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The results obtained in Ref. [42] demonstrated that
employing NNs makes it possible to extend the capabilities
of distributed IMSs because of using the entire transfer
OFML characteristic, and not just its linear portion. This is
achieved through the optimal combination of the conjugate-
gradient, gradient descent, and thermal annealing methods in
the course of perceptron learning [42—44] and the use of the
transfer function of the form f(...) = tanh (...).

The elaborated notions of NN structure and learning
methods were realized in Refs [41, 43] in the development of
an optoelectronic NN with a holographic coupling matrix,
which enables a real-time reconstruction of the PF parameter
distribution in the IMS with an accuracy of 6 to 20%, whose
operation is illustrated in Fig. 3.

5. Conclusions

The aim of this report was to outline the results that have led
to advances in a new area of physical instrument making,
which emerged at the interface between several modern fields
of knowledge, namely, laser physics, optoelectronics, and
artificial intelligence. The emergence of this area is associated
with an impetuous introduction into practice of processes and
objects which should be monitored and controlled in real
time. These problems bring to the fore the necessity to
develop high-precision, high-reliable, and fast-response
measuring devices with a capacity to adapt to specific
conditions of their operating, learning, and solving problems
when the data obtained are deficient, and which also have the
capacity for pattern recognition and situation prediction. In
the future, the problems of development of the physical
principles and production technologies of adaptive optoelec-
tronic IMSs should therefore become central to their practical
application.
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Laser electron-beam X-ray source
for medical applications

E G Bessonov, A V Vinogradov, M V Gorbunkov,
A G Tur’yanskii, R M Feshchenko, Yu V Shabalin

1. Introduction

At present, a rich variety of diagnostic procedures and
interventions in cardiology, neurosurgery, etc. are performed
with X-ray monitoring. In so doing, X-ray tubes remain the
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Figure 1. Spectrum of a medical X-ray tube with a tungsten anode at
120 kV according to the tabular data of Ref. [17].
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Figure 3. General view of the angiographic synchrotron channel [22].

Figure 2. Image of a toe of a rat’s forefoot in the polychromatic spectrum
of an X-ray tube with a copper anode: 4, C — standard projections
obtained respectively for a voltage of 21 kV with a Ni filter, and 16 kV
without a filter, and B— difference 4— C of the images.

only radiation source employed in practical medicine (to say
nothing of radioisotope diagnostics). They possess a poly-
chromatic spectrum (Fig. 1). It is well known that harnessing
monochromatic and quasi-monochromatic beams allows a
substantial reduction of irradiation dose and permits, in
combination with techniques of image subtraction at the K-
edge of the contrast element (iodine, as a rule), the attainment
of a significant image quality (contrast) improvement for the
organs under investigation or operation. Figure 2 shows the
result of spectrum modification with subsequent image
subtraction through the example of a rat’s toe. We emphasize
that the modified spectrum in this case is, like the initial one,
polychromatic with some prevalence of the photons with
energies 7o < 8 keV (below the absorption edge of the nickel
filter). The subtraction of monochromatic images obtained at
energies immediately below and above the absorption edge of
the contrast material should be most advantageous [1].

We discuss this issue in greater detail through the example
of coronary angiography (the main diagnostic tool of
coronary angioplasty) — a relatively new and rapidly
progressing method for treating myocardial ischemia. In

