons to energies of several to
hundreds of MeV in dense subcritical plasma and the
generation of gamma quanta in the bulk of the target in
inelastic scattering by ions and atoms. Various electron
acceleration mechanisms have been identified in this interac-
tion mode: jxB heating [49], direct acceleration in a plasma
channel (DLA, direct laser acceleration) [50], stochastic
heating [51, 52], parametric instabilities in the region of a
quarter of the critical concentration nc [53, 54], and some
others. The role of a specific mechanism depends on a
combination of factors: the spatial profile of the subcritical
plasma created by prepulses of different natures, and
especially its gradient in the region of 0:2ÿ0:5nc, and the
intensity and duration of the laser pulse. These issues are
partly covered in more detail in books [55, 56] and in
numerous research papers.

Each of the acceleration mechanisms has its own essential
features and results in the characteristics of the electron
energy and angle distributions with different dependences
on the laser pulse parameters. A typical energy spectrum of
electrons is a biexponential distribution with the `tempera-
ture' of the less energetic component given by [57]

Th � mc 2a
2=3
0 ; �4�

where by temperature we mean the parameter of the
exponential approximation of the electron spectrum
dNe=dEe � K exp �ÿEe=Th��. The second component can
have a much higher temperature, which strongly depends on
the specific conditions of the experiment. Nevertheless, just
that part of electrons typically have energies that significantly
exceed the rest energy, and are responsible for the generation
of gamma radiation.

Based on the energy and momentum conservation laws,
an estimate common to all interaction modes was obtained in
[58] in the form

Th � 0:7mc 2a0
�����
Ze
p

; �5�

where

Ze � 5� 10ÿ2a 3=2
0 �6�

is the proportion of energy transferred to plasma electrons
[59], which reaches 50% at a0 � 5.

The angular spectrum of electrons here has the diver-
gence measured by fractions of a radian. In some cases, for
petawatt [60] and terawatt [61] laser pulses, with a special
preparation of the preplasma, electron beams with a
divergence one or two orders of magnitude lower can be
obtained.

Because the energies of electrons are relatively small (from
several to several tenMeV), gamma quanta are emitted into a
fairly wide solid angle. But because the efficiency Ze is large
and significantly exceeds the corresponding quantity for
LWFA, the total radiation dose provided by the resulting
source turns out to be high (several mrad per joule of laser
energy input [62]).

2.3 Laser acceleration of protons
and multiply charged ions
The interaction of superintense laser radiation with dense
targets also leads to the acceleration of protons as well as
heavier multiply charged ions. A number of previously
published reviews [63±67] are devoted to a detailed discus-
sion of these processes.

At moderate intensities, laser radiation interacts with
electrons, while ions can be considered immobile during the
action of a laser pulse due to their much greater mass. As the
`threshold' intensity I

�i�
th above which this is no longer the case,

we take the intensity at which the energy of oscillations of a
relativistic electron in an external electromagnetic field is of
the order of the rest energy of an ion with a mass mi:

I
�i�
th l

2 � IRl
2 mi

m
: �7�

For the proton, this intensity is 1:6 � 1021 W cmÿ2

(l � 0:8 mm). We note that intensities one or two orders of
magnitude higher are already expected to be attained in the
near future (see Section 2.1).

Obtaining a directed beam of protons with energies above
several MeV in relativistic laser±plasma interaction is
associated with the use of thin (from several to several ten
micrometers) films as a target and with the TNSA (target
normal sheath acceleration) mechanism [68]. In this regime,
the flow of electrons accelerated forward on the front surface
of a thin foil reaches its rear surface and, escaping further into
the vacuum, forms a charge separation field (the so-called
ambipolar field) (Fig. 4). Atoms are then ionized near the rear
surface (by both the electron beam and the ambipolar field)
and are subsequently accelerated by the ambipolar field to
significant energies. This is especially true of protons, which
have the highest charge-to-mass ratio at a low mass. The
theory of this effect and numerical simulations are presented
in a number of original studies and the already mentioned
reviews [63, 64]. We also note study [69], where a simple
analytic model is presented and the dependences of the
maximum attainable proton energies on the laser radiation
intensity and laser pulse duration are obtained.

The energy spectrum of protons in the case of TNSA is
also quasiexponential, with the slope

Th � Zmc 2
� ��������������

1� a 2
0

q
ÿ 1

�
�8�

(where Z is the ion charge) and the maximum energy

Ei;max � 2Th

�
ln

�
tp �

�������������
t 2p � 1

q ��2

; �9�

which corresponds to several ponderomotive potentials
(tp � 0:5opit, where opi is the ion plasma frequency).

The TNSA scheme ensures the formation of a proton
beam with energies up to tens of MeV at intensities up to
1020 W cmÿ2: in the first studies [70±72], the proton energies
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reached 58MeV, and later exceeded 85MeV [73]. The number
of particles obtained by acceleration by one laser pulse is in
the range of 1010ÿ1011. It is also worth noting paper [74],
where the proton beam coming from a laser plasma was
controlled using a plasma lens, also produced by a laser pulse.
This opens up interesting prospects for the dynamical control
of proton beams accelerated in laser plasma.

In the interaction regime under discussion, ions with a
large mass and charge can also be accelerated. In [75], the
action of picosecond laser pulses with a peak power of 50 TW
(intensity up to 1019 W cmÿ2 on a lead target) allowed
obtaining both protons with an energy up to 10 MeV and
lead ions with the chargeZ � 48� and energy up to 5MeVper
nucleon. For a more efficient acceleration of heavy multiply
charged ions, the surface has to be cleaned from the layer
containing hydrogen, i.e., from water and oil films [76±78].

Obtaining proton beams with a narrow energy spectrum
and better collimation requires using targets in which
hydrogen atoms are present only in a small region on the
reverse side of the target foil [79, 80]. The energy and the
number of protons obtained in this way are small. The design
of the target composition also allows obtaining quasimono-
energetic beams of carbon ions [79] and even gold [81].

At a laser radiation intensity exceeding 1020 W cmÿ2, a
number of new ion acceleration regimes can be realized (see
review [63]): radiation pressure acceleration [82], acceleration
in a collisionless shock wave [83], and break-out afterburner
(BOA) acceleration [84]. The published experimental results
are few. In [85], fully ionized carbon ions with energies up to
83 MeV per nucleon (in the BOA mode) were obtained
using a laser with a peak radiation power of 250 TW and
duration of 500 fs. Laser radiation with approximately the
same peak power but with the pulse duration of 35 fs,
focused so as to attain an intensity of 1021 W cmÿ2, was
used to accelerate iron ions Fe24� to energies of 10 MeV per
nucleon [86] in the RPA regime. With a further increase in
intensity to 3� 1021 W cmÿ2 (at the peak power of 1 PW and
duration of 32 fs), beams of fully ionized gold ions were
detected in [87] with energies up to 25 MeV per nucleon with
the total number of ions being 2� 1011 sradÿ1.

Among the numerous computational studies, we note
recent publication [88], where the interaction of a 2 PW laser
pulse with a near-critical plasma of hydrogen and carbon was
simulated, with the results demonstrating directed beams of
protons with energies up to 350 MeV. Another approach,

based on the acceleration of ions by light pressure at
intensities above 1022 W cmÿ2, was discussed in [89±91], and
conditions for laser acceleration of protons to 1±10 GeV were
found. In particular, these approaches will be implemented in
the near future in the framework of the ELI project [92].

2.4 Generation of neutrons
One of the key applications of laser-accelerated ions is the
generation of directed fluxes of neutrons with energies of
several, or several ten, or hundreds of MeV [8, 93±96].
Currently, the flux of obtained neutrons reaches 106ÿ108
per joule of the input energy, i.e., from 106 per pulse for
terawatt systems with high laser pulse repetition rates tomore
than 1010 for petawatt systems with low repetition rates. In
[97], a flux of 6� 1017 neutrons cmÿ2 per second with an
energy of about 100 MeV was achieved with a pulse duration
of less than 100 ps. The neutron beam had a rather poor
directivity: the number of neutrons along the axis of the laser
beam exceeded the number of neutrons at large angles to the
axis by about a factor of two. Deuterons coming from a thin
film were accelerated by 200 TW laser radiation of the
TRIDENT laser system (with the on-target intensity up to
1021 W cmÿ2 and pulse duration of 600 fs), and the neutrons
were obtained in the subsequent 9Be�d; n� reaction on a
secondary target (the so-called pitcher±catcher scheme). In
[98], the special preparation of the target, made of a thin gold
foil with a layer of deuterated polyethylene, allowed obtain-
ing a much better collimated neutron beam (with the neutron
flux on the axis exceeding the flux at large angles by about a
factor of 10), but their flux was an order of magnitude lower.

Most applications require fluxes exceeding 1012±1015 neu-
trons per second, which can be realized using kilohertz laser
systems (e.g., in the ICAN project) or petawatt laser systems
at a repetition rate of tens of hertz (ELI-NP and others). An
important feature of neutron pulses obtained using laser-
accelerated ions is their short duration. Of considerable
interest are therefore those applications in which the decisive
role is played not by the average flux of neutrons per second
but by the peak value of this flux. With 1010 neutrons per
pulse and a neutron pulse duration of 100 ps (determined
primarily by the width of the energy spectrum of protons and
the distance to the secondary target), the instantaneous
neutron flux in the experiment in [97] was 1020 per pulse.
The number of simultaneously generated neutrons can be
increased significantly by so-called spallation: irradiation of a
target made of a heavy metal (mercury, tantalum, etc.) with
high-energy (hundreds ofMeV) protons [4]. Each proton then
generates 20 to 30 neutrons, which is why a significant
increase in the neutron flux can be achieved. According to
modern estimates [99], when protons are accelerated by laser
pulses with the intensity of 1022 W cmÿ2 or higher (ELI-NP
and similar installations), sufficiently intense fluxes of
protons with energies of hundreds of MeV and hence peak
neutron fluxes up to 1024 n sÿ1 cmÿ2 can be obtained.We also
note the practically important study [100], where calculations
demonstrated the possibility of decelerating a neutron beam
and forming a beam of epithermal neutrons (with the energy
of about 0.5 eV).

2.5 Generation of positrons
Positron beamswith a relatively low energy, less than 10MeV,
are of significant interest for problems in nuclear photonics.
Recently, we have witnessed rapid progress in the generation
of such positron beams with high-power laser pulses [2, 101].
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Figure 4. Ion acceleration scheme in the TNSA mechanism.
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A scheme with direct irradiation of dense heavy targets
[102±104] currently provides a large number (up to 1012) of
positrons per laser pulse at the laser pulse energy in the range
of 100 to 900 J. The best results have been obtained with the
use of relatively long, subpicosecond, laser pulses. We also
note that, in this case, the divergence of the positron beam is
quite large, although it turns out to be less than when linear
electron accelerators are used.

