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Abstract. Experimental research on photonuclear reactions
with gamma beams of intermediate energy (from the meson
photoproduction threshold up to several GeV) produced by
laser photons Compton backscattered on electrons (positrons)
circulating in storage rings is reviewed. Common to all of the
studies are the subject (interaction mechanisms of gamma-
quanta with nuclei) and the experimental technique (Compton
beams), which has come to be widely used in recent years. The
experimental and applied possibilities offered by the high-
intensity Compton beams created in recent years are also
discussed.

1. Introduction

The use of gamma-quanta of intermediate energies with
wavelengths comparable to the size of a nucleon represents a
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simple and effective method for investigating nuclear struc-
ture at the level of nucleonic and mesonic degrees of freedom.
This is because the operator of electromagnetic interaction is
quite well studied and photons freely penetrate the nucleus
and effectively interact with nucleons. The angular momen-
tum that is then transferred to the nucleus is minimal
compared with the case of strongly interacting particles, and
the multiplicity of reaction products is relatively small.
Therefore, the cross sections of photonuclear reactions
clearly exhibit a resonant structure due to the excitation and
decay of nucleonic resonances.

In recent years, the main factor confining photonuclear
studies to the energy range indicated has been the absence of
photon beams with the required parameters, namely, with
high intensity, monochromaticity, a high level of polariza-
tion, continuity, and low background. Bremsstrahlung
beams, which for a long time served as the main instrument
in such studies, were not consistent with these requirements,
with the exception of intensity. Various methods have been
used to improve the beam quality. Most commonly applied
has been the method of tagging Bremsstrahlung photons,
based on measuring coincidences of electrons scattered on the
Bremsstrahlung radiator with the nuclear reaction products.
This method has allowed obtaining highly monochromatic
beams. Methods were also developed for obtaining polarized
Bremsstrahlung photons. At present, successful work with
Bremsstrahlung beams is under way at various scientific
centers in Europe, the USA, Canada, Japan, and other
countries.

The present review deals with the method of Compton
backscattering, which has provided additional advantages for
investigating photonuclear reactions: a higher degree of beam
polarization and a low background. A detailed comparison of
various methods of producing gamma-beams can be found in
monograph [1]. The present review mainly reflects informa-
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tion presented at conferences held in recent years [2—5]. The
complete bibliography can be found in electronic libraries
(see, e.g., Ref. [6]), therefore, only key references have been
selected for presentation here.

2. Compton backscattering method and its
realization at various electron storage rings

The method of Compton backscattering was proposed in
1963 in Refs [7, 8], in which the main beam characteristics
obtained in collisions of laser photons with electrons were
computed. This method was then confirmed experimentally
at the Lebedev Institute (FIAN) [9] and studied in detail in
Frascati (Italy). With the first installation Ladone [10]
constructed there, a beam of Compton photons started to
be used in nuclear physics. Widespread application of the
method of Compton backscattering started in 1994 in
Novosibirsk, where a series of studies on photon absorp-
tion and nuclear fission induced by photons was carried out
at the ROKK installation (Inversely scattered Compton
quanta) in collaboration with the INR RAS, Moscow [11].
At present, active work on photonuclear reactions in
Compton beams is under way at Brookhaven (USA) with
the LEGS device (Laser Electron Gamma Source) [12], in
Grenoble at the ESRF storage ring (experiment GRAAL —
GRenoble Accelerateur Anneau Laser) [13], in Japan at
SPring-8 (installation LEPS — Laser Electron Photon
Source [14]), etc. Important advantages of the beams used
in these works (in addition to monochromaticity provided
for by the tagging system) are coherence and high level of
polarization, which allow investigating the spin structure of
nucleons and various polarization effects in photon scatter-
ing on nuclei and nucleons. At present, attention is mainly
drawn to measurements of the Gerasimov—Drell-Hearn
(GDH) sum rule and of other sum rules that provide
fundamental information on the anomalous magnetic
moment and other properties of the nucleon.

It must be noted that polarization experiments are also
actively implemented with photon beams obtained from the
Bremsstrahlung of polarized electrons or from processes of
Mueller scattering. Here, the work with Bremsstrahlung
beams under way in Mainz and at TJLab (see, e.g., the
reviews in Ref. [6]) is ahead of similar research with Compton
installations. Besides the necessity of obtaining results via
different methods, research with Compton photons can also
be justified by the better quality of beams, i.e., a higher degree
of gamma-quantum polarization and a lower background
level, and, consequently, enhancement of the experimental
precision.

The production of Compton beams requires electron
storage rings in which the electron current amounts to
several hundred milliamperes. The gamma-beam intensity is
here relatively low (up to 107 photons s~!). The bound is
imposed on the intensity because electrons are knocked off
the orbit of the storage ring and the beam lifetime is reduced.
A large number of users work simultaneously at a given
electron storage ring (the source of synchrotron radiation),
and therefore the admissible reduction of the beam lifetime is
usually agreed upon by all users and amounts to a value close
to 15%.

It must be noted that in photonuclear studies in the
intermediate energy range, additional restrictions on the
beam intensity occur because of the limits to the rapidity of
the electronics applied and to the capacities of the data

acquisition and handling system; on the whole, all these
conditions are quite consistent with each other.

The issue of enhancing the intensity of a gamma-beam has
already been discussed (see, e.g., Ref. [15]). Clearly, the
application of long-wave lasers, with relatively small electron
energy losses due to the emission of gamma-quanta, can
enhance the intensity if a scattered electron is not lost in the
storage ring and returns to its equilibrium orbit. In this case,
there in principle exist no limits to the beam intensity. The
first successful experimental results in this sector were
obtained in Japan at several electron storage rings making
use of long-wave CO» lasers [16] and in the USA at Duke
university with the aid of a laser on free electrons [17]. Because
of the importance of this issue, especially for applied research,
we discuss it in a separate section below.

Among the projects for future installations of a similar
type, we note the ‘Gamma’ station that is under construction
at the Kurchatov center of synchrotron radiation (KCSR) at
the electron storage ring ‘Sibir-2’ [18]. This will be the first
specialized SR source in Russia, and the creation of a beam of
hard gamma-quanta here is an important task.