1994, coronary angioplasty interventions outnumbered cor-
onary artery bypass grafting operations for the first time in
12 years [2]. Their cost amounts to billions of dollars. In
coronary angiography, the images of blood vessels are
produced due to the introduction of a contrast material with
the aid of a catheter directly into the region under investiga-
tion in the vicinity of the heart. The results of such an
examination underlie the conclusion about the necessity of
treatment, intervention, or an operation. One of the reasons
retarding wider dissemination of the method as well as its
mass application for diagnosing myocardial ischemia and
checking up on the state of blood vessels (scanning) of
inhabitants is harmful side factors. Among them are
significant irradiation doses received by patients and physi-
cians, hazards associated with the introduction of the
catheter, the injurious effect of the contrast material on
human health, etc. During the last 15 years, a substantial
effort has therefore been mounted to develop an alternative
direction involving the production of two monochromatic
images at the boundaries of the iodine absorption edge with
subsequent computer processing. In this method, the increase
in sensitivity to the presence of iodine will enable the
physician to work at very low densities of the contrast
material and introduce it by intravenous injections, in lieu of
catheterization. The starting point of this approach is the
availability of a monochromatic source with photon energies
hw =~ 33 keV (the abrupt change in iodine absorption). In
principle, it can be developed on the base of an X-ray tube and
crystal monochromators. However, the thus produced
photon flux would be too low, eliminating the possibility of
any clinical use or tests. The acceptable flux level is provided
by synchrotron radiation [3]. In this connection, special-
purpose angiography channels (see Fig. 3) were built at
several modern synchrotrons [4—8]. Examinations by two-
wave method were conducted on hundreds of patients to bear
out the feasibility of coronary angiography without catheter-
ization. However, it is still too early to discuss its practical
application owing to the large dimensions of the facilities and
their high cost, for the case in point is synchrotrons with
energies of several gigaelectronvolts and ring diameters of the
order of 20 m [1].

An alternative approach was proposed by the authors of
Ref. [9], who reported experiments on phantoms with the aim
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of investigating the feasibility of two-wave coronary angio-
graphy reliant on a laser plasma X-ray source. The laser pulse
energy was equal to 0.8 J for a pulse duration 150 and 400 fs
and a repetition rate of 0.02 Hz, a focal spot measuring
5 x 5 pm, and a peak energy flux density of ~ 10" W cm—2.
According to the estimates reported by Krol et al. [9], the
practical employment of a laser plasma radiation source in
two-wave coronary angiography would require a laser with
similar pulse parameters and an average power of 2—10 kW,
where the main problem of laser plasma angiography is likely
to lie.

2. Source parameters

Our work is also concerned with laser angiography, but on the
basis of Compton backscattering of high-power laser radia-
tion from relativistic electrons. This effect was first observed
by Kulikov et al. [10] and the idea of harnessing it in medicine
was discussed by Huang and Ruth [11]. We consider the
interaction of pulse-periodic laser radiation with electron
bunches of the storage ring, the repetition rate of laser pulses
being coincided with the electron orbiting frequency. We will
determine first the parameters of the laser and storage ring,
required for the generation of a sufficiently intense beam of
X-ray photons near the iodine absorption K-edge with
hw =~ 33 keV. In a head-on collision (see Fig. 4), the scattered
X-ray photon frequency w is related to the laser photon
frequency through the expression

fiw = 4y°hoy | (1)

where y = Ee/mc2 is the relativistic factor, and E. is the
electron energy. For a laser with iwp, = 1eV we obtainy = 91
and E. =46 MeV. The scattered radiation spectrum is
depicted in Fig. 5, together with the iodine absorption cross
section. The radiation is collimated in forward direction with
an rms angle ~ 1/y ~ 1072,

The relatively low electron energy allows us to orient
ourselves to a compact storage ring with an orbit radius
R ~ 1 m and an electron orbiting period T = 20 ns, which
corresponds to a laser pulse repetition rate of 50 MHz.

th
e, E; -
Y= Ec/mc2 T ——

hio = 4% hoy,

Figure 4. Compton scattering from relativistic electrons.
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Figure 5. Mass absorption cross section u of iodine and differential cross

section do/dQ for Compton scattering of laser radiation for two electron
energies.