A much lower divergence of the positron beam can be
obtained using a scheme with separate stages of the laser±
plasma acceleration of electrons and the generation of
positrons. Placing the target converter very close to the
electron acceleration region ensures a small size of the
electron beam and allows the positron beam to be colli-
mated. In [105], a neutral electron±positron plasma with a
total of 3� 107 particles of each type and beam divergence of
5±20 mrad was obtained by using an electron beam
accelerated by a powerful laser, with the maximal energy of
600 MeV and angular divergence of 2 mrad (FWHM) with
the target converter thickness of the order of 2.5 cm. Similar
results were obtained in Ref. [106] at a much lower electron
energy of 50 MeV, but a much greater bunch charge,� 1 nC.

We note that the results obtained to date using both
conventional accelerators and high-power lasers on the
generation of positrons with energies less than 10 MeV,
especially near their generation threshold (2mec

2), are far
from complete and differ greatly among themselves. There-
fore, new experimental and numerical studies are needed to
create positron sources with optimal parameters.

Positrons of much lower energies are of considerable
interest in applications. An important problem is the genera-
tion of electron±positron pairs near the threshold of this
reaction, when the energy of electrons and gamma quanta is
not much higher than 2mec

2. To obtain such electrons, it seems
reasonable to use small-size electron accelerators with energies
up to 10 MeV and terawatt lasers. Simulations of positron
generation and analyses of the available literature data for
electron energies below10MeV show that a positron source can
be created both on the basis of a LUE-8-type linear accelerator
at the Institute for Nuclear Research (INR), Russian Academy
of Sciences, and on the basis of the femtosecond laser facility at
Moscow State University [107]. With the use of the accelerator,
the flux of low-energy positrons (up to several MeV) can reach
1010 e� sÿ1, and with the laser, from 104 to 106 e� sÿ1.

3. Compton backscattering method

The rapid development of nuclear photonics as a separate
research field is closely related to the development and use of
high-luminosity gamma-ray sources based on the Compton
backscattering effect. Compton backscattering is the process
of scattering photons by a beam of fast electrons with the aim
to convert the energy of a scattered photon into the X-ray and
gamma ranges. A fairly complete historical background and a
description of the current state of the art in the use of gamma
radiation sources based on the linear Compton effect are
available in [108±113]. In this review, after mentioning
experiments done with laser±plasma accelerators, we there-
fore focus on the nonlinear Compton effect, which theoreti-
cally allows increasing the photon yield by several orders of
magnitude while maintaining the main useful properties of
the source: the high energy of gamma quanta, the narrow
emission line, a high degree of polarization, and small angular
divergence and duration.

We note the strong influence of the development of laser
technology on Compton sources, with high-power laser
systems being used for two major purposes. The first is the
creation of extremely compact gamma-radiation sources
based on laser±plasma accelerators, and the second is a
significant increase in the yield of gamma photons within
the standard approach to particle acceleration.

3.1 Compton scattering using laser±plasma accelerators
In [108, 110±112], examples are given of modern installations
based on traditional accelerators (summarized in a table in
[113]). For completeness, we mention the ELI-NP project
under construction in Romania [114], with the projected
source of gamma quanta in the energy range of 0.5 to
19.6 MeV, the after-collimation intensity of the order of
8� 108 photons per second, the relative line width less than
0.5%, and the repetition rate of 100 Hz.

In this section, we discuss the use of laser±plasma
accelerators for Compton sources of gamma rays. We note
that the quality of electron beams from a laser±plasma
accelerator is constantly improving [26], and experiments on
the use of beams as secondary emitters for obtaining sources
of ultraviolet, X-ray, and gamma radiation are being actively
discussed and performed [115].

The first experiments on the use of electrons accelerated in
a laser±plasma accelerator for Compton scattering were
reported in 2006 [116]. The electrons had a thermal spectrum
with a temperature of about 6 MeV, and hence the scattered
photons also had a wide spectrum extending to the range of
soft X-ray radiation. An interesting experiment was pub-
lished in 2012 [117], demonstrating a wide spectrum of
photons that already reached the range of hard X-ray
radiation (up to energies of the order of 200 keV). The
researchers proposed an interesting and original way to
conduct the experiment. A short powerful laser pulse
propagating in a gas target accelerated electrons to energies
of the order of 100 MeV. A solid-state target placed in the
path of propagation of the laser beamwas then ionized by the
beam itself and served as a plasma mirror reflecting the laser
pulse. The laser radiation was then scattered by electrons
accelerated in the plasma by the laser pulse itself. In 2016,
experiments based on the same principle (wakefield accelera-
tion and a plasma mirror in the path of a laser pulse) were
reported: on a 30-TW laser facility at the University of
Austin, Texas (USA) [118] and on a 100-TW laser facility at
the Shanghai Institute of Optics and Fine Mechanics (SIOM,
China) [119]. In the first of these experimental studies, the
production of a quasimonoenergetic (full spectral width at
half maximum � 50%) beam of scattered photons with a
peak photon energy up to� 200 keV was demonstrated, and
in the second, the spectrum width was � 30% and the peak
energy extended to 1.4 MeV, i.e., already reached the gamma
range.

A series of studies on linear Compton scattering by laser-
accelerated electrons was carried out at the University of
Lincoln in Nebraska (USA) at a 100-TW Diocles laser
facility [120±122]. In [120], the possibility of generating
gamma radiation by scattering a laser pulse by electrons
accelerated in a wake wave was experimentally demonstrated
for the first time: the scattered photon energy reached 4MeV,
although the spectrum was wide. In one shot, a total of
about 2� 107 photons was obtained in the entire wide
spectrum. The dimensionless amplitude of the scattered
pulse was a0 � 0:4, which means, strictly speaking, that the
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scattering was weakly nonlinear. In subsequent experiments,
the same research team succeeded in demonstrating a
quasimonoenergetic beam of gamma quanta (spectral width
at half maximum � 50%) with energies up to 1 MeV [121]. A
total of about 1:7� 106 photons was obtained in one shot,
and the scattered laser pulse amplitude was a0 � 0:3. In
[122], the second harmonic of a part of the laser pulse from
the Diocles system was used for scattering, which allowed
obtaining a photon spectrum with the central energy of
about 9 MeV, extending to 15 MeV. The total number of
photons generated in one shot was estimated as 3� 105.

The above experiments show that the gamma-ray sources
do not yet match the characteristics of modern sources based
on standard accelerators, be it in peak energy, spectrum
width, or number of scattered photons. In the overwhelming
majority of studies, the experimentalists did not attempt to
achieve a gamma-ray linewidth less than 30±50%, which
would be necessary for such sources to be used in nuclear
photonics. Nevertheless, we note the project on the construc-
tion of a narrow-band (with a line width less than 2%) gamma
source based on a laser±plasma accelerator at the Lawrence
Berkeley National Laboratory (USA) [123, 124]. Given the
current laser pulse repetition rate of 10 Hz, this projected
facility can theoretically be compared in terms of the number
of generated gamma photons per second onto a thin radiation
line with the well-known HIGS (High Intensity Gamma
Source) facility [109], and can even significantly exceed it
with further development of the technology of increasing
the repetition rate of high-power short laser pulses up to
1 kHz (k-BELLA [125, 126]).

We note the main advantages of using laser-plasma
accelerators in constructing sources based on the Compton
effect. First, they are compact and cheap, which means they
are available to a wide range of researchers. Second, because
the duration of electron bunches accelerated in a plasma
accelerator is in the femtosecond range, both X-ray and
gamma radiation obtained due to Compton scattering also
have a short duration in the range of several femtoseconds.
Compared to the picosecond duration of radiation at HIGS-
type facilities, this adds to the attractiveness of plasma
accelerator sources in studies of fast processes.

3.2 Nonlinear Compton scattering
Nonlinearity manifests itself in Compton scattering most
strongly at the dimensionless scattered laser pulse amplitudes
a001, although itmust already be taken into account at lower
amplitudes when constructing narrow-band gamma sources
[127]. From the standpoint of classical physics, if in the case of
linear Compton (Thomson) scattering we completely ignore
the influence of the laser pulse itself on the longitudinal
component of the electron pulse (i.e., ignore the magnetic
component of the Lorentz force or, equivalently, the light
pressure), then, in the nonlinear case, light pressure must be
taken into account, which leads to effects such as the
generation of high-order harmonics and the shift of the
main scattering line and its harmonics depending on a0
[128]. From the classical standpoint, nonlinear Compton
(Thomson) scattering is similar to wiggler radiation: the
calculation methods and the quantitative results are largely
similar [129, 130]. From the standpoint of quantum electro-
dynamics, nonlinear one-photon Compton scattering [131] is
a first-order process in the perturbation theory, but the wave
function of the electron is `dressed' by a strong electromag-
netic field and is therefore a solution of the Dirac equation in

a plane electromagnetic classical wave. This approach is
widely used in quantum electrodynamics problems in strong
fields [132, 133].

Nonlinear one-photonCompton scattering is a fairly well-
studied process from the classical and quantum standpoints,
both in electromagnetic waves with a rectangular envelope
(including those with infinite duration) and in bounded laser
beams with smooth envelopes [128, 131, 133±149]. In this
review, we restrict ourselves to those cases where the
dimensionless amplitude of the scattered laser pulse is not
too large, of the order of unity. Writing the energy±
momentum conservation law in the nonlinear case [131] for
the `head-on' collision of an electron with a plane wave, we
can express the energy of a photon scattered on the nth
harmonic as

�hog; n � 4g 2n�ho0

1� a 2
0 =2� g 2y 2 � nw

; �10�

where w � 4g�ho0=�mc 2�, g is the relativistic Lorentz factor of
the electron, �h is Planck's constant, o0 is the frequency of the
incident photon, and y is the angle between the initial
direction of motion of the electron and the direction of
motion of the scattered photon. Here, n can be understood
as the number of photons absorbed by the electron, which
then re-emits only one photon. This expression is written for
the linear polarization of the scattered pulse. In deriving (10),
it was assumed that the scattered pulse is long (or infinite) and
its amplitude a0 is constant. In this case, we can also write the
expression for the number of photons emitted by one electron
into the relative linewidth equal to the spectral width of the
scattered circularly polarized laser pulse (the `natural' one,
i.e., equal to 1=Nu, where Nu is the number of periods of the
laser field):

Ng; natural � pa
a 2
0

1� a 2
0

; �11�

where a � 1=137 is the fine structure constant. The following
conclusions can be drawn. First, the electron cannot emit
more than pa � 0:023 photons into a `natural' line, because a
further increase in a0 leads to a redistribution of scattered
photons over harmonics of the main line. For a0 4 1, the
spectrum of nonlinear one-photon Compton scattering
becomes a synchrotron one, i.e., wide and unsuitable for
narrow-band gamma-ray sources. Second, as a0 increases, the
number of photons scattered onto a natural line increases
(quadratically for a0 5 1) and saturates at the dimensionless
electromagnetic wave amplitude a0 � 2. This means that, to
create higher-luminosity sources of narrow-band gamma
radiation, it is reasonable to increase the dimensionless
quantity a0 to values of the order of unity or two. Unfortu-
nately, the presented formulas are valid for laser pulses with a
rectangular envelope; the creation of such pulses with a large
amplitude a0 is extremely difficult and has not yet been
demonstrated. For laser pulses with a smooth (for example,
Gaussian) envelope, the situation changes dramatically, as we
show in what follows.