2.1 Principal characteristics

of the Compton backscattering process

The differential cross section of Compton backscattering of
laser photons on electrons of energy E. in the laboratory
reference system (given ideal conditions, with the emittance
and transverse dimensions of the electron beam being
infinitesimally small) can be represented, in accordance with
calculations [7, 8], as

d_(f:4m2 K l+n2_ 4n?

dn 0 1—|—n+ K (1+n2)2 )

(1)

where n = 0y, y = E./me, 2 = 2yw/me, K=14+n*+ A, o is
the energy of laser photons, and 0 is the outgoing angle of a
gamma-quantum with respect to the electron momentum.
The energy of a Compton gamma-quantum is uniquely
related to its scattering angle:
W

E=4 e @
These formulas imply that the major part of the photon
beam occupies a small angle 0 ~ 1/y. In most of the existing
installations, the electron energy amounts to several gigaelec-
tronvolts, and therefore the characteristic angle does not

exceed 1073 rad.
The spectrum of gamma-quanta is described by the

equation
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The polarization of the Compton gamma-quanta is
determined by that of the laser photons. The cross section
accounting for the photon polarization (for scattering on
nonpolarized electrons) can be expressed through the Stokes
parameters & = (&, &, &3), where &3 = 1 corresponds to the
horizontal linear polarization, £ = —1 corresponds to the
vertical linear polarization, and &; and &, characterize the
linear polarization at the angle 45° and the circular polariza-
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Figure 1. The spectrum doo/dE, (left scale) and polarization (¢; — linear,

&, — circular) (right scale) for Compton backscattered radiation [11].

tions, respectively:

4r2depd 1 1\ /1 1
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Here, ¢ is the azimuthal angle and the variables x and y are
determined by the respective initial and final photon and
electron momenta (k,k’) and (p, p’) as x = 2pk/m? and
y = 2pk’/m?.

The energy dependence of the linear and circular gamma-
quantum polarizations is shown together with the spectrum in
Fig. 1. Tt is seen that at the maximum energy, which
corresponds to a scattering angle of 180°, the polarization
equals 100%.

The most detailed calculations of the parameters of
Compton photon beams can be found in Ref. [19]. The
results of computations for measuring the gamma-beam
polarization (of a polarimeter based on e*e™-pair produc-
tion in atomic electrons) are also given there. No experiments
have been carried out yet for direct measurement of the
polarization of gamma-quanta of intermediate energies.
Therefore, the results of calculations in Ref. [19] may be
applied in future work.

2.2 Parameters of experimental devices

The main parameters of the existing installations with
Compton photon beams of intermediate energies are pre-
sented in Table 1. It is seen that these devices cover an energy

range up to 3.5 GeV. The beam intensity does not exceed
107 photons s~!, which is determined by admissible losses of
the beam lifetime inside the storage ring, as noted above. To
obtain a Compton beam with a high level of monochromati-
city in energy, the method of tagging, i.e., of registering
scattered electrons in coincidence with the nuclear reaction
products, is additionally applied. A continuous or high-duty-
cycle beam is preferable for this purpose.

The distance between electron bunches in modern storage
rings, used as dedicated sources of synchrotron radiation,
may be of the order of magnitude of one nanosecond for
bunches several dozen picoseconds long, while the orbit may
even be a kilometer or more long. Therefore, from the
standpoint of the detecting system (with the time resolution
in registration of electron coincidences with nuclear reaction
products taken into account), such a beam can be considered
continuous. But even in a single-bunch operation mode, the
repetition rate is sufficient for the tagging system to function
with a limited intensity.

Different installations involve differing tagging systems,
which vary both in the sort of detectors used for registering
scattered electrons and in the elements of the storage ring that
require special upgrading. At Brookhaven, the LEGS setup
makes use of a long channel for guiding the scattered
electrons toward the plastic scintillators through a specially
constructed lens [12]. At all other installations listed in
Table 1, the detector of scattered electrons is mounted
behind the magnet of the storage ring in the immediate
vicinity of the electron beam axis. Figure 2 presents the
example of the layout applied in Novosibirsk for the
ROKK-2 setup.

It must be noted that gamma-installations (see Table 1)
are available at all synchrotron radiation centers and at
many electron—positron colliders. This is not only due to
the interest in research on the interaction of gamma-quanta
with nuclei, but also because Compton sources are useful
for diagnosing the operation of the storage rings themselves.
At present, Compton scattering is applied in measuring
transverse and angular dimensions of beams, for determin-
ing the position and stability of the beam orbit, and for
measuring the polarization of electrons inside the storage
ring. These parameters are very important for tuning the
storage ring and, consequently, for numerous experiments
carried out on it.

It is interesting to compare the principal parameters of
gamma-beams obtained by the method of Compton back-
scattering (see Table 1) and of Bremsstrahlung beams of
tagged photons available at modern accelerators such as

Table 1. Parameters of installations with Compton backscattered photon beams.

Setup Ladone | Taladone ROKK LEGS GRAAL LEPS
N
Storage ring Adone (Frascati) VEPP+4, 3, 4M NSLS ESRF SPring-8
(Novosibirsk) (Brookhaven)| (Grenoble) | (Osaka)
Electron energy E., GeV 1.5 1.5 1.8-55 1035-2.0| 1.4-53 2.5 6.04 8.0
Electron current I, A 0.1 0.1 0.2 0.1 0.2 0.2 0.1 0.2
Energy of laser photons W, eV 2.45 2.45 2.34-2.41(2.41-2.53|1.17-3.51 3.53 3.53 3.5
Energy of Compton quanta E,, MeV 5-80 35-80 | 100—960 | 140—220 [ 100—1200| 180—320 550—1470 | 150—2400
Energy resolution AE, (FWHM), MeV 0.07-8 4-2 1.5-2 4 6 16 30
Intensity, Ny s™! 10° 5x10° | 2x10° | 2x10° | 2x10° 4% 10° 2 x 10° 107
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Figure 2. Layout of the ROKK-2 setup at the electron storage ring VEPP-3 [11], comprising three main parts: (1) the tagging system of photons by their
energy (TS) mounted on the storage ring (M1, M2 are magnets, L1 — L4 are quadrupole lenses, w is a quartz window), (2) the laser system, including a laser
L, and acoustic-optical modulator (AOM), a Pockels cell (PC), and optical elements (prism, lenses, mirrors), (3) the detecting system, where FD is the
detector of nuclear fragments, CM is the cleaning magnet, SC, x, and y PC are beam monitors, and TD is a total-absorption photon detector.

CEBAF, producing 4 GeV clectrons (LJLab laboratory in the
USA) or MAMI-B with 850 MeV beams (FRG). The main
technical difference consists in Bremsstrahlung beams being
obtained here at an external target, to which the electron
beam is guided from the accelerator. The electron beam in a
storage ring crosses the radiation region a large number of
times (with a frequency up to 50 MHz and even higher in the
multibunch operation mode), and the electron beam intensity
therefore reaches hundreds of milliamperes. In the tagging
mode, the intensity of an extracted electron beam does not
exceed several dozen nanoamperes. On the average, the
intensities obtained from presently used Bremsstrahlung
photon beams exceed the intensities of Compton beams by
approximately one order of magnitude. But because the
Compton spectrum rises with the photon energy, while the
Bremsstrahlung spectrum drops off sharply, the flux of
Compton photons in the hardest part of the spectrum near
the upper boundary turns out to exceed the flux of
Bremsstrahlung photons by an order of magnitude. There-
fore, presenting only average values typically used for
comparison is not quite correct.

Of special importance is the fact that the Compton
spectrum exhibits no low-energy tail creating a harmful load
for the tagging system and an additional background in the
detector.