The average X-ray radiation flux arising in the Compton
scattering can be represented as

® = neoldy = Ne 2 &y, 2)
S

where @ is the X-ray (Compton) photon flux measured ins~!,
@, is the laser photon flux in s™', ¢ = 6.6 x 107> cm? is the
Thomson cross section, 7, is the electron number density in
the bunch, /is the bunch length, s is the cross-sectional area of
the bunch, N, = JT/e is the total number of electrons in the
bunch, and J is the storage ring current.

The laser power required to attain the X-ray flux ¢ can be
represented, in view of formula (2), as follows

@th
Py = s1 I = . 3
L = SIL, L oN, (3)
In particular, proceeding from the X-ray flux @ = 2 x 10'4s~!

required for angiography [11] and the accelerator parameters
R=1m, T=20ns, J=0.1A,
Ne=125x10"cm™3, (4)

we find the energy flux density of the laser radiation
interacting with the electron bunch:

I =4x10°Wcem™. (5)

The average laser power Pp and the pulse energy g are
compiled below in Table 1 for two realistic values of electron

bunch diameter s'/2 and a repetition rate of 50 MHz.
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Figure 6. Transient processes in a Fabry —Perot cavity: (a) attaining of the
cavity reflectivity; (b) attaining of the cavity transmittance; (c) attaining of
radiation power inside the cavity, and (d) damping of the intracavity
power upon removal of the external field (R is the reflectivity of both
mirrors, N is the number of cavity go-rounds, and Iy is the incident wave
intensity).
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Table 1
s'2 um 30 100
PL = SIL, kW 40 400
&L = PL T, mJ 0.8 8

Since the parameters of the laser pulse change only slightly
in each scattering event, to improve the interaction efficiency
there is good reason to take advantage of a Fabry—Perot
cavity with high-reflectivity (R) mirrors. In this case, the
above radiation energy parameters pertain to the laser beam
inside the cavity. Outside the cavity they are (1 — R)f1 times
smaller. For R = 0.999, in particular, a laser with an average
output power of 40—400 W is required, according to the data
in Table 1.

The cavity length should be matched with the perimeter of
the electron orbit and, therefore, be equal to 3 m. Estimates
show that the average radiation load on the cavity mirrors in
this case is equal to 2—200 kW cm~2, and the pulsed load to
0.04—4 mJ cm~2. There exist optical materials with such a
radiation resistance; however, it is well to bear in mind that
the case in point is high-reflectivity cavity mirrors.

3. Discussion

To efficiently interact, the electron bunch, on the one hand,
should be shorter than the waist region of the laser beam, in
which the high intensity of laser radiation is produced. On the
other hand, the laser pulse duration should not exceed the
duration of the electron bunch. For a diffraction-limited laser

beam, the length of the waist region equals s/ (where A is the
wavelength) and the laser pulse duration therefore lies in the
picosecond — femtosecond range. A diode-pumped ytterbium
laser [12] approximates most closely the requirements for-
mulated above. Its average power is equal to 60 W, the
repetition rate to 34.3 MHz, the pulse duration to 0.81 ps,
and the wavelength to 1.03 pm.

In the previous section, the effect of laser radiation on the
dynamics of the electron beam in the storage ring was
neglected. The discussion of this issue is being continued in
the scientific literature [11, 13— 15], and it seems likely that the
issue will yet call for experimental investigation. In the
pursuance of these experiments, the employment of a high-Q
cavity is not a necessity and in some cases is even undesirable:
the inertial properties inherent in the cavity would limit the
turn-on and turn-off rates of its field and hence the
possibilities for investigating the transient processes in the
storage ring. This inertia is characterized by the number of
passages N required for cavity field settling. The relaxation of
reflectivity, transmittance, and intracavity power to equili-
brium magnitudes is illustrated in Fig. 6. It can be shown that
the time the stored energy takes to attain the 0.9 level of the
steady-state value is T1n20/(1 — R), where R is the reflectiv-
ity of cavity mirrors, and T is the cavity go-round time. The
damping of intracavity power and the decrease of reflectivity
to the 0.1 level during relaxation take place in a time
0.57TIn10/(1 — R).