We mention the experimental work on nonlinear Comp-
ton scattering that was carried out in standard accelerators. In
1983 [150], the generation of the second harmonic in non-
linear Compton scattering was demonstrated for the first
time, and a laser pulse with the small amplitude a0 � 0:01 was
scattered by an electron beam with an energy of about 1 keV.
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Subsequently, the generation of the second harmonic in
Compton scattering was also observed at higher amplitudes
of the scattered laser pulse in [151] (a0 � 0:35), [152]
(a0 � 0:7), and [153] (a0 � 1) when the pulse of a CO2 laser
was scattered on an electron beam with an energy of about
60 MeV. In [154], nonlinear effects were demonstrated in the
Compton scattering by electrons in plasma. In study [155],
carried out at the Stanford Linear Accelerator Center (SLAC,
USA), the simultaneous interaction of up to four laser photons
with electrons from a beam with a central energy of 46.6 GeV
was demonstrated. The dimensionless laser pulse amplitude
(with the wavelength of 1054 nm at the fundamental frequency
and 527 nm at the second harmonic) reached a0 � 0:6, and
only the electron spectrum was measured.

It is worth mentioning that, at present, due to the
simplicity and convenience of synchronization, most of the
experimental work on nonlinear Compton scattering is
carried out using electrons from laser±plasma accelerators.
In [156, 157], the first experiments to measure the effect of
nonlinearity in Compton scattering by electrons accelerated
in a plasma are mentioned; the dimensionless amplitude was
a0 � 2 in [156] and a0 � 0:9 in [157]. We note that, in the first
of these studies, the spectrum of scattered photons was wide
and extended to 18 MeV, and in the second one, measure-
ments in theX-ray rangewere presented,with a quasimonoen-
ergetic photon spectrum. In [157], the dependence of the
energy of scattered photons on a0 and the generation of the
second harmonic were also demonstrated. In [158, 159],
scattering laser pulses with a0 � 10 were used, and a wide
spectrum of photons extended to tens of MeV. We note the
angular dependence of the photon spectrum on a0
(sy; g / �1� a 2

0 =2�1=2=g), which can be used to determine the
a0 value from experiment. In all studies on nonlinear
Compton scattering, the possibility of increasing the lumin-
osity of Compton sources with increasing a0 is actively
discussed and demonstrated.

At the moment, no sources of X-ray or gamma radiation
based on nonlinearCompton scattering are available that could
be systematically and actively used as centers of collective use,
although nonlinear effects must, of course, be taken into
account when creating narrow-band sources, especially with
the relative linewidth of less than one percent [160].

3.3 Ponderomotive broadening and interference
of the nonlinear Compton scattering spectrum
As we have noted, the presence of a smooth (for example,
Gaussian) envelope of high-power laser pulses leads to a
dramatic difference from the case of a rectangular envelope.
Equation (10) for the energy of a scattered photon is written
for a laser pulse with a rectangular (or infinite) envelope
with a dimensionless amplitude a0. In the case of a smooth
envelope in Eqn (10), the scattered frequency og; n depends
on the instant (the instantaneous value of the laser pulse
amplitude) at which the scattering event occurs. In the
language of classical electrodynamics, the force of light
pressure acting on the electron is inhomogeneous and
depends on the current value of the electric field: the
electron feels the light pressure and `decelerates' (in the
laboratory frame of reference) more strongly at the center
of the laser pulse, where the amplitude is higher, than at the
edges. This leads to the so-called ponderomotive broad-
ening of the scattering line and its harmonics: when a laser
pulse with a smooth envelope is scattered by a relativistic
electron, the spectrum of the nth harmonic scattered strictly

backwards extends from 4g 2n�ho0=�1�a 2
0 =2�nw� to

4g 2n�ho0=�1�nw�. Thus, the radiation spectrum (of the
fundamental line of each harmonic) in the case of nonlinear
Compton scattering of a laser pulse with a smooth envelope
is not a narrow-band one, but has a relative width � a 2

0 =2 in
the case of linear and � a 2

0 in the case of circular
polarization of the scattered pulse.

As an illustration of the effect of ponderomotive broad-
ening of the scattering line, in Fig. 5, we show the spectra of
radiation scattered strictly backwards for linearly polarized
laser pulses with different envelopes (rectangular and Gaus-
sian) and different amplitudes (a0 � 0:01 and a0 � 1). The
parameters are chosen such that the total energy of a pulse
with a rectangular envelope is equal to the total energy of a
Gaussian pulse with the same amplitude. In Fig. 5, for a
Gaussian pulse with amplitude a0 � 1 (black line), in addition
to the ponderomotive line broadening, we also see inter-
ference in the spectrum of the main scattering line. This is a
consequence of the fact that, for a laser pulse with a smooth
envelope, the probability of obtaining a photon with a certain
energy after the scattering event can have a sharp maximum
twice per pulse: once at an increasing intensity and once at a
decreasing one. When calculating the scattering matrix, these
two possible scattering events enter the calculation with their
phases depending on the particle position; therefore, for
different energies of scattered photons, both constructive
and destructive interference in the scattering spectrum is
possible [136, 141].

Ponderomotive broadening of the scattering line is a well-
known problem in nonlinear Compton scattering of pulses
with a smooth envelope; it is one of the main reasons why
there are no experiments demonstrating narrow-band sources
(with a relative width <10%) for scattered laser pulses with
a0 � 1. All the existing sources for nuclear photonics
currently operate in the linear regime, although weakly
nonlinear effects are taken into account [160].

3.4 Methods for combating ponderomotive broadening
A natural question arises as to whether any methods for
combating parasitic ponderomotive broadening are available
in addition to the generation of laser pulses with a rectangular
envelope.
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Figure 5. (Color online.) Compton backscattering spectra (at scattering

angle p) as functions of dimensionless energy y � og=�4g 2o0� for laser
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In 2013, a numerical example was used in [161] to propose
the original and interesting idea of the nonlinear chirping of a
laser pulse for `tuning' the local frequency of the pulse to the
local frequency of the scattered photon. This idea was
subsequently developed in detail analytically and numeri-
cally in several studies, in both classical [148, 162±165] and
quantum [166] formulations. Let the laser pulse propagate
along the z-axis, and let g�Z� be the envelope of the vector
potential of the linearly polarized pulse, normalized to unity.
In this case, with the properly chosen instantaneous fre-
quency of the pulse

oL; chirp�Z� � o0

�
1� a 2

0

2
g 2�Z�

�
;

where Z � o0tÿ �o0=c�z, in the scattering of such a laser
pulse with an arbitrarily large amplitude a0 by an electron
(within the applicability of the one-photon approximation
and in the absence of the radiation friction force [148]), the
spectrum of scattered photons is narrow-band. It follows
from the expression for oL; chirp that the experimental
implementation of the idea of nonlinear chirping requires
laser systems with a very wide spectrum: for example, for
a0 � 1, the spectral width of the scattered laser pulse must be
about 50%. In addition, the exact nonlinear chirping in the
expression for oL; chirp is most likely not feasible in current
and future experiments; at least no concrete ideas about the
implementation of such chirping have been proposed. Thus,
work on the precise nonlinear chirping of a scattered laser
pulse to fully compensate the ponderomotive broadening
remains a theoretical and numerical exercise, far from
experimental implementation (although very useful for
understanding the process and for further development).

The first experimentally realizable idea of compensating
the ponderomotive broadening by using a linear chirp was
proposed in 2019 in [167]. The idea was to roughly approx-
imate the nonlinear chirp by a linear one using two pulses
following each other, one of which approximates the
increasing part of the frequency of the nonlinearly chirped
pulse (i.e., has a positive linear chirp) and the second of which
approximates the decreasing part of the frequency of the
nonlinearly chirped pulse (i.e., has a negative linear chirp). It
has been shown that such a two-pulse linear chirped scheme
allows compensating the ponderomotive broadening to a
good degree, achieving a narrow (from 2%) scattering line,
and ensuring an increase in the number of scattered photons
into a narrow line in approximate agreement with Eqn (11).
Arguably, taking higher chirped orders into account in the
two-pulse model would further improve the quality of the
gamma source, especially the scattering line width.

An original method for the qualitative description of
nonlinear Compton scattering based on considering the
locus of stationary phase points of the scattering matrix
integrals for different scattering angles was proposed in
[168]. Using the methods of catastrophe theory, the presence
of higher-order caustics in the spectrum of photons scattered
at small angles was shown theoretically in the case of a
linearly chirped laser pulse (an expression for the magnitude
of a linear chirp as a function of a0 is given in [168]); these
caustics correspond to a narrow bright emission line with a
width of the order of 2 to 3%.

We note that the overwhelming majority of studies on
nonlinear Compton scattering are either theoretical or
computational; in our opinion, very few experiments have

been carried out. This is especially true of the problem of
constructing narrow-band gamma sources for nuclear photo-
nics. The last two of the schemes described above are
relatively simple in implementation: producing linearly
chirped laser pulses is a routine procedure. Experiments of
this kind, first to test the concept and then to fully create high-
luminosity gamma-ray sources, could be carried out inRussia
by combining an electron accelerator with a laser system
capable of generating laser pulses with a0 of the order of unity
with a spectral width of � 5±20%.