Concerning the remaining parameters, practically no
essential differences exist between Compton and Brems-
strahlung beams. The energy resolution determined by the
tagging system, on the average, amounts to about 1%. In
both cases, a high polarization is achievable, close to 100%
for a Compton beam and about 75% for a Bremsstrahlung
beam (in the region of the maximum spectrum boundary).
In this case, a Bremsstrahlung beam is obtained using a

beam of accelerated polarized electrons, with the polariza-
tion reaching 75%.

Thus, the quality of beams of gamma-quanta and their
possibilities mainly depend on background conditions; as the
photon energy increases, the advantages of Compton beams,
which are ‘cleaner’ and more effective, evidently become more
noticeable. At the same time, extracted electron beams are, in
the main, more oriented toward research on electromagnetic
interactions of nuclei and nucleons by the method of electron
scattering (virtual photons), which, in turn, yields unique
information on the structure of nuclei. A more detailed
comparison goes beyond the scope of the present review,
and the reader is referred to the proceedings of conferences
held in recent years [2—5].

3. Photonuclear research

The range of studies presently under way with Compton
beams of intermediate energies is quite broad. We deal in
greater detail with the work on photoabsorption by
actinide nuclei carried out in Novosibirsk with the
ROKK-1 and 2 installations [20—-24], and also on elastic
scattering of photons by nuclei [25, 26]. The results of the
Novosibirsk experiments on photoabsorption by nuclei,
confirmed by other investigations performed just recently,
allow adopting a new standpoint concerning the absorption
of photons by heavy nuclei or by bound nucleons. We here
consider a revision of the concept of ‘universality’ in
photoabsorption by nuclei in the region of nucleonic
resonances. Then, we discuss certain results of the research
on photoabsorption and photoproduction of mesons
carried out at Brookhaven [27—-29] and Grenoble [30—32]
at the electron storage rings NSLS and ESRF, respectively.
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Some results obtained at the storage ring SPring-8 [33—36]
are also presented briefly.

In spite of the apparently different subjects of the listed
experiments (nuclear photofission, meson photoproduction,
elastic photon scattering), it must be noted that they all
pertain to the common task of research on the interaction of
photons with nuclei, namely to the study of total photo-
absorption on free and bound nucleons. For example, data on
fission provide information about the total cross sections of
photoabsorption, since the fissilities of actinide nuclei are
close to unity in the energy range considered. To analyze
photoabsorption cross sections on heavy nuclei (or bound
nucleons), data are required on photoabsorption by free
nucleons, which in turn represent the sum of partial meson
photoproduction cross sections. Finally, elastic and quasie-
lastic scattering of photons on nucleons provides information
about nuclear form factors, which determine the differences
between free and bound nucleons. Therefore, a review of
these issues is important for understanding the physics of
nucleonic and mesonic degrees of freedom and for investigat-
ing the influence of a nuclear medium on the character of
elementary processes.

3.1 Photofission of actinide nuclei

Until recently, numerous experimental data on the total cross
sections of photoabsorption by nuclei from 7Li up to 238U,
obtained at energies above the pion production threshold,
pointed to the universal character of the dependence of the
total cross sections on the atomic number of the target
nucleus (see, e.g., review [37]). As shown in theoretical
works (see, e.g., Refs [38, 39]), the influence of the nuclear
medium (namely, the Fermi motion of nucleons, the Pauli
principle, intranuclear cascades) is manifest in the deforma-
tion of differential cross section distributions, in the change of
positions of nucleonic resonance maxima, and in other
modifications, but in the integral cross sections, no notice-
able differences exist between the total cross sections of
photoabsorption on free and bound nucleons.

Of the actinide nuclei (thorium, uranium, neptunium,
americium, and others), most attention in experiments was
given to the 238U nucleus (see, €.g., Ref. [1]). As noted in all
publications, the total cross section of 23U photofission
within the energy range indicated coincides with the total
photoabsorption cross section, in qualitative agreement with
nuclear fissility known to rise with excitation energy.
Experiments in beams of tagged photons have confirmed
this conclusion with a precision close to a few per cent [40, 41].

No interest in heavier transuranium nuclei was observed,
because for all actinide nuclei exhibiting low fission barriers,
fissility measured as the ratio of the fission cross section to
values on the universal curve was expected to be unity in the
region of the nucleonic resonances. Therefore, the first
announcement from Kharkov concerning the fissility of
21Am and 2**Am nuclei in this energy range [42], which
contradicted the conventional ideas concerning the universal
character of photoabsorption, for a long time only gave rise
to critical judgement. In Ref. [42], the photofission cross
section for the 2*!Am and 2**Am nuclei was claimed to be
larger that the photofission cross section of 238U by 30% in
the region of intermediate energies, which served as an
indication of possible additional mechanisms for the
excitation of nuclei by photons of intermediate energies,
other than the hadron channel related to meson photo-
production.

o, mb

40 80 120 160 200 240 280
E,, MeV

Figure 3. Photofission cross sections for 2*’Np (@) and >*¥U (O) nuclei
based on data in Ref. [24]. The dashed curve represents the calculated cross
section comprising two components — the total cross section of photo-
absorption on a free proton [46] (solid curve) and the cross section of
photoabsorption calculated by the quasideuteron model [51] (dot-dash
curve).

The first studies carried out with the beam of Compton
photons in Novosibirsk [20] confirmed the data in Ref. [42].
The use of a beam of monochromatic photons obtained by the
Compton backscattering method reduced the probability of
systematic errors in the measurement of relative fissilities of
233 and 2¥’Np nuclei by several times, and therefore the
deviation (30%) was 5 times larger than the total measure-
ment error. The results of these measurements are presented
in Fig. 3.

New experimental data have been obtained in Canada
and the USA [43, 44] with beams of tagged Bremsstrahlung
photons. These data confirmed the results concerning the
different fissilities of 233U and 23’Np nuclei in the region of
intermediate energies. Moreover, the number of isotopes
studied was increased (of the actinide nuclei, 233U, 233U, and
232Th were added). Therefore, explanation of the observed
divergence from the universal dependence of cross sections
became even more important.

Theoretical estimates of fissilities based on the intra-
nuclear cascade model (see, e.g., Ref. [24]), have shown that
fissility of the uranium nucleus may be 30% lower than unity,
owing to fission of the nucleus occurring at the last, slow stage
of interaction, after the intranuclear cascade has terminated
and static equilibrium has been established in the nucleus. The
greater part of the energy is then carried away from the
nucleus by fast pions and cascade particles. This model,
clearly contradicting experiments, required a detailed analy-
sis of the fissilities of actinide nuclei and of the total
photoabsorption cross sections based on the cascade-eva-
poration model [45]. The result of such an analysis is
presented in Fig. 4, where the solid curve describes the total
photoabsorption cross section for nuclei 232Th, 238U, 235U,
and 2’Np, obtained from measured photofission cross
sections, while the separate points correspond to the uni-
versal curve (the total photoabsorption for nuclei from 7Li to
238 based on the data in Refs [46, 48]).

Because all the total cross sections coincide with each
other within the measurement errors (upon normalization to
the number of nucleons in the nucleus, they land on the
universal curve) for this range of nuclei, they are presented
without additional discussion, as in Ref. [45].