The foregoing suggests that there is good reason to
employ a radiation source which generates trains of a rather
large and controllable (from 107 to 10°) number of subpico-

Modulator P

e 1

Negative feedback
system

b c
2.5nm 0.7 ps

Di
element

Saturable
absorber

Figure 7. Subpicosecond phosphate-glass laser (the pulse train duration is 50—200 ps, the number of pulses 5 x 103 —2 x 10*, the pulse duration 0.7 ps,
the single-pulse energy 0.1 —1 pJ): (a) schematic of the laser; (b) spectrum; (c) pulse correlation function, and (d) envelope of the pulse train (the time scale

is 10 ps per division).
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second laser pulses with a constant amplitude for investigat-
ing the interaction of laser and electron beams. A phosphate-
glass laser of this type was developed in the P N Lebedev
Physics Institute, Russian Academy of Sciences. The radia-
tion stabilization and the generation of constant-amplitude
subpicosecond laser pulses are attained through the use of an
external optoelectronic negative-feedback system [16]. Sche-
matic of the laser and its parameters are given in Fig. 7. The
energy of a single pulse ranges from 0.1 to 1 pJ. Reaching the
parameters specified in Section 2 requires multiplication by a
factor of 103—10% in this case, the total pulse train energy will
be as high as 10— 100 J, which appears to be quite realistic. In
this case, the X-ray pulse train will contain ~ 10!' photons,
which will make it possible to record high-contrast images
with up to 10° pixels in a time ~ 1 ms.

4. Conclusions
Hence, state-of-the-art laser and accelerator technologies
allow us to raise the question of the development of
qualitatively new means of X-ray diagnostics, which can
find application in different fields of medicine. In essence,
the employment of a laser in lieu of magnetic undulator
systems enables us to reduce the energy and dimensions of
electron storage rings which generate X-ray radiation. The
prospect of elaborating compact laser electron-beam X-ray
sources attracts the attention of many scientific groups [18 -
21] worldwide due to the indisputable advantages over both
X-ray tubes and synchrotrons. Among the applications, the
emphasis is put on medicine, though others exist in non-
destructive testing and security systems. The highly practical
significance of these fields and the growing demand for new
equipment are good spurs for the development of laser
electron-beam X-ray radiation sources.

The authors express their appreciation to O N Krokhin,
I G Zubarev, A N Lebedev, I A Artyukov, V I Panteleev,
SV Savel’ev, ST Fedotov, and V I Shvedunov for their helpful
discussions.
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Cosmological model
and universe structure formation

V N Lukash

The development, on the one hand, of new methods and
technologies of measuring the anisotropy and polarization of
relict radiation and, on the other hand, the elaboration of
maps of large-scale visible-matter distribution in the Universe
have led to the experimental determination of the cosmologi-
cal model, which physicists and astronomers of the 20th
century could only dream of. For the first time, the spatial
spectrum of primary cosmological density perturbations has
been measured on scales of length ranging from clusters
(~ 10 Mpc) to superclusters (~ 300 Mpc) of galaxies at
different instants of their evolution: 400 thousand years
after the Big Bang (E ~ 1 eV) in the epoch of hydrogen
recombination observed in the radio frequency band, and for
the modern period of cosmological structure formation
(E ~ 1073 eV, 13 billion years after the Big Bang) studied on
the basis of the distribution of galaxies and their clusters by
optical and X-ray astronomy techniques.

Today we can speak about a qualitative breakthrough in
observational cosmology: we know the solution to the
problem of the gravitational instability of the Universe.
Independently reconstructed were the initial conditions (the
primary field of cosmological density perturbations) as well
as the values of cosmological model parameters, including the
composition and quantity of hidden matter (cold particles,
baryons, massive neutrinos) and dark energy (the physical
vacuum density), which determine the evolution of density
perturbations from the recombination epoch to now.
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