3.5 Prospects for the development
of Compton gamma sources
The development of laser systems has already led to a
significant increase in the luminosity of Compton gamma
sources.We list themain, in our opinion, new directions in the
development of Compton sources of gamma radiation. First
is a reduction in the size of sources due to the use of compact
laser-plasma accelerators, including the replacement of all
principal accelerating units (for example, focusing lenses)
with laser-plasma ones [123]. This will make the construction
of sources available to many laboratories and universities,
and will significantly extend the geography of the use of
gamma radiation in scientific research and in industry.
Among other things, the availability of compact X-ray and
gamma-ray sources based on laser-plasma accelerators in
several universities will allow training highly qualified
personnel for nuclear photonics. Second, a very promising
direction is the use of nonlinear Compton scattering to create
high-luminosity gamma sources (with the use of both
standard and laser-plasma accelerators).

The new theoretical ideas presented recently regarding the
use of high-intensity chirped laser pulses to create narrow-
band bright gamma-ray sources are of interest to experi-
mental groups, and it is likely that proof-of-concept experi-
ments will be performed soon. We once again note the
obvious advantage of using nonlinear Compton scattering
over linear scattering: the increase in the number of photons
scattered into a narrow line is proportional to a 2

0 (see
Eqn (11)). Therefore, for example, the use of laser pulses
with a0 � 1 as opposed to a0 � 0:01 increases the number of
photons by four orders of magnitude. According to a rough
estimate, we can expect that using (chirped) laser pulses with
amplitude a0 of the order of unity can increase the luminosity
ofmodern sources by 2 to 4 orders ofmagnitude; for example,
for an installation similar to ELI-NP, up to 1011ÿ1013
gamma photons per second can be expected in a line 0.5%
in width.

4. General laws of photoabsorption
of nuclei depending on the photon energy
and new results for near-threshold energies

Turning to a description of the research program in nuclear
photonics, we note that many classic photonuclear problems,
including sum rules and radiation force functions, are now
being solved at a new, improved level. The main research
fields, depending on the energy of photons, are summarized in
Table 1.

4.1 Optical anisotropy of nuclei
The most general definition of the processes under study
(optical anisotropy of atomic nuclei) was given by Baldin
[169]. It states that the cross sections of photonuclear
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reactions are determined not only by the photon wavelength
but also by the characteristics of the nuclei that interact with
the electromagnetic wave. As a result, it becomes possible to
measure various nuclear parameters, including mass, charge,
and the anomalous magnetic moment, to study the spin
characteristics of the nucleus, to determine the multipolarity
of the interaction, and so on. Such studies were initially
carried out for nuclei and subsequently were extended to
nucleons.

According to de Broglie's formula, photon energy E is
rigidly related to its wavelength l:

l � h

p
� 2p�hc

E
� 1234

E
Fm �12�

(where energy is expressed in MeV).
In the framework of the plane-wave Born approximation

(PWBA), the photon is regarded as an unbounded plain wave

A�r; t� � A0ep exp
�
i�krÿ ot�� : �13�

In recent years, there has been interest in studying the
effects associated with the orbital angular momentum of a
photon. It has been known to exist for about 100 years, but
this problem was not addressed in earnest until the end of the
20th century, when the term `twisted photons' appeared. But
if a photon has an orbital angular momentum, then its front is
distorted and turns into helical surfaces [170]. This is
unrelated to the polarization of the photon, because polariza-
tion is associated with spin, not orbital angular momentum.
An example of wave fronts of an electromagnetic wave with
an orbital angular momentum is shown in Fig. 6.

If a photon is emitted in the course of a transition from a
higher-spin nuclear state to a lower-lying state with a lower
spin, the angular momentum of the nucleus changes. But
because of the conservation law, the angular momentum can
only be carried away by the emitted photon. Such a photon,
according to modern terminology [170], is called twisted. The
greater the multipolarity of the interaction, the higher the
angular momentum of the photon as an individual particle,
and it is quantized based on the multipolarity. As the
multipolarity increases, the radiation probability decreases.
Direct excitation of a higher-spin isomeric state of the
nucleus, which would require the photon to have a suffi-
ciently large orbital angular momentum, is therefore unlikely.
This means that the isomer is being populated via a cascade,
and the energy of the incident photon must be much higher
than that of the isomer state, which is indeed observed in
experiment. It is of interest to measure the energies of cascade

gamma quanta and to determine their orbital angular
momentum.

Twisted photons with a fixed value of the orbital angular
momentum were first observed experimentally in the optical
spectral range in 1992. In the nuclear energy range, twisted
photons have not yet been detected, but they can be obtained
using the (nonlinear) Compton backscattering method. This
is because the main characteristics of photons (energy,
momentum, and total angular momentum) are conserved in
the process of Compton backscattering. This is confirmed by
experiments on beams of polarized photons with energies up
to several GeV [108], opening up new possibilities for
studying the structure of nuclei.

4.2 Sum rules
To describe the nuclear photoabsorption cross section, the
amplitude of the Compton scattering of a photon by a
nucleon is introduced as [172]

f � e 0�e f1�o� � iore 0� � e f2�o� ; �14�

where e and e 0 are gauge-invariant operators of the electro-
magnetic field of the incident and scattered photons, r is the
spin operator of the nucleon, and o is the energy of the
photon. At o � 0 (the low-energy theorem),

f1�0� � ÿ aM
Z 2

; f2�0� � ak 2

2M 2
; �15�

where M is the mass, eZ is the electric charge, and k is the
anomalous magnetic moment of the nucleon. Dispersion
relations allow connecting the scattering amplitude to the
total photoabsorption cross sections of circularly polarized
photons:

f1�0� � ÿ aM
Z 2
� o 2

2p2
stot�o 0�
f�o 0� do 0 ; �16�

f2�0� � ak 2

2M 2
� o 2

2p2
Dstot�o 0�
f�o 0�

do 0

o 0
; �17�

stot�o� � s3=2�o� � s1=2�o� ;
Dstot�o� � s3=2�o� ÿ s1=2�o� : �18�

Here, s1=2 and s3=2 are the photoabsorption cross sections
where the photon spin and the nucleon spin are subtracted
or added, depending on their mutual orientation.

Hence follows theGerasimov±Drell±Hearn sum rule [173,
174], which relates the photoabsorption cross sections to the

Table 1.Main research fields depending on the photon energy.

Eg, MeV Research éeld

Below 5 Astrophysics

5ë10 Collective excitations of nuclei.
Giant resonances. Pygmy resonances

30ë150 Cluster states. Quasideuterons

150ë2000 Nucleon resonances. Photoproduction of mesons.
Statistical, dynamical, and spin structure of nucleons

Up to 106 Vector dominance, hadronization of photons
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y�l�

Figure 6. Example of wave fronts of a `twisted' wave carrying an orbital

angular momentum (from [171]).
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fundamental characteristics of the nucleon:

k 2 � ÿ 2m 2

pe 2

�1
mp

s1=2�o� ÿ s3=2�o�
o

do : �19�

Another sum rule, first derived by Baldin [169], amounts
to a relation between the electric (a) and magnetic (b)
polarizability and the total photoabsorption cross section:

a� b � 1

2p2

�1
mp

stot�o�
o 2

do : �20�

Spin polarizability g was deduced by Gell-Mann as [175]

g � 1

4p2

�1
mp

s1=2�o� ÿ s3=2�o�
o3

do : �21�

Despite its long history, the study of the sum rules is
currently still a part of research programs of leading science
centers, because new methods, mainly associated with the
creation of new-generation gamma sources, make it possible
to significantly refine nuclear data.

4.3 Total photoabsorption cross sections of nuclei
and radiative strength functions
Currently, the total photoabsorption cross sections of nuclei
are being studied in a wide range of energies, from the
nucleon binding energy to several thousand GeV. At
energies below 150 MeV, the total cross section is dominated
by giant dipole resonance (GDR), whose maximum lies at
about 20 MeV. This phenomenon has a universal character
for all nuclei and has been studied in experiments in detail
(see, e.g., review [176]).

At an energy of 20 MeV, the incident photon wavelength
is close to 60 Fm, which is about five times the size of a heavy
nucleus. According to the vibrationalmodel [177], the nucleus
enters the field of a wave that effectively acts on charged
nucleons (protons) and excites vibrations whose frequencies
are determined by the photon energy and the deformation of
the nucleus. For spherical nuclei, the GDR width is about
3MeV. For deformed axially symmetric nuclei, the resonance
splits into two, while its width increases by about a factor of
two.

At low photon energies, near the threshold, this simple
approach does not work. The model has to be made more
sophisticated by introducing surface effects, neutron halos,
isospins, etc. (see, e.g., [178]). The isovector GDR is
interpreted as a collective vibrational state with surface
oscillations of neutrons relative to the central region of the
nucleus. This mode is now called the pygmy dipole
resonance (PDR) in the literature. Isoscalar dipole reso-
nance can also lead to an exotic (toroidal) deformation due
to surface vibrations. An effective tool in explaining the
nature of the PDR is the quasiparticle phonon model in the
random phase approximation (RPA), where partially hole
excitations of nuclei are considered (see, e.g., [179]). The
residual interaction is taken into account in calculating the
PDR width.

In modern theoretical calculations in the framework of
this model [180, 181], radiative strength functions are
calculated, which reflect the reduced probabilities of radia-
tive transitions from the ground state to an excited state or the
probabilities of transitions between excited states. For an
electrical transition with a multipolarity lL, the radiative

strength function can be represented as

B �El� "arb: units�
2l� 1

4p

�
3

3� l

�2

�1; 2A 1=3�2l �Fm�2l : �22�

In Fig. 7, we show an example of theoretical calculations
for tin nuclei in comparison with experimental data [181, 182].
The pygmy resonance turns out to be fragmented into a large
number of transitions, which are not observed at high
energies of gamma quanta.

Experimental studies of pygmy resonance are much fewer
than theoretical ones. The main results have so far been
obtained in traditional accelerator installations. Among
them, in terms of the quality and volume of results, the
HIGS setup at Duke University (USA) stands out, where a
beam of monochromatic polarized photons with an intensity
of about 108 photons per second was obtained by the method
of Compton backscattering [183].

In the experiment, the separation of transitions by multi-
polarity is effected by measuring the asymmetry in the
angular distributions of scattered photons. For this, high-
resolution detectors are placed at angles along and across the
direction of the incident beam. The dominant contribution of
the GDR for all nuclei of the periodic table was thus
confirmed experimentally. In addition to this general conclu-
sion, it is too early to speak about any individual peculiarities
of pygmy resonance in different nuclei, because no classifica-
tion has yet been worked out.