It is essential that in measurements of the total photo-
absorption cross sections for actinide nuclei, presented in
Refs [43, 44], the accuracy of the data in terms of absolute
cross sections is quite high (not worse than 3%). This level of
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Figure 4. Total photoabsorption cross sections for actinide nuclei
(averaged over 22’Np, 238U, 235U, and 233U) based on the data in Ref. [45]
(solid curve) and obtained from the photofission cross sections for these
nuclei [44] by division by the computed fissility, compared with the total
cross section of photoabsorption on a free nucleon (dotted curve). The
dashed curve is the universal curve, on which the individual points for
nuclei from 7Li to 233U are situated, based on the data in Refs [46, 48].

accuracy can be estimated by comparison of the total cross
sections for a number of nuclei (>3>Th, 238U, 233U, and 2*’Np)
for which the difference in the total photoabsorption cross
sections has turned out not to exceed several per cent,
although the photofission cross sections differ by more than
a factor of two in this energy range (>**Th and 23"Np).

Several conclusions can be drawn from the presented
data. First, modification of the nucleonic resonances in the
nuclear medium is clearly seen: the A(1232)-resonance
becomes broader by nearly 50 MeV and the N*(1520)-
resonance disappears completely. This is confirmed by ear-
lier results [49, 50]. Here, in the region of the A-resonance, the
total photoabsorption cross section for actinide nuclei goes
20% higher than the universal curve. This fact is not readily
explained by simple modification of the resonance in the
nuclear medium, because the total cross section cannot
change. Consequently, the assumption can be made that
there exist additional mechanisms for the interaction of
photons with nuclei, not related to meson photoproduction.

In the energy range above the A-resonance, and
especially above N*(1520), the total photoabsorption cross
sections presented in Ref. [44] coincide with the universal
curve, but lie systematically below the absorption cross
section on a free nucleon. That the total absorption cross
sections on a bound nucleon becomes lower than on a free
nucleon can be explained by the vector dominance model (see,
e.g., Ref. [51]), according to which the nucleus becomes less
transparent to photons of energies above approximately
1 GeV, owing to the effect of hadronization, or photoproduc-
tion of heavy vector mesons.

It must be noted that reliable data on the total photo-
absorption cross sections for free protons and neutrons are
available in the energy range up to 800 MeV, where the results
in Refs [46—48] can be compared with each other. At higher
energies, the only existing data were obtained by Armstrong
et al. [46, 47]. Recently, communications have appeared of
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Figure 5. (a) Mean nuclear excitation energies after the intranuclear
cascade ends versus the incident photon energy [45]. (b) The same after
normalization to the number of nucleons in the nucleus. The notation is:
natph — solid curve, 23°Th — dashed curve, and 23’Np — dotted curve.

measurement results obtained by the GRAAL collaboration
[52] (they are discussed below), which allow correcting the
cross sections up to an energy of 1.5 GeV. From these data,
one can clearly see a third resonance for the proton at the
energy 1.0 GeV, while it is practically absent for the neutron.
This, most likely, means that the procedure for extracting
neutron data from measurements made with deuterons
should be corrected. In the case at issue, comparison of the
photoabsorption cross sections for nuclei and for a free
nucleon must be performed precisely with the proton, not
with the averaged sum for protons and neutrons, as in
Ref. [45].

It is also necessary to bear in mind that estimation of the
total photoabsorption cross sections for the actinide nuclei in
Ref. [45] is based on model calculations of the fissilities of
these nuclei (Fig. 5). Although the number of isotopes
investigated is quite large (**>Th, 233U, 235U, and 2*’Np) and
the respective total cross sections thus obtained coincide, it
would be desirable to carry out measurements of total cross
sections in other, independent ways, for example, by summing
the cross sections for partial reaction channels.

We recall that the main difference between the 238U and
237Np nuclei consists in the fission width of 233U being 3 times
less than that of 237Np [53]. Fission widths characterize the
probability of fission in the vicinity of the fission barrier,
which amounts to approximately 6 MeV for both nuclei. The
second, most probable, decay channel of a nucleus at this
energy is the emission of a neutron. The total decay width is
practically equal to the sum of the neutron (I'y) and fission
(I'r) widths. Thus, in the vicinity of the fission barrier, the
fission cross section can be described by the simple formula

I’y

Ff+Fn. (5)

Oyf = Otot

As the photon energy increases, the probability of fission
increases owing to fission of the nucleus also being possible
after the emission of two, three, or more neutrons. The
fissilities of the two nuclei reach saturation and approach
unity at approximately 40 MeV, if all the photon energy is
assumed to transfer into the excitation energy of the nucleus.
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Detailed calculations performed with the emission of fast
cascade particles taken into account [45] reveal that at higher
energies, the fissility continues to grow, as shown in Fig. 5.

Additional information on the photoexcitation of nuclei,
for instance, on the mean excitation energy of a fissioning
nucleus, after the intranuclear cascade inside it ends, can be
obtained by measuring the mass distributions of fission
fragments. The asymmetry in the mass distribution of
fragments is known to be related to shell effects, which play
a noticeable role in the case of low excitation energies and
become negligible at energies above about 50 MeV. Sym-
metric and asymmetric fission probabilities have been
measured in Novosibirsk for the 233U and 23’Np nuclei [21].
The results are presented in Table 2.

Table 2. Symmetric fission probability R = S/(4 + S) [22]; systematic
errors are shown in parentheses.

E,, MeV 238y 23Np

60 0.25 (0.09) 0.22 (0.08)

90 0.32 (0.09) 0.21 (0.07)
120 0.29 (0.09) 0.30 (0.08)
150 0.39 (0.09) 0.25 (0.10)
180 0.35 (0.08) 0.35 (0.10)
210 0.37 (0.08) 0.38 (0.11)
240 0.34 (0.08) 0.12 (0.07)

The fraction of symmetric fission with respect to the total
yield is seen not to exceed 40% for both nuclei, i.e.,
asymmetric nuclear fission predominates. Therefore, the
qualitative conclusion can be made that the fraction of
processes involving a low excitation energy of the fissioning
nucleus is quite significant. This may imply that the results of
calculations of the mean excitation energy of fissioning nuclei
in Fig. S may be overestimated or that the dispersion of mean
values is very large. The dispersion value is, regretfully, not
presented in Ref. [45], and therefore no estimation of the
fraction of low-energy excitations can be made.

A more detailed comparison also requires theoretical
estimates of symmetric and asymmetric fission probabilities
for the range of excitation energies of interest, which are still
not to be found in the literature. Thus, available data on the
mass distribution of photofission fragments only qualita-
tively confirm the possibility that a photoabsorption
mechanism involving a small energy transfer exists and
point to a difference between nuclear excitation processes
induced by photons and by protons in the intermediate
energy range.

Another qualitative indication that the issue of the mean
excitation energy of fissioning nuclei has been studied
insufficiently is given by the results of research on the
excitation of spontaneously fissioning isomers by photons
and electrons in the range of energies up to 1.2 GeV [54].
Isomeric states in fissioning nuclei are known to be due to
shell effects responsible for the formation of double-humped
fission barriers. When the excitation energy rises above
approximately 30 MeV, the barriers become single-humped
(liquid-drop) and the probability of isomers being produced
drops down to zero.

The isomer ratio in the intermediate energy range is shown
in Ref. [54] to be only several times lower than in the region of
the giant resonance. This means that the mean excitation
energy of fissioning nuclei does not exceed 30 MeV. Such a
result is consistent with data on the mass distributions of
fragments from photofissioning actinide nuclei.

On the basis of all the data presented, it is natural to
assume that additional mechanisms of nuclear excitation exist
that differ from the hadron mechanism, which is fully due to
meson photoproduction on nucleons. However, searches for
such mechanisms have not yet given positive results. An
attempt was made in Ref. [18] to explain the excess of cross
sections by rapid fragmentation of the nucleus, when nearly
all the energy of the incident photon is transferred to the
fragments without producing a compound nucleus. At low
photon energies (up to 20 MeV), the probability of such a
process does not exceed 107> with respect to the probability of
the ordinary binary fission [55]. This quantity has also turned
out to be very small (less than 10~?) in the region of nucleonic
resonances, according to the data in Ref. [18]. Consequently,
processes involving large energy transfers cannot explain the
excess in the total photoabsorption cross sections observed in
the case of actinide nuclei.

Another explanation put forward is related to processes
with small energy and momentum transfers [21], for example,
inelastic electron —positron pair production, which is due to a
long-range interaction (the Bethe — Heitler process). In recent
years, the interest in such processes has grown in connection
with investigation of the virtual Compton effect [56] and of
the virtual pair photoproduction on nucleons [57].

The investigation of small-order (in the electromagnetic
interaction coupling constant o = 1/137) electrodynamic
processes deserves to be discussed separately. Theoretical
estimates of the probability of inelastic eTe™-pair produc-
tion, leading to actinide nuclei fissioning, yielded a cross
section three orders of magnitude smaller than the experi-
mental value [21]. It must be noted that the cross section of
this process is strongly dependent on the nuclear form factor
cutoff value, which has insufficient theoretical justification.
Therefore, one of the arguments in favor of the necessity of
studying the indicated process, independently of its relative
probability, consists in the possibility of obtaining new
information on the form factors of heavy nuclei. In this
connection, it is interesting to analyze data on Coulomb
dissociation of relativistic nuclei — a process that is essen-
tially very close to the inelastic ete -pair production on
nuclei.

Diagrams corresponding to the inelastic e*e™-pair pro-
duction on a nucleus and to Coulomb dissociation of
relativistic ions are presented in Fig. 6. It must be noted that

a et b
Y o
7z
d
C
.
’
Y Y Y
{2
Z Z

Figure 6. Diagrams for the following processes: (a) electron scattering or
Coulomb dissociation of heavy ions, (b) inelastic ete™-pair production,
(c) Delbruck scattering, and (d) photon splitting.
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the diagram in Fig. 6b also describes electron scattering on
nuclei, and therefore the theoretical description of both
processes exhibits a common character. The processes
indicated are conventionally analyzed by the method of
virtual photons, a quite detailed description of which can be
found, e.g., in Ref. [1]. In the Born approximation, the
spectrum of virtual photons mainly depends on the initial
and final momenta of the incident particle. Therefore, one can
extrapolate the data on the cross sections to the small-Z
region.

Extrapolation of the cross sections of Coulomb dissocia-
tion of relativistic heavy ions [59, 59] to the small-Z region
reveals that the dependence of the cross section on the charge
of the nucleus is quadratic, in agreement with theoretical
estimations. The absolute value of the cross section of the
inelastic eTe™ -pair production with the emission of a neutron
or of fission (the probabilities of these processes in the vicinity
of the barrier are close to each other) turns out to be
approximately 10 mb.

The total photofission cross section for actinide nuclei
then amounts to approximately 100 mb at the maximum of
the P33-resonance (£, = 300 MeV) and drops down to 50 mb
at photon energies of about 1 GeV. Consequently, the data on
cross sections obtained by the extrapolation method do not
contradict the experimental results on the relative fissilities of
uranium and neptunium nuclei presented above. Regretfully,
the accuracy of such extrapolation is insufficient for definitive
conclusions. Therefore, the full answer to the question
concerning the reason for deviation of the total photoabsorp-
tion cross sections from the universal curve has yet to be
found.

Thus, the most recent data on the photofission of actinide
nuclei in the intermediate energy range have raised many
questions that open important new sectors of research in this
region. The main result can be considered to be that the
‘universal’ photoabsorption curve for heavy actinide nuclei is
no longer universal. An explanation of this fact can be found
in different ways, for example, by searching for processes such
as inelastic ete -pair production with small energy and
momentum transfers or, contrariwise, in fragmentation
processes of nuclei with large transfers.

This requires coincidence experiments involving the
registration of fast nuclear products produced at the initial
stage of interaction and of fission fragments providing
information on the excitation of collective states. Such
experiments can be performed with new-generation low-
background photo-nuclear installations making use of
gamma-quanta beams from laser photons Compton back-
scattered from electrons. Compton low-background beams
in storage rings allow studying processes with small energy
and momentum transfers. The existence of a nuclear
vertex in these processes results in their very strong
dependence on the nuclear form factor, which compli-
cates theoretical analysis of the data. However, it is
precisely this circumstance that allows obtaining addi-
tional information on the nuclear form factors. From
this standpoint, processes with small transfers can be
considered quasielastic.

A program of such experiments, based on the first data
obtained at the Institute of Nuclear Physics of the RAS
Siberian Branch (Novosibirsk), has been elaborated for the
electron storage ring ‘Sibir-2’ at the Russian Research Center
‘Kurchatov Institute’ [60].

3.2 Elastic scattering of gamma-quanta on nuclei.
Higher-order processes in the electromagnetic

coupling constant Za

So far, the interaction of photons with nuclei has only
been studied in lower orders in the coupling constant Zo.
Such processes include the well-studied Compton scatter-
ing and ete -pair production. Processes of higher orders,
like Delbruck scattering or photon splitting, whose
diagrams are presented in Fig. 6, have been studied
insufficiently.

Photon splitting on nuclei was first observed [25] in an
experiment carried out at the VEPP-4 storage ring with the
ROKK-IM setup. A special feature of this experiment
consisted in the registration of photons in the region of
small angles, i.e., on the background of the direct gamma-
beam. Studies of Delbruck scattering were performed in a
similar way [26]. The results of these experiments were shown
to be in good agreement with electrodynamic calculations
carried out in the approximation of plane waves and a point-
like nuclear charge.