At photon energies above 20 MeV, up to the meson
production threshold, a significant contribution is made by
the so-called quasideuteron photoabsorption mechanism
[184]. When the wavelength of gamma quanta becomes
comparable to the size of the deuteron, the cross section is
described by Levinger's phenomenological formula

stot � L
NZ

A
sgd�Eg� exp

�
ÿ Eg

Sl

�
; �23�

where sgd�Eg� is the photodisintegration cross section of a
free deuteron, and L � 10 and S � 60 MeV are fitting
parameters.

At incident photon energies above � 150 MeV up to
2 GeV, a region can be identified where the photoproduction
of mesons on quasifree nucleons of the nucleus dominates.
Therefore, the total photoabsorption cross sections, when
normalized to the number of nucleons in the nucleus, are
practically the same for nuclei heavier than beryllium. This
dependence is called the universal curve [185]. However, in
Novosibirsk, deviations from the universal dependence were
found in a beam of Compton photons for heavy nuclei [186].
These results were later confirmed in experiments with a beam
of tagged bremsstrahlung photons at the Jefferson Labora-
tory (USA) [187]. On the whole, this indicates the existence of
new photoabsorption mechanisms in the region of nucleon
resonances, which have not yet been given a theoretical
explanation.

At photon energies above 2 GeV and up to 200 GeV, the
stot=Asgp ratio becomes less than unity (for lead, by about
20%) in the entire region considered. This effect is explained
by the vector dominance model [188], according to which a
photon at an energy above the vector meson production
threshold (which is 1090 MeV for the r meson) starts
behaving like a strongly interacting particle. At high
energies, in other words, part of the time, the photon behaves
like a photon, and part of the time, like a hadron that interacts
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only with surface nucleons. Theoretical calculations of the
total photoabsorption cross sections at high energies in the
framework of the vector dominance model give a stronger
dependence on the atomic number than was found experi-
mentally. More detailed information on the general laws of
photoabsorption of nuclei in a wide range of photon energies
can be found in [189].

4.4 Virtual photons
The close relation between the action produced by a charged
particle and electromagnetic waves was first noted by Fermi
[190]. Weizs�acker [191] and Williams [192] then showed that
the effect of the passage of an electron near a nucleus can be
described using the virtual photon spectrumNe�Ee;Eg� that is
close in shape to the bremsstrahlung spectrum. The equation
for these spectra is given in a convenient form in [193]:

N lL
e �Ee;Eg� � a

p

��
1�

�
Ee ÿ Eg

Ee

�2 �
� ln

2Ee�Ee ÿme�
meEe

ÿ CL

�
; �24�

where a is the fine structure constant, lL is the multipolarity
of the interaction, CL � 2�Ee ÿ Eg�=Ee for lL � E1 (electric
dipole transition), CL � 0 for lL �M1 (magnetic dipole
transition), and CL � 8=3�Ee ÿ Eg�2=E 2

e for lL � E2 (elec-
tric quadrupole transition). Here, L is a number expressing
multipolarity.

The calculated spectrum of virtual photons in the PWBA
and the distorted wave Born approximation (DWBA) for the

electron energy of 10 MeV is shown in Fig. 8. It can be seen
that, at low energies of virtual photons, the multipolarity of
the interaction, in contrast to real photons, increases
significantly. This opens up the possibility of studying the
nature of collective vibrations of nuclei with an exotic shape
and deformation, not merely dipole excitations. However, the
first experimental data indicating a change in the multi-
polarity of the near-threshold absorption of virtual photons
were obtained only relatively recently [7]. The measurements
were carried out with the linear electron accelerator LUE-8-5
using the method of induced nuclear activity for the reactions
111Cd�g; g 0�111mCd, 113In�g; g 0�113mIn, 115In�g; g 0�115mIn.
Because the energy of isomeric states for these nuclei does
not exceed 300 keV, the isomeric ratios are weakly
dependent on the energy of photons with energies above
5 MeV. Comparing the yields of reactions induced by
virtual and real photons allowed drawing conclusions
about the dependence of the total photoabsorption cross
sections on the multipolarity. The measurement result is
shown in Fig. 9.

We now clarify what is meant by the yield per equivalent
photon sq�Ee;Eg� and by the inclusive yield per electron
se�Ee;Eg�, whose ratio is shown in Fig. 9. Because the spectra
of real (bremsstrahlung) and virtual photons, N ll

g; real and
N ll

g; virt, are continuous, the integral over the entire spectrum
is measured in experiment:

sq�Ee� �
Ee

� Ee

0 N ll
g; virt�Ee;Eg�sg�Eg� dEg=Eg� Ee

0 N ll
g; virt�Ee;Eg� dEg

; �25�
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Figure 7. Radiation strength functions for tin nuclei [181]. (a) Result of experiments using the S-DALINAC accelerator in Darmstadt. (b) Result of

theoretical calculations in the framework of the quasiparticle model taking three-phonon states into account.
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se�Ee� �
Ee

� Ee

0 N ll
g; real�Ee;Eg�sg�Eg� dEg=Eg� Ee

0 N ll
g; real�Ee;Eg� dEg

: �26�

We can see from Fig. 9 that the experimental results are
fundamentally different from the model predictions made
both in the PWBA and in the DWBA. This indicates a change
in the multipolarity of photoabsorption near the threshold.
Possibly, this is due to collective excitations of exotic nuclei
(toroidal, scissor, and compression vibration modes) pre-
dicted in the framework of the existing models. This is an
indirect statement, based only on theoretical assumptions.
However, there are quite a few similar examples in nuclear
physics. We note the study of shape isomers, or sponta-
neously fissioning isomers, in actinide nuclei [195]. This
phenomenon has been explained in the model of a two-
humped fission barrier, although direct measurements of the
moments of inertia and deformation parameters of isomeric
nuclei have not yet been made. Various experimental
methods, including the identification of the rotational band
in the gamma spectrum of excited nuclei or optical methods
for measuring the isomeric shift are discussed in [196], but
none of them has been developed further. The question of the
experimental determination of the spectra of virtual photons
was also discussed earlier [189], but no continuation followed.

We note that nuclear excitations by virtual photons are
nowbeing actively studied in reactionswith relativistic atomic
nuclei. In this case, methods are used that were developed
previously in electronuclear experiments. For example, the
method of virtual photons is used in studying the Coulomb
dissociation of nuclei. However, the terminology and model
description of collective excitations, including GDR, are very
different from photonuclear interpretations of this phenom-

enon. Unfortunately, a detailed discussion of this subject is
beyond the scope of this review, but we hope that the review
will help unify different approaches to the problem under
study.

4.5 Photonuclear processes with high-power lasers
A number of interesting results have been obtained with
gamma-ray beams arising under the action of superstrong
laser radiation on a dense target. In the historically first work
[197], the activation of a copper target due to 63Cu�g; n�62Cu
and 65Cu�g; n�64Cu reactions was investigated; the activation
was used to estimate the flux of gamma quanta with energies
above 10 MeV that formed under irradiation by the
VULCAN laser of the Rutherford Laboratory (25 J, 1 ps,
1019 W cmÿ2). Papers [198, 199], which appeared shortly
after, reported a wide range of photonuclear reactions on
11C, 38K, 62; 64Cu, 63Zn, 106Ag, 140Pr, 180Ta, and 197Au nuclei,
as well as nuclear photofission of 238U with a VULCAN laser
and a superpower 0.5-PW laser from the Livermore Labora-
tory. The nuclear activation technique was used in [200] to
estimate the quasitemperature of the gamma beam.A number
of photonuclear reactions were realized in [201], including the
9Be�g; n�2a reaction with a low (1.5 MeV) threshold. In [202],
a femtosecond laser with a high (10 Hz) repetition rate of
short (50 fs) pulses (intensity �3ÿ5� � 1019 W cmÿ2) was used
for the first time. It was possible to estimate the cross sections
for a number of (g; p)-type reactions for 25Mn, 48; 49Ti, 68Zn,
and 97; 98Mo targets. We note the measurement of the
deuteron photodisintegration cross section in the �g; n�
reaction at the threshold [203] (Fig. 10), carried out with a
terawatt laser. On the whole, however, there have been
practically no fundamentally new nuclear physics results so
far.

It is of interest to compare the parameters of electron
beams with energies up to 10 MeV obtained in conventional
and laser±plasma electron accelerators [113, 205]. As an
example, in Table 2 we show data for the LUE-8±5-MeV
linear electron accelerator at the INR and the terawatt
femtosecond laser complex at Lomonosov Moscow State
University (wavelength 800 nm, pulse duration 50 fs, repeti-
tion rate 10 Hz, pulse energy up to 50 mJ, peak intensity on
the target up to 1019 W cmÿ2). The electron acceleration
mechanisms with such strong laser radiation in the case of a
solid-state target have been discussed above.

Gamma beams can be produced by transforming an
electron beam in a thick metal plate.
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Figure 8. Spectrum of virtual photons in the PWBA for a heavy kernel

(Z � 92) at the electron energy of 10 MeV [194].
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In Fig. 11, we show the energy and angular distribu-
tions of photons emitted from a stopping tungsten target
0.4 mm thick, which, according to simulations, is optimal
from the standpoint of the obtained photon yield. Because
the laser and accelerator beam intensities differ greatly, the
exposure time was taken as a parameter for comparing the
yields, for the photon yield to be estimated on an absolute
scale.

We see that studying photonuclear reactions currently
requires beams of hard gamma quanta in a wide range of
energies. Such beams can be obtained with both traditional
electron accelerators and laser±plasma accelerators. In the
first case, beams can be continuous for studying the products
of photonuclear reactions in coincidence mode; laser beams,
on the other hand, can provide unique time parameters for

pulsed neutron sources, positron spectroscopy, and X-ray
and gamma tomography.

4.6 Low-energy isomeric states
A promising area of research for nuclear photonics is the
study of states of nuclei with low energies on nuclear energy
scales [94, 207]. They can be both isomeric states with energies
less than 50 keV relative to the ground state of the nucleus and
metastable states with energies of about 1 MeV and above,
near which (with an energy difference up to 50 keV) states
with much shorter lifetimes can be located. Without a doubt,
the study of isomeric states of nuclei is of fundamental
interest. In addition, the accumulation of energy in an
ensemble of metastable isomers with their subsequent
discharge via a closely lying level can be used to create
nuclear energy sources [208, 209] and to obtain population
inversion under nuclear transitions [207, 210±214]. Long-
lived isomeric states (and radiative transitions from such
states) can serve as frequency standards [215±218] in
implementing quantum computations [219] and in other
applications.

Such isomers are primarily studied with synchrotron
sources [220, 221]. Betatron or Thomson X-ray sources
may be alternative sources for the excitation of nuclear
isomers with energies of 1 keV or more. For a betatron
source [115], the characteristic flux of quanta with energies
of 1 to 10 keV can reach 105 photons sÿ1 eVÿ1 mradÿ2 for a
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Figure 10. Cross section of the D�g; n�H reaction [204]. Stand-alone dot

shows the value obtained at a laser facility withEg � 3:6� 0:3 MeV [189].

Table 2. Parameters of electron beams attained with LUE-8-5 andwith the
the MSU femtosecond terawatt laser.

LUE-8-5 MSU laserëplasma
accelerator

Electron spectrum,
MeV

Monochromatic,
tunable in the range 5ë9,

spectrum width 1%

Exponential
with a `slope' 2ë5

Pulse repetition rate,
Hz

100 10

Pulse duration, ms 3 10ÿ7

Average beam
current, mA

3 ë 10 3� 10ÿ4

(above 1 MeV)

Total beam current,
¡

5� 10ÿ2 30

Emitter focus, mm 4 4� 10ÿ3

Angular divergence,
mrad

0.1 2

3

2

1
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Figure 11. (a) Energy and (b) angular distribution of bremsstrahlung

photons (in rel. units). Lines 1 and 2 correspond to single and double

scattering; line 3 shows the full spectrum [206].
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laser pulse repetition rate of 1 to 10 kHz. For a Thomson
generator based on a linear accelerator with an electron
energy of 20±30 MeV and a picosecond laser, the number of
quanta can reach 108 photons sÿ1 eVÿ1 mradÿ2. For a
Thomson generator based on a linear accelerator with a
storage ring and a laser storage cavity, the number of quanta
can reach 109 photons sÿ1 eVÿ1 mradÿ2 and over more, but
for optimization for the spectral range of 1±10 keV, the
energy of accelerated electrons must be low (20 MeV), which
is not typical for modern designs of such generators. Much
higher fluxes are provided by free electron lasers (XFELs)
[222], whose luminosity can exceed the luminosity of SR
sources by eight or more orders of magnitude [223].

An important advantage of using laser sources over
approaches that are traditional for nuclear physics experi-
ments is the possibility of simultaneous or time-synchronized
production of metastable states and their excitation using
one laser system in the framework of a single experiment.
The X-ray and electron laser sources are used here to excite
isomeric states while gamma, proton, and neutron laser
sources are used to create metastable states or unstable
isotopes with a suitable structure of closely lying levels.

Experimental data on the energies and/or lifetimes of a
number of low-energy isomers, even for stable or long-lived
isotopes, have appeared only recently or are still lacking. For
example, the lifetime of the 201mHg isomer with an energy of
about 1.5 keV was first experimentally estimated in 2004
[224]. The existence of an isomeric state for the 229Th isotope
has long been assumed from indirect measurements [225,
226], but only in the last few years has the energy of this state
been substantially refined, from 3.5 to 8 eV [227, 228], and the
lifetime of this isomer measured, amounting to about 7 ms
[229], with the radiation lifetime remaining unknown
(estimated at 3 h).

The excitation of isomeric levels directly in a dense laser
plasma is also being actively investigated. In the plasma
environment, the spectrum of possible mechanisms for the
excitation of low-lying isomers of nuclei expands significantly
[230, 231] (Fig. 12): in addition to photoexcitation by the
proper X-ray radiation of the plasma and inelastic scattering
of plasma electrons, there are mechanisms associated with the
excitation of a nucleus by a virtual photon via the atomic
shell, NEET andNEEC (the excitation by a photon emitted in
a bound±bound transition of an electron in the atomic shell or
in the recombination of a free electron, respectively), and
other higher-order processes. We note that, for these two
processes, at least one of the electron states is bound, which is
not shown in the diagram in Fig. 12b. In addition, the decay
channels of isomeric states via the atomic shell are also
significantly modified due to its ionization and the corre-
sponding shift of ionization potentials [232], as well as due to
a shift in the potential induced by the plasma environment
[233]. Experimental and theoretical approaches to the
excitation of nuclear levels in laser plasmas are discussed in
detail in the 2001 review [207], which notably covers the use of
the hot dense plasma produced by high-power femtosecond
laser pulses [234]. Since then, a number of experimental
studies have been performed [235±237], but reliable observa-
tion of the effect remains an open question.

Recently, a number of theoretical and computational
studies have been devoted to the analysis of NEET [238] and
NEEC [223, 239±242] processes in hot plasma in the case of
excitation from metastable levels of 93mMo isomers (state
energy of 2.4 MeV; transition occurs to a short-lived level

separated by 4.85 keV and related to the ground state of the
nucleus by radiative transitions) and 84mRb (463 and 3.5 keV,
respectively). For example, it was shown in [223, 239] that the
plasma formed by an XFEL radiation beam [243] signifi-
cantly changes the probability of the excitation of the 93mMo
isomer by the NEEC mechanism, increasing this probability
by six orders of magnitude, and it is this excitation channel
(not direct photoexcitation) that becomes dominant. In [241,
242], the probability of NEEC of the same isomer in a plasma
produced by high-power femtosecond laser systems was
calculated, and a further increase in this probability by
another six orders of magnitude was revealed, which allows
obtaining an experimentally detectable effect of isomer
`discharge' at a laser pulse energy of 100 J or more. It is also
noted there that additional ionization of deep atomic shells by
XFEL radiation simultaneously with the creation of plasma
by a powerful laser pulse can lead to a further increase in the
probability of the NEEC process. On the other hand, the
experimental observation of hollow ions and the associated
estimates [244, 245] show that the power density of X-ray
radiation proper inside such a plasma can reach
5� 1018 W cmÿ2 or more (at the on-target laser power
density of 1020 W cmÿ2), which greatly exceeds the XFEL
radiation power density (about 1017 W cmÿ2). In particular,
this means that the probability of the initiation of transitions
between low-energy nuclear states in a hot dense plasma can
be much higher than follows from earlier calculations.

At present, the 229mTh isomer with a remarkably low
energy of 8 eV and total lifetime of 7 ms is very actively being
discussed and investigated (see review in [218, 246]). Various
schemes for its laser excitation are being considered [247,
248]. Experimental studies of this isomer are currently being
carried out by research groups in Germany (Ludwig-Max-
imillian University,Munich) and in Russia (Lebedev Physical
Institute, Russian Academy of Sciences, Moscow). In
particular, it was established experimentally that the energy
of this level is 8:28� 0:17 eV [224]. The isomeric level was
first populated in [249] using synchrotron radiation via a
higher level with an energy of 29 keV.

Of fundamental importance for the problem under
consideration is the implementation of direct excitation of
the isomeric state 229mTh using narrow-band laser radiation
[223], which is usually taken to be a higher harmonic of

N

g

N �

a

N

eÿ eÿ

g

N �

b

Figure 12. Transition of a nucleus from ground state N to excited state N �

in plasma (a) under photoexcitation and (b) in the processes of inelastic

scattering of an electron on the nucleus (free±free electron transition),

NEET (bound±bound electron transition), and NEEC (free±bound
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optical laser radiation that is in resonance with the isomeric
nuclear transition [236], or radiation from a free electron laser
[250]. Effective harmonic generation at a wavelength of about
150 nm is a rather difficult task; high-pressure gas jets are used
as a nonlinear optical medium [251, 252].

At the same time, the effect of electromagnetic radia-
tion from an external laser source on the atomic shell of the
same nucleus in which the excitation of a low-lying
isomeric state is studied can also lead to the excitation of
this nucleus via a process that is essentially very close to the
traditional process of generation of higher optical harmo-
nics. Indeed, a three-stagemodel is used to semiquantitatively
describe the higher harmonic generation by an atom [253]:
first, a linearly polarized optical field causes tunneling
ionization of the atom; next, a free electron returns to the
original atom under the action of the optical field; and,
finally, the electron recombines and a photon is emitted. The
maximum photon energy of recombination radiation is
determined by the sum of the ionization energy of the atom
and the maximum energy of the electron in an external field,
Ee � 3:17�eEl�2=�16p2mc 2�. The discrete spectrum of odd
harmonics is formed due to the periodicity of the process of
interaction with the optical field.

Let us discuss this process from the standpoint of the
excitation of nuclei. An electron returning to its original atom
belongs to the continuous spectrum of states. Excitation of a
nucleus can occur, by analogy with processes in plasma, due
to (1) emission of a recombination photon that is in resonance
with a nuclear transition, i.e., a process similar to NEEC;
(2) inelastic scattering of an electron by a nucleus, i.e., a
process similar to nuclear excitation electron scattering [254];
(3) recombination of an electron to an excited atomic level
with the subsequent emission of a photon in resonance with
the nuclear transition, i.e., a process similar toNEET, etc.We
note that process (3) is observed during the generation of
higher harmonics, leads to the resonant amplification of a
certain harmonic [255], and is explained by the electron
capture by a Rydberg state of the atom [256].

The fundamental difference between the processes under
consideration and processes in plasma consists in a much
higher cross section, because the impact parameter in the
scattering of an electron by a nucleus is rather small and the
recombination radiation must be considered in the near field
of the atom (or the nucleus). In [257], the effect on a thorium
atom of two-frequency radiation of a titanium-sapphire laser
(first and second harmonics at wavelengths of 750 and
375 nm) was considered for the first time, and the fifth
harmonic field was calculated. In that case, in addition to
the generation of even optical harmonics, it becomes possible
to control the angular momentum of the total optical field,
which can lead to a significant increase in the efficiency of
excitation of high-multipolarity nuclear transitions.

Figure 13 shows the dependence of the maximum cutoff
energy Ee on the optical field strength; the energies of
isomeric states of a number of isotopes are also indicated.
It can be seen that the 229mTh and 235mU isomers can be
excited at optical field strengths typical of the regime of
generation of higher harmonics; for a number of other
isomers, this requires fields of the order of the atomic field.
Approaching the `boundary' of the relativistic interaction
regime means that the electron packet is deflected from the
parent atom by the magnetic component of the field, and the
collision (recombination) cross section decreases. This is a
well-known effect in the generation of higher harmonics, and

several approaches have been proposed to partially suppress
it by controlling the field polarization, using several optical
beams, and so on [256].