The differential cross section of Delbruck scattering on
nonpolarized electrons can be represented as [26]

do ++ +-
E:<Za>4r4[<A )+ (47, (6)

where r is the classical electron radius and A™* and 47~ are
the conserved helicity and helicity-flip scattering amplitudes,
respectively. At a high incident photon energy (E, > m,) and
small momentum transfer (4 < E;), corresponding to the
conditions of the experiment performed, the quantity 4 is
proportional to the energy E,, which allows a detailed
comparison of theory and experiment. Theoretical estima-
tion was performed applying various methods. In Refs [61,
62], Feynman diagrams were summed with the exchange of
an arbitrary number of photons on the nuclear Coulomb
charge taken into account. In Ref. [63], the classical
approach was applied, giving results close to the ones
obtained by the microscopic method. The results obtained
in the experiments are in good agreement with theoretical
calculations. Thus, elastic scattering of photons can be
described with quite a good accuracy with higher orders
[up to (Zoc)4] of the relevant coupling taken into account.
The nucleus is then taken to have a point-like charge and no
internal structure.

Taking the nuclear form factor in photon elastic or
quasielastic scattering processes into account represents a
difficult task because nuclear interaction must be consid-
ered in addition to the electromagnetic operator. But this is
precisely the path along which one may obtain new results
concerning nuclear structure. As already mentioned above,
the cross sections of processes like, for example, quasielas-
tic ee~-pair production are more sensitive to the nuclear
form factor than simple electromagnetic processes. This
was first demonstrated in experiments carried out in
Novosibirsk.

3.3 Cross sections and asymmetries of meson
photoproduction on nucleons

The first systematic study of polarization effects in the
interaction of photons with nucleons and nuclei in Comp-
ton backscattered photon beams was initiated at the LEGS
(Laser Electron Gamma Source) installation in Brookhaven
in 1990 at energies from 200 up to 320 MeV [27-29, 64 —66)].
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Figure 7. (a, b) Angular distributions for Compton scattering and n’-meson photoproduction on the proton, respectively, from LEGS data (points [28])
and from Refs [68 —73]. The curves represent various versions of theoretical calculations (for details, see Ref. [28]); (c, d) angular distributions and cross
section ratios for Compton scattering and n’-meson production on a proton, respectively, in a beam of polarized photons.

In the investigation of the structure of the nucleon, a new
stage was launched, related to taking tensor interaction into
account, which according to the quark model leads to
mixing of quark spins with their relative motion. As a
result, a D-wave component of the nucleon wave function
arises, which violates spherical symmetry and leads to static
deformation of the excited nucleonic states, for instance, of
the A-resonance.

Because photons excite the A-resonance owing to the M1
interaction, while the quadrupole E2 component contributes
relatively little, measuring the value and sign of the ratio of
the components, E2/M1, turned out to be convenient for
studying the internal structure of the nucleon. The main decay
channel (99.4%) of excited nucleonic states in the energy
region considered is pion production (nN), and only 0.6%
correspond to transition to the initial state (Compton
scattering). These branches exhibit different sensitivities to
the contribution of the E2 component, which was studied
experimentally at Brookhaven.

A liquid-hydrogen target was used in the experiments.
Registration of recoil protons was performed using drift
tracking chambers and a plastic time-of-flight spectrometer.
Photons were detected by a high-resolution NAJ(TI) detector.
The results of measurements of angular distributions and of
asymmetry (X) for Compton scattering and for neutral pion
production are shown in Fig. 7. The polarization data define
the value of Gg /Gy more precisely and allow determining the
contribution of the E2 component to the N—A transition.

In recent years, the greatest interest has been aroused by
studies of double polarization observables, when both
polarized gamma-quanta and a polarized target are used.
Recently, the first results have been obtained in Brookhaven
on the asymmetries 2, G, representing the beam asymmetry
for a nonpolarized target at angles 0°/90° and +45°/—45°,
and the E-helicity beam asymmetry.

In this case, the scattering cross section of polarized
photons is expressed through the asymmetry coefficients X,
G, and E and through the target polarization coefficient P,
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s [66]
—00 E. :—dGBE 1+ E)X(0,E
dw( y P, V) dw( ’ V){ [Ql( Y) ( ’ Y)

— PzU,(E,)] cos2¢
+ [0y(Ey) G(0, E,) Pz + Uy(E,) 2(0, E,)] sin2¢

— P2V, (Ey) E(0, Ev)} : (7)

The coefficients Q, (E,), V, (Ey), and U, (E,) determine
the Stokes vector S,(Qy, V5, Uy) of the gamma-beam. We
here retain the notation adopted in Ref. [66].

Measurements were carried out with the polarized
hydrogen —deuterium target SPHICE (Strongly Polarized
Hydrogen deuteride ICE). It represents an HD molecular
mixture in the solid phase, which allows achieving a
polarization of about 80% for protons and 50% for

deuterons at low temperatures (1.5-2 mK) in a strong
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photons of different energies. The dark circles and triangles indicate GRAAL results [31] as compared with the data of other authors [76 — 78]. The solid
curves are the result of multipole analysis [79]. Dotted and dashed lines correspond to predictions of the isobar model [80].

magnetic field (15-17 T) [29]. For a circularly polarized
gamma-beam, dependences of the positive pion yield for
parallel and antiparallel nucleon and photon spins were
measured.

The azimuthal dependence of the measured asymmetry
coefficients X, G, and E is presented in Fig. 8. The low
background is to be noted in these experiments. The
obtained data are applied in testing the fundamental
Gerasimov —Drell - Hearn sum rules and polarizabilities of
the nucleon. The data on the sum rules were used for
determining the anomalous magnetic moment of the nucleon
(see, e.g., Ref. [6]).

The systematic research on meson photoproduction and
the spectroscopy of excited nucleonic states was extended to
the energy range of gamma-quanta up to 1500 MeV in the
GRAAL experiment (Fig. 9) at the electron storage ring
ESRF (Grenoble, France), where the investigation of strange
particle and vector meson production became possible, which
is interesting from the standpoint of nucleonic and mesonic
degrees of freedom.

The beam parameters at the GRAAL setup, achieved by
application of the Compton method, have been described
above. The creation of a wide-aperture (= 4n) detector
represents an important supplement to the gamma-beam.
The main part of the detector is a sphere comprising 480
BGO crystals 21 radiation lengths thick, which provides an
energy resolution of 0.0244E-%%7 (GeV) [74]. In order to
separate neutral and charged particles, a plastic AE-detector
consisting of 32 strips of plastic 5 mm thick and two
cylindrical proportional chambers, which allow finding the
interaction vertex of gamma-quanta with the target, have
been placed between the BGO and the target. Particle
registration in the forward direction (at scattering angles
less than 25°) is performed with the aid of plane propor-
tional chambers, two walls of plastic scintillators of area
9 m?, and an electromagnetic calorimeter of plastic and lead
layers [75]. The backward angles (exceeding 155°) are
covered by a disk of two plastic and lead segments. Thus,
particle registration with full solid angle coverage is
ensured.
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The first publications by the GRAAL collaboration are
devoted to investigation of the asymmetry of pseudoscalar
meson photoproduction (of neutral and charged pions, as
well as n-mesons) [44—46]. Measurements were performed
with a beam of linearly polarized photons of energy from 500
to 1100 MeV with the use of an argon laser (4 = 514 nm) and
800— 1500 MeV (4 =340 nm). The energy ranges over-
lapping in the 800—1100 MeV energy region permitted
controlling systematic errors and obtaining high-precision
results. Figures 10 and 11 demonstrate the example of data on
the asymmetry of meson photoproduction versus the angle
0°™ for photons of various energies E,. Here, data are
presented from different experiments in comparison with
theoretical calculations.