5. Interdisciplinary and applied research

5.1 Astrophysics
The study of photonuclear reactions has rather diverse and
numerous astrophysical applications. Among them are the
following:
� Precision and model-independent measurements of

neutron distribution in heavy nuclei (the radius and the
outer layer at average density r � 0:1 Fmÿ3) would allow
constructing an equation of state for neutron stars at a higher
density and determining the liquid-to-solid phase transition
point. In this regard, we note the encouraging results of
classical experiments on electron scattering, including the
measurement of the weak form factor involving parity
violation, because neutrons have no electric charge [258].
� Investigation of Coulomb interaction reactions to

estimate the radiative capture cross sections at energies
below the nucleon binding energy for short-lived radioactive
nuclei has allowed describing the mechanisms of the explo-
sion of novae, supernovae, and neutron stars [259].
� Investigation of photoneutron reactions on light nuclei

(D, Be) at photon energies from 1 to 3MeV allowed obtaining
data on backward reactions that are essential for the early
stage of the formation of the Universe [260].
� Measurement of the bremsstrahlung spectrum of

cosmic rays allowed estimating the Planck thermal spectrum
for the g process at temperatures up to 2.5MeV. The study of
fluorescence under irradiation of 196Au provided information
on the electron capture processes in nuclei [261].
� The study of unstable nuclei with colliding electron and

relativistic ion beams by the classical method of electron
scattering provides information on inelastic interactions of
neutrinos with nuclei, which allows studying various nucleo-
synthesis mechanisms (r-process, explosive and delayed
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processes) and thermalization processes during the collapse of
stars [262].

Directly related to nuclear photonics is the absolute
measurement of the position of the upper bound of the
Compton gamma-ray spectrum in order to measure the
anisotropy of the speed of light relative to the cosmic
microwave background (CMB) dipole [263]. We discuss this
result in somewhat greater detail.

The dipole anisotropy of the CMB at temperature T has a
Doppler nature:

dT �y�
T
� v

c
cos y� v 2

2c 2
cos 2y�O

�
v 3

c 3

�
: �27�

The first term denotes the dipole term, which is determined by
the speed of Earth's motion: v=c � 0:000122� 0:00006,
v � 365� 18 km sÿ1 in the reference frame associated with
the CMB.

Earlier satellite experiments and M�ossbauer laser spec-
troscopy experiments [264] yielded the upper bound for the
anisotropy value dc=c at the level of 2� 10ÿ10. The work
done in [263] is analogous to the classic Michelson±Morley
experiment, but the result was obtained in a completely
independent way, which allowed improving the accuracy by
two orders of magnitude. To determine the anisotropy of
the speed of light with respect to the CMB dipole, a beam of
gamma quanta obtained by Compton backscattering of
electrons in a storage ring was used. The experiment was
carried out by the GRAAL collaboration at the European
Synchrotron Radiation Facility (ESRF) in Grenoble [265].

The method is based on measuring the position of the
upper edge of the Compton radiation spectrum depending on
the orientation of the facility (Earth) in space. The Lorentz
factor for the electron g � 1=�1ÿ b2�1=2 satisfies the equation

b db � 1

g 2

dg
g
; �28�

whence anisotropy acquires the factor 1=g 2 � 108, which
allows increasing the measurement accuracy by eight orders
of magnitude. At the GRAAL facility, the electron energy in
the storage ringwas 6027:6� 0:6 MeV and the laser radiation
wavelength was 514 or 351 nm. The position of the upper edge
of the Compton photon spectrum was measured using a
microstrip tagging system with a step of about 6 MeV, and
no worse than 10ÿ4 for the center of gravity.

As a result of these measurements, the value dc=c �
3� 10ÿ12 was obtained, which is two orders of magnitude
more accurate than the results available previously. More
information on this subject can be found in [266, 267].

A new impetus to the development of work on laboratory
nuclear astrophysics can be imparted by the use of laser±
plasma accelerators and hot plasma as a source of accelerated
particles, because the plasma state typical for most astro-
physical problems and the energies and fluxes of laser-
accelerated particles will in the near future be comparable to
orÐby some parametersÐeven exceed the energies and
fluxes of traditional accelerator complexes [268]. In [269], a
number of problems were identified whose solution can be
effectively aided by high-power fetmosecond lasers (see also
[270]): the lithium problem of the low abundance of the 7Li
isotope; the search for reactions that provide a neutron flux
for the so-called s-process, which determines the abundance
of elements with a nuclear charge fromZ � 26 (Al) toZ � 82

(Pb); refinement of the formation mechanisms of bypassed
stable p-nuclei of the type 74Se, 78Kr, 84Sr, 92Mo, 96Ru, 180Ta,
etc.; and the study of photonuclear reactions with isotopes
and isomers used in astronomical observations (26Al, 60Fe,
etc.).

Within the ELI-NP research program, significant atten-
tion will be paid to the study of both p-processes and
photonuclear reactions (g; n), (g; p), (g; a). At the same time,
a number of experiments can be carried out on compact laser
systems, where a significant advantage can come from the
high average particle flux. For example, observations of the
reaction 181Ta�g; n�180Ta with the threshold 7.6 MeV and a
number of reactions 7Li�p; n�7Be, 63Cu�p; n�63Zn,
48Ti�p; n�48V with threshold energies from 1.88 to 5 MeV
were reported in [201] with the use of a picosecond laser
complex with a peak power of 10 TW.

An urgent task is to study the r-process, the sequential
capture of several neutrons by the nucleus with the subsequent
formation of a new heavy stable (or long-lived) nucleus, which
is believed to be responsible for the nucleosynthesis of heavy
stable isotopes with an atomic weight above 209 [271] and,
partially, for isotopes heavier thanFe [272]. Taking the typical
decay times into account, the r-process is considered possible
for neutron fluxes above 1020 sÿ1 cmÿ2 [273], which greatly
exceeds the neutron fluxes attainable with current neutron
generators [99] and is comparable to the neutron flux
produced by an exploding thermonuclear bomb [274].

An alternative source of laser-induced neutrons in the
near future may be the implementation of the spallation
process, when a target is irradiated with fast laser-accelerated
protons; peak neutron fluxes can then reach 1024 sÿ1 cmÿ2.
For example, when using multipetawatt laser systems created
within the ELI project, more than > 1012 neutrons should be
expected in a 0.7 ns pulse in a lead target, with a neutron flux
of 1022±1023 sÿ1 cmÿ2. Further optimization is expected to
increase these flows by one to two orders of magnitude.
Figure 14 taken from [99] presents the results of calculations
of the possible number of successive neutron captures for the
96Zr isotope at various peak neutron fluxes. Neutron sources
involving modern high-power lasers provide a neutron flux of
1018 sÿ1 cmÿ2 in a pulse about 1 ns in duration, which
corresponds to the s-process (capture of only one neutron).
When using commissioned multipetawatt laser systems, the
expected flux will reach 1024 sÿ1 cmÿ2, which already ensures
the capture of several neutrons. For comparison, Fig. 14 also
shows the calculated dependence for a single microsecond
neutron pulse due to a thermonuclear explosion. Table 3
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presents comparative characteristics of various neutron
sources.

5.2 Isotope transmutation
One of the most promising methods for the transmutation of
long-lived nuclear isotopes is irradiation of a sample contain-
ing such isotopes with gamma radiation or neutrons, resulting
in the formation of a new isotope with amuch shorter lifetime
[4, 278]. This is important for the decontamination of the
spent fuel of modern nuclear power plants (which contains a
number of long-lived isotopes in high concentrations, includ-
ing 129I and 135Cs). In the absence of reprocessing, spent fuel
must be stored for hundreds of thousands of years; modern
methods of reprocessing and separating isotopes reduce the
required storage time by an order of magnitude, and
transmutation can reduce this time by another two orders of
magnitude, to several hundred years, while reducing the
volume of stored waste 100-fold. At present, it is believed
that effective transmutation can be carried out by irradiating
samples with neutrons generated during spallation using a
proton beam from a linear accelerator (e.g., the European
project MYRRHA [279]).

In [280], laser-induced transmutation of the 129I isotope
with a lifetime of 15.7 million years into the 128I isotope with a
lifetime � 25 min was first demonstrated experimentally in
the reaction 129I�g; n�128I. Gamma radiation was obtained by
irradiating a thick gold target with a laser pulse with the
intensity of 5� 1020 W cmÿ2. The cross section of this process
was also estimated as 97� 40 mbarn. A number of recent
studies are devoted to the analytic and computational
substantiation of the choice of optimal schemes for generat-
ing a gamma beam for transmutation and the laser radiation
parameters used for this [281±284]. In general, we can
conclude that the approaches based on laser-induced genera-
tion of gamma radiation are currently inferior to more
traditional approaches based on electron accelerators, but
the development of laser technologies will make it possible in
the near future to increase the reaction yield by four to five
orders of magnitude. We note that the possibility of using
intense fluxes of neutrons formed in the cleavage mode using
laser-accelerated protons for transmutation is also being
considered [4, 278].

5.3 Use of gamma sources
in solving security problems, nuclear nonproliferation,
and combating terrorism
The solution to nuclear security problems was the main topic
of the first conference on nuclear photonics [3]. The focus was
on the creation of inspection systems for large-capacity
containers in order to detect fissile materials. More broadly,

controlling the transportation of dangerous or strategically
important goods such as explosives and rare and precious
metals is important for ensuring national security. Such
control can be carried out by scanning the contents of
transport containers with gamma radiation.

Currently, the most effective method for identifying fissile
materials in containers is believed to be the registration of
delayed neutrons produced by a powerful gamma beam [285].
However, a powerful large-area gamma beam is, first,
difficult to create, and, second, it is radiation hazardous.
Therefore, a two-step scanning procedure has been proposed
(Fig.15).First,awidelow-intensitygammabeam(103 photons
per second per pixel) irradiates the entire moving container.
The size of the pixel as a unit cell of the detector (about 1 cm)
is determined by the specified coordinate resolution. The
number of pixels depends on the size of the container and
the chosen measurement technique. Using the absorption
method on a wide beam of a relatively low intensity per unit
area, it is possible to determine the presence of high-density
substances inside the container. If such an object is detected,
repeated irradiation is carried out with a narrow directional
high-intensity gamma-ray beam, which is necessary for
obtaining a sufficiently large yield of delayed neutrons.

Estimates based of simulation [285] showed that a
239Pu-type object with density r � 19:84 g cmÿ3, which is
characterized by a minimum delayed neutron yield compared
to other actinides (of the order of 6� 10ÿ3 per fission act), can
be detected in a container under the following conditions. A
sample with a volume of 1 cm3 is located in the center of a steel
container with a volume of 1m3 with awall thickness of 2mm.
To register 1000 delayed neutrons, it is necessary to create a
radiation dose of the order of 1010 cmÿ2 with energies from 12
to 16 MeV. Such a dose can be obtained in an electron
accelerator with an energy of 16 MeV and a current of

Table 3. Comparative characteristics of several neutron sources.

Facility Peak neutron êux,
n sÿ1 cmÿ2

Average neutron êux,
n sÿ1 cmÿ2

Neutron pulse duration,
ns

Repetition rate,
Hz

Reference

ILL � 1015 � 1015 Continuous Continuous [275]

SNS � 1016 � 1012 1000 60 [275]

Operational laser sources � 1018ÿ1019 � 5� 105ÿ5� 106 1 5� 10ÿ4 [97, 276, 277]

Laser sources under
construction

� 1022ÿ5� 1024 1011ÿ5� 1013 0.1 ë 1 0.1 ë 0.01 See
Section 2.1

NIF
(National Ignition Facility)

> 1026 > 1010 0.01 10ÿ5 [274]

3

4
5

1
2

Second irradiation
First irradiation

3

Figure 15. Two-stage method for identifying fissile materials in large-

capacity containers: 1, 2 Ð beam of bremsstrahlung photons of a linear

shape (Emax � 7 MeV) and a narrow beam (Emax � 25 MeV), 3Ðmoving

containers, 4Ð gamma-detector rack, 5Ð detector of delayed neutrons.
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100 mA in a time of the order of 1 s when using the converter
made of tungsten or tantalum 100 mm in thickness. An
optimal detector with a large area (2� 2 m) with an
efficiency of about 30% for detecting neutrons can be created
on the basis of a liquid scintillator widely used in neutrino
experiments. The transverse size of one pixel is 10 cm2. A
standard silicon photomultiplier tube (PMT) with a cathode
area of 10 mm2 is installed at each pixel to serve as detectors.
Estimates show that the optimal measurement time after a
1-second exposure should be 10 s. The experiment on the
registration of delayed neutrons performed in [113] using the
linear electron accelerator LUE-8-5 showed the reliability of
the results obtained in the simulation. Figure 16 shows the
schematic of the experiment. To separate neutrons in the
background of gamma quanta, the technique of signal
separation by pulse shape was used [286].

In modern inspection devices, the so-called dual method
[287] is used, in which scanning is performed twice with a
bremsstrahlung beam with a different upper edge of the
spectrum. The mass attenuation coefficient as a function of
the photon energy for different materials is shown in Fig. 17.

Three energy regions can be distinguished in Fig. 17: the
initial region where the photoelectric effect dominates and
only materials with a large nuclear charge can be separated;
the middle one, in which Compton scattering dominates and

the materials are practically indistinguishable; and the region
where the main effect is exerted by the process of electron±
positron pair production and the materials can be distin-
guished quite well. Among the disadvantages of the dual
energy method, we note that it requires scanning at two
different beam energies, which leads to complications in the
scanner design and the irradiation procedure. An alternative
approach was therefore proposed in [288]: to use only one
electron beam with an energy of 10 MeV, but to measure not
only the spatial but also the energy distribution of the gamma
quanta that pass through the container. The simulation
results and the first experiments with a bremsstrahlung
beam with an energy of 8 MeV [288] showed that the method
is promising. A criterion was formulated that distinguishes
various materials according to the fraction of the number of
photons with energies above 3 MeV. This criterion allows
effectively distinguishing materials by their atomic charge.

5.4 Nuclear biology and medicine
Laser-accelerated electrons, the X-ray radiation they gener-
ate, and laser-accelerated ions have great potential in biology
and medicine, replacing and supplementing methods based
on the use of traditional particle accelerators and X-ray
generators [289]. Although the average fluxes of particles
accelerated by laser radiation are currently much lower than
in traditional schemes, it should be taken into account that
laser methods are still at an early stage of their development
and are in fact rapidly improving. Attention should also be
paid to the possibility of accelerating ions of practically any
predetermined atom, provided by laser methods, upon a
prompt replacement of the target without any need to
readjust the rest of the experimental setup.

One of the interesting applications of laser-accelerated ion
beams (primarily protons and deuterons) is the production of
short-lived isotopes for single-photon emission computed
tomography (SPECT) and positron emission tomography
(PET) [67]. In most cases, such isotopes are obtained by
using beams of fast (10±30 MeV) protons in the reactions
100Mo�p; 2n�99mTc for SPECT or 11B�p; n�11C, 14N�p; a�11C,
18F�p; n�18O, etc. for PET.

The experimental implementation of such reactions using
laser-accelerated protons was first reported in [290±292]. The
total number of isotopes was small. In [291], using a laser with
a `high' (10 Hz) pulse repetition rate and energy of 0.8 J for
0.5 h of irradiation in the reaction 11B�p; n�11C was used to
obtain the activity of 13.4 MBq (or 0.3 mCi). With the use of
current and upcoming laser systems, we should expect an
increase in activity to 10 GBq or more (which already exceeds
the therapeutic dose) due to an increase in the repetition rate
to 10 kHz and intensity to 4� 1020 W cmÿ2 [293].

The isotopes used for PET (11C, 13N, 15O, etc.) can be
obtained by irradiation not only with protons but also with
deuterons. In [294], the activity of 100 Bq was accumulated in
200 s for the 11C isotope (10Hz, 70 TW). Calculations in [295,
296] show that the activity can significantly exceed 1 GBq for
several minutes of irradiation.

There are no experimental studies on the production of
the 99mTc isotope using laser-accelerated protons or heavier
ions. This is because the reaction 100Mo�p; 2n�99mTc requires
protons with energies of 10±50 MeV [67]. Calculations show
that, when using the ICAN laser system, an activity of
100 GBq can be accumulated in 1 hour. Another possible
option for the production of this isotope is to use the reaction
100Mo�g; n�99Mo in the GDR region (8±14 MeV) of the
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gamma beam of a Thomson laser generator [297]. With the
photon flux of 1013 g sÿ1 with a maximum energy of 14MeV,
the calculated activity can reach 3 GBq for the optimal
irradiation time of 6 h. This gamma flux corresponds to the
design parameters of the ELI-NP.

Another promising option for using protons with a
relatively low energy, up to 30 MeV, and neutrons generated
by them in medicine is therapy based on reactions with stable
isotopes of boron, 11B�p�3a and 11B�n; a�7Li. For the first
reaction, protons with an energy of about 1 MeV are
sufficient (the cross section maximum is reached at 675 keV
[298]). In the second case, epithermal neutrons with energies
less than 0.4 eV are needed, which can be obtained by
decelerating a beam of fast neutrons [299] coming from
reactions like d�p; n� p�p, d�d; n�3He [98], and others. A
significant advantage of this technique is the extremely short
(about 10 mm) paths of secondary particles, which provide
localization of the effect on the cell [300].

Another promising line of research is proton and hadron
therapy of tumor tissues (IBT) [301], primarily deep-lying
tissues (bone, brain, and so on). The required energies of
protons and hadrons in this case are 100±350 MeV per
nucleon [302]. The possibility of using laser-accelerated
protons to solve these problems was first noted in [303, 304].
Reviews on this topic are given in [66, 305, 306]. In particular,
the combination of fast optical control of an ion beam with
the concentration of the acting dose in short microbunches
can allow irradiating poorly fixed or moving objects [307].
The main restraining factors are the insufficient energy of
currently produced ions and the stringent requirements for
the monochromaticity and divergence of the beam. In
particular, this determines rather categorical conclusions in
[308] that laser ion accelerators for IBT have no obvious
advantages over traditional accelerators and are not ready to
replace them. The significant progress achieved in recent
years in the methods and approaches of laser acceleration of
ions, nevertheless, allows us to hope for a change in this
paradigm. In particular, we note projects such as ELIMED
[309, 310] and A-SAIL [311], whose purpose is to develop
appropriate technologies and create prototypes of installa-
tions for conducting IBT in the near future.

6. Conclusion

The contents of this review suggest that a new scientific
discipline, called `nuclear photonics', has vindicated its right
to exist. The point is not only that it has united many
interdisciplinary areas but also that it has contributed to the
development of newmethods for obtaining relativistic particles
with energies above nuclear reaction thresholds. Nuclear
photonics is primarily associated with the creation of new-
generation gamma sources based on the Compton back-
scattering of laser photons by relativistic electrons. This
method allowed obtaining a sufficiently high energy and
intensity of a gamma beam, a small angular divergence, and a
high degree of polarization. By now, the principal mechanisms
of particle acceleration in laser plasma have been established.
Laser beams of a high peak power are used to produce stable
beams of relativistic electrons, positrons, neutrons, and gamma
quanta, which correspond to the problems of nuclear photo-
nics by their characteristics. The main advantage of such
sources is their short duration and high peak luminosity.

Great progress has been achieved in the study of nonlinear
quantum electrodynamics effects in the interaction of laser

radiation with electrons, in particular, in Compton scattering.
In the near future, experiments are expected to significantly
increase the photon yield (by several orders of magnitude) by
controlling the Compton nonlinear scattering process by
chirping laser pulses. This will allow creating very compact
sources of gamma radiation and significantly expanding the
geography of their use.

At present, classical studies of electromagnetic interac-
tions of nuclei are being continued at a higher level. This
especially concerns the problem of studying the optical
anisotropy of atomic nuclei, first formulated by Baldin in
describing the mechanisms of collective excitations of nuclei.
The key task is to measure the sum rules connecting the total
photoabsorption cross sections of nuclei with the fundamen-
tal characteristics of the nucleon, including the anomalous
magnetic moment. New experimental data have been
obtained on the study of near-threshold photonuclear
reactions using real and virtual photons, including informa-
tion on radiative strength functions.

An important task in nuclear photonics is the study of
low-energy isomeric levels near the ground state or a
metastable state of the nucleus, which are extremely impor-
tant for fundamental nuclear physics and in the future can
become the basis for a number of dedicated applications
(frequency standards, quantum computing, nuclear energy
sources, etc.).

An essential factor facilitating the development of nuclear
photonics is given by the great amount of applied and
interdisciplinary research, including astrophysics, materials
science, gamma tomography of large-capacity containers,
biology, and medicine. This has become possible thanks to
the creation of new-generation gamma sources.

We also note that laser±plasma and traditional accel-
erator installations do not compete but complement each
other. In the first case, pulsed beams of high peak power with
a short pulse duration and a relatively low pulse repetition
rate are formed, and in the second case, (quasi)continuous
beams for conducting coincident experiments.
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