The differential n-meson photoproduction cross sections
[32] are shown in Fig. 12. The asymmetry can be seen to rise at
an energy above 1 GeV, which is not predicted by the
multipole analysis. This may point to the Fs-resonance
contributing to the n-meson photoproduction in this energy
range. On the whole, these results are important for
describing the nucleonic resonances S;; (1525), D3 (1520),
D;5 (1700), and Fys (1580). Here, we have only presented a

restricted number of results, permitting us to see the
possibilities of photonuclear experiments for research in this
field.

With the GRAAL setup, data have been obtained on the
total photoabsorption cross sections on the proton and the
deuteron in the energy range from 500 to 1500 MeV. Owing to
the low background, two methods were applied: subtraction
of the contribution of the empty target from the total hadron
yield and summation of the partial cross sections determined
by a kinematical analysis of the yields of reaction products.
The results of measurements for the proton are shown in
Figs 13 and 14. The data of Refs [46, 48], obtained earlier, are
shown for comparison.

At energies below 800 MeV, the results of different
experiments are seen to be in good agreement with each
other. At higher energies, where data are scarce, new results
allow describing the shape and absolute value of cross
sections more accurately. This is important for analyzing
total photoabsorption cross sections on heavy nuclei and for
studying the vector dominance of photons. The systematic
errors of measurements performed by the two methods do not
exceed 5% at photon energies below 1 GeV. At higher
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energies, the contribution of partial channels with pion
multiplicities M > 2 is not taken into account in the
summation method.

It must be noted that the systematic error in the
subtraction method is minimal throughout the whole energy
range. Analysis of data by this method is described in detail in
Ref. [52].

Figure 15 shows the total photoabsorption cross section
of a deuteron (normalized to the number of nucleons equal to
two) [52]. It is seen that the simple normalization does not
allow obtaining the correct photoabsorption cross section on
a neutron, and the influence of the second nucleon, i.e., the
proton, must be taken into account. For this, one can,
evidently, measure the total cross section on a quasifree
proton applying the aforementioned method of summing
partial reactions and then introduce the appropriate correc-
tions. It is then natural to use the assumption that the
influence of the neutron, as a spectator, on the proton and,
vice versa, of the proton, as a spectator, on the neutron should
be the same.

Further extension of research into the region of higher
energies (up to 3.5 GeV) with the use of a beam of Compton
backscattered photons has recently started at the SPring-8
accelerator with the LEPS setup (see, e.g., Ref. [50]). A special
feature of this setup (Fig. 16) is the presence of a wide-
aperture magnetic spectrometer permitting the effective
separation of the charged photonuclear reaction products,
as shown in Fig. 17. The main work with this setup during the
past two years has been related to the investigation of the
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coherent ¢- and w-meson production processes on the proton
and the deuteron [33], investigation of the asymmetry of kaon
photoproduction in reactions p(y, K™)A and p(y,K")Z? at
E, =15-2.4 GeV [50], and studying spin effects and the
dynamics of ¢-meson photoproduction [33—35].

Regretfully, the scope of this review does not permit us to
consider this activity in detail. We only mention the most
recent work where indications were obtained that a baryon
resonance of strangeness S = +1 was observed in interactions
of gamma-quanta with neutrons [85].

Among the promising ways of utilizing Compton beams
of intermediate energies, the possibility must be noted of
studying the interactions of short-lived mesons with the
nuclear medium, namely, the method of tagged mesons [86].
This method is illustrated by Fig. 18. Owing to the energy and
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Figure 15. Total photoabsorption cross section on the deuteron (@ —
GRAAL data [52], © — [48]), divided by two, compared with the total
photoabsorption cross section on the proton (averaged over the data
presented in Fig. 13) — dashed line.

3

Figure 16. Layout of the LEPS setup [33]: / — beam of 1 GeV electrons,
2, 6 — straight-line section of the storage ring (interaction region of the
laser photons and electrons), 3, 5 — laser system, 4 — tagging system, 7 —
beam formation and cleaning system, and 8§ — detecting system.

momentum conservation laws, recoil nucleons moving in the
forward direction carry information on the mass of the meson
produced. Results of simulation show that because the
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Figure 17. (a) Results of particle identification with the LEPS setup [35]. (b) Missing mass distribution for K*-, K~ -meson photoproduction.
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a quasifree nucleon, which is detected in the forward direction with a high
probability when a secondary interaction is absent. The meson produced
interacts with nucleons of the nucleus and gives rise to secondary products.
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Figure 19. Results of simulation of secondary particle spectra from meson
production [86]. The forward recoil proton energy versus the photon
energy for various cases of meson photoproduction is shown.

Table 3. Probability of secondary particle emission from the '“N nucleus,
induced by the - and n-meson photoproduction.

Particle Stage of reaction yp(MN) — n’p yp(MN) —np
P 1 95 95
n’ 1 80 0
n 1 0 70
P 2 22.0 20.8
N 2 23.7 22.1
n 2 8.7 8.6
nt 2 8.7 9.1
o 2 7.8 6.8
P 3 8.9 7.2
N 3 8.9 7.1
P 4 2.6 22
N 4 2.9 2.0

difference in mass between mesons (n’,m) is quite large
compared with the experimental resolution (Fermi broad-
ening of the spectrum and other factors hindering implemen-
tation of the experiment), the sort of meson can be identified
by registering the recoil nucleons (Fig. 19, Table 3).

An essential condition for making such an experiment
possible is a low background level, which can be achieved at
installations with beams of Compton photons. A detailed
analysis of the background conditions at the GRAAL setup
was given in Ref. [52].

Figure 19 shows the results of simulation obtained for a
free proton. The n- and n-mesons are seen to readily separate,
because their masses differ quite significantly. This is also
possible for other mesons, but a higher resolution is required.
Taking the nuclear medium into account reveals that in the
region of light and moderately heavy nuclei, the method can
be applied, because the mechanism of quasifree meson
production is predominant.

4. Production of intense gamma-quantum beams
with the aid of long-wave lasers
and lasers on free electrons

It was already mentioned above that an important achieve-
ment of recent years has been the creation of high-intensity
beams obtained by the Compton backscattering method. The
possibilities of this method are evident, and they were
discussed earlier in Novosibirsk with an account of simula-
tion results [15]. Practical success in this direction was first
achieved in Japan making use of long-wave lasers [16], and
then in USA with the aid of lasers on free electrons (the HIyS
setup [17]).

The energy of a gamma-beam obtained with the aid of
long-wave lasers is lower than in the case of short-wave lasers,
but, in compensation, restrictions are no longer imposed on
the beam intensity. There naturally remain technical pro-
blems related to the laser being very powerful.

Enhancement of the laser power from several Watts up to
several kWatts in experiments [16] led to an increase in
intensity by about 3 orders of magnitude (up to 10° photons
s~1). However, replacement of an argon laser with a CO- laser
resulted in the maximum gamma-beam energy being reduced
by a factor of 20, in proportion to the wavelength ratio.

Further enhancement of the intensity by 2—3 orders of
magnitude (up to 10'? photons s™') was proposed and
implemented by application of a laser on free electrons [17].
The beam monochromaticity was then ensured by collima-
tion, because the energy and scattering angle of Compton
photons are strictly related. The layout of the HIyS setup and
the beam intensity obtained with it are presented in Fig. 20.

The mirrors of the resonator are placed such that the laser
radiation bunch produced interacts with the successive
electron bunch of the storage ring. Compton backscattering
then occurs, and the gamma-quantum produced escapes in
the direction of the electron momentum. The conditions for
beam formation are optimal, because everything proceeds
inside a single section of the storage ring, where the undulator
is situated, and a high radiation power can be achieved.

The use of a laser on free electrons is seen to permit
increasing the gamma-beam intensity by practically several
orders of magnitude, up to 10'? photons s~!, which opens new
possibilities for utilization of Compton beams in various
applied activities. This is especially important for radiation
studies of materials and for studying the influence of
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Figure 20. (a) Layout of the HIyS setup, with which a beam of Compton
backscattered photons was obtained using a laser on free electrons [17].
(b) Compton backscattered photon beam intensity versus energy for the
HIyS setup (solid curve) compared with the beam intensity obtained using
an ordinary laser (dot-dash curve).

electromagnetic radiation on materials and biological objects.
Clearly, the new technique, which provides for (besides high
intensity) a high degree of monochromaticity, a small angular
divergence, and tuning the beam energy within quite a broad
range, offers much broader possibilities than the traditional
gamma-sources based on Bremsstrahlung or characteristic
emission.

As regards the fundamental research, the creation of an
intense photon beam has permitted initiating astrophysical
studies related to the measurement of deeply subthreshold
reaction cross sections. For example, the investigation of
photoneutron reactions on light nuclei (D, Be) at photon
energies from 1 to 3 MeV yields information on the inverse
reactions that are essential at the early stage of the universe
formation [87]; by measuring the '®O(y,o)!?C reaction
cross section at energies from 1 to 3 MeV, it is possible to
study the formation of oxygen and the burning of helium
in stars.

5. The diagnostics of beams in storage beams
with the aid of gamma-quanta

In conclusion, work should be mentioned in which Compton
gamma-quanta are used for diagnosing the beams themselves
in storage rings, especially that the first such setups were
historically intended for measuring the degree of radiative
polarization of electrons and positrons. This method of
polarimetry, proposed in 1966 [88] and first realized at
SPEAR [89] and VEPP-4 [90], is at present widespread and
most often applied for determining both the transverse and
the longitudinal polarization components at beam energies
within the range from one to several dozen gigaelectronvolts
(see, e.g., Refs [91—-93]).

The small angular divergence of Compton backscattering
and the features of its spectrum permit controlling the
transverse and angular dimensions of the beam by measuring

the space distribution of the most energetic gamma-quanta,
which is unambiguously related to the distribution of
particles in the interaction region.

Another method for measuring the dimensions of a beam
at a micron and submicron level both in storage rings and in
linear accelerators is possible by registering Compton
gamma-quanta due to scanning with a narrow laser photon
beam directed transversely to the motion of electrons. The
limit resolution of this method (~ A/m) can be achieved by
using interference of the laser beam [94].

When work is carried out with Compton gamma-quanta,
Bremsstrahlung on atoms of the residual gas represents a
background process. Knowledge of this background is not
only necessary for experiments, but also expedient for tuning
the storage ring itself. The circulating beam ionizes the
residual gases present in the vacuum chamber, and the
positive ions are captured by the attractive potential of the
electron beam. Accumulation of ions in the case of a sufficient
beam intensity results not only in deterioration of the effective
vacuum, but also in possible mutual excitation of electron and
ion oscillations, which leads to enhancement of the beam
emittance and even to its partial destruction. Observation of
the Bremsstrahlung, whose intensity is directly proportional
to the ion density on the orbit, allows controlling these
processes [95].

The examples presented far from exhaust all the useful
applications of gamma-quanta at storage rings; however, a
detailed discussion of work on this subject goes beyond the
scope of this review.

6. Conclusion

In recent years, certain progress can clearly be seen in the
development of new methods for obtaining gamma-beams of
energies from several megaelectronvolts to several gigaelec-
tronvolts, which is related to elaboration of the method of
Compton backscattering of laser photons at electron storage
rings.

The use of gamma-quanta of intermediate energies, with
the wavelength comparable to the size of a nucleon, has
allowed obtaining new important results on nuclear struc-
ture at the level of nucleonic and mesonic degrees of freedom.
The differences from the universal curve revealed in the
photoabsorption cross sections for actinide nuclei have
raised many important new issues relevant to the physics of
the nucleon and to the influence of a nuclear medium on the
character of elementary processes. Owing to the low back-
ground, it has become possible to set the tasks to search for
new baryonic states and to investigate the interaction of
mesons with nuclei and nucleons.

Of special interest is the possibility of implementing
coincidence experiments on actinide nuclei involving the
registration of fast nuclear fragments and nucleons together
with slow fission fragments, which will yield information on
energy relaxation mechanisms in nuclei and transitions from
the fast cascade stage of a reaction to collective dynamic
equilibrium.

The creation of intense low-energy beams of gamma-
quanta, based on the utilization of long-wave lasers, and
especially of lasers on free electrons, essentially leads to
expansion of the program of experiments, to the resolution
of astrophysical problems, to the investigation of photoneu-
tron reactions, etc. At the same time, such beams allow us to
approach the resolution of important applied problems,
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including the transmutation of elements and other problems
of radiation research of materials.

Finally, installations with beams of hard photons at
electron storage rings have demonstrated the possibility of
their application for diagnosing the operation of the storage
rings themselves, which is very important for optimization of
the operation mode, accounting for the large user commu-
nity.

Thus, the creation of high-quality gamma-beams on the
basis of electron storage rings will doubtless be of great
importance for the development of new ideas and promising
technologies in years to come. A great part in developing
these ideas and methods is due to the pioneer studies carried
out in Novosibirsk.

To conclude, we would like to express hope that this
review will serve as grounds for promising experiments to be
implemented at electron storage rings. Certain possibilities
are opening up in this direction, for instance, at the Russian
Research Center ‘Kurchatov Institute’ owing to the creation
of the first dedicated SR source in Russia.

The authors express their gratitude to V Litvinenko and
M Fujiwara for putting material at their disposal, and to
S T Belyaev, A N Skrinskii, and A V Stepanov for interest in
the work and useful observations.
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