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Abstract

The results of study of frequency-tuned monochromatic x-ray source are reported. The source was developed
on the basis of a vacuum diode with a laser-plasma cathode. The source proposed is particularly promising,
if the range of x-ray energy higher than 5 keV is of interest. The source features a spectral brightness higher
than 10'° photons/(cm?-s-sr-keV) and an x-ray pulse duration no larger than 10~2 s. An electromagnetic
model of such a cathode is proposed and evaluated in order to assess the feasibility of an x-ray source with
a laser-plasma cathode of higher performance. The possibility of using a ferroelectric electron emitter is
discussed.

1. Introduction

Time-synchronized pulsed x-ray radiation is useful studying the evolution of nonsteady microobjects
(including laser plasmas), which feature large density and refractive-index gradients. In this paper, we report
a design of a source of such radiation on the basis of a vacuum diode provided with laser-plasma or ferroelectric
cathodes; both of these cathodes, according to our estimates, have a number of advantages over the x-ray
source types that are regarded as the most promising at present and include an auxiliary target irradiated
by a diagnostic laser.

It is anticipated that the new source will have spectral brightness higher than 10'® photons/(cm?-s-sr-keV)
and a pulse duration shorter than 108 s.

2. X-Ray Radiation Sources and Probing Techniques

X-ray probing of dense plasma was first accomplished at the Rutherford Ampleton Laboratory [1, 2]. This
technique was further developed in France [3], Japan [4], and the USA [5, 6]. It was demonstrated that the
plasma of an auxiliary target irradiated by a diagnostic laser pulse is the most convenient source of probing
x-ray radiation with given parameters (such as spectrum, brightness, pulse duration, and synchronization).
Since the parameters of the formed plasma are known functions of the laser flux and target composition, such
a source largely meets experimental requirements.

The requirements imposed on various schemes of x-ray probing stem from the fact that the intensity of
probing radiation beyond the microobject must be sufficiently high to be detected with allowance for the
detector sensitivity and the background radiation. This condition can be met if the wavelength of probing
radiation is much shorter than the critical one. In particular, in the case of a dense nonuniform plasma with
electron density ng ~ 1022 cm™3, it is required that A < 0.3 nm. Furthermore, owing to the dependence of
mass absorption coefficient y on wavelength (u oc A3), an unambiguous interpretation of results is possible only
if the sources are monochromatic and have brightness exceeding the intensity of the microobject’s intrinsic
emission.

In this respect, the laser plasma formed at auxiliary targets made of elements with large atomic number [1-
6] seems to be the most appropriate source of x-ray radiation. The main drawbacks of such a source consist
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Fig. 1. Schematic layout of experimental setup: 1) vacuum chamber, 2) target, 3) laser beam, 4) titanium anode, and
5) high-voltage power supply.

in (i) the necessity of employing a high-power diagnostic laser (because the intensity of laser-plasma x-ray
radiation in the resonance K lines decreases drastically with an energy of quanta exceeding 4 keV) [7, 8] and
(ii) the requirement for monochromatization of the radiation.

3. Development and Study of X-Ray Sources Based on Laser-Plasma
Cathodes

For a probing source, we suggest an x-ray tube, which is mounted in a vacuum chamber and emits the K
lines of the cathode material bombarded by accelerated electrons of the laser plasma [9]. A schematic diagram
of experimental setup is shown in Fig. 1. Vacuum chamber 1 accommodates the target 2 made of aluminum
foil ~100 pm thick. The target is exposed to nanosecond or picosecond pulses 3 of Nd-laser radiation (or its
harmonic). The laser beam is focused at the target to a spot of about 50 um in diameter with the use of an
optical system.

The electric circuit of the x-ray source involves the grounded target 2, which serves as a cathode, and an
anode 4 kept under positive dc voltage of (5-25) kV derived from a high-voltage power supply 5.

Electrons emitted from the plasma formed at the cathode under the effect of laser-induced heating are
accelerated by an electric field in the direction of the cone-shaped anode and initiate x-ray emission con-
centrated in the characteristic K lines of the anode material. In this case, the plasma acting as an electron
emitter is formed under laser irradiation of the target irrespective of the applied accelerating voltage [10].

It is known that the highest yield of characteristic x-ray emission is realized for an electron energy 2.7-3
times higher than the energy of the corresponding transition [11]. In particular, if the optimum accelerating
voltage is used, the intensity of continuous bremsstrahlung is reduced markedly and, as a result, the radiation
becomes more monochromatic [12]. On the basis of such a system involving a Nd laser with energy of 0.2 J and
pulse duration of 8 ns, a laser-plasma cathode, and a titanium anode, we developed a source of characteristic
x-ray radiation concentrated in the K lines of Ti, which features a pulse duration less than 20 ns and spectral
brightness of 10'° photons/(cm?-s-sr-keV). Figure 2 illustrates dependences of the current-signal amplitude
and overall x-ray yield on the anode voltage. Dependences of the pulse duration and overall x-ray yield on
the anode—cathode separation are shown in Fig. 3.
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Fig. 2. The amplitude of current signal and total yield of x-ray radiation in relation to the anode voltage.
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Fig. 3. The duration and total yield of x-ray radiation in relation to the anode—cathode separation.

Let us consider the advantages of the proposed method for producing the probing x-ray radiation as
compared to other methods:

(i) the suggested way of forming the probing beam does not require an additional means for monochrom-
atization of x-ray radiation;

(ii) it is easy to accomplish a point-source operation if a microtip is used as an anode;

(iii) as follows from theoretical estimations, using other materials for the anode or increasing the energy
and reducing the pulse duration of laser radiation, we can enhance the spectral brightness of the source by
several orders of magnitude;

(iv) the proposed source is especially promising if the aim is to advance into the region of hard x-rays
(with energy higher than 5 keV) because both the energy and the degree of monochromaticity of electrons
are governed by the applied external field and the anode material,

(v) in the case under consideration, the energy of the external source is used; i.e., the laser plasma serves
only as an electron emitter, which makes it possible to use lasers of comparatively low power for forming the
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plasma.

4. Scale Dependences for a Laser-Plasma Cathode

In order to assess the feasibility of an x-ray source provided with a large-size laser-plasma cathode, we
consider the physical model of such a cathode (Fig. 1).

The design of the x-ray source under consideration is promising due to the following features:

(I) the volume and existence time of the plasma source of electrons can be controlled by the laser beam;

(IT) the choice of a tip-shaped anode can provide spatial localization of the x-ray source;

(III) the applied external voltage ensures high energy and monochromaticity of electrons and also their
additional focusing;

(IV) the energy of the external source (not that of the laser) is used;

(V) the appropriate choice of anode material and applied voltage determines the energy of x-ray quanta.

In what follows, we discuss or formulate the physical problems that arise.

4.1. The Laser-Plasma Parameters

The characteristic temperature of the plasma (in the region of critical density) formed as a result of
exposing a plane target to laser radiation can be assessed from the following formula:

T =4-10° (H;’T)z/z (%)4/3 [eV]. )

Here, g is the laser-radiation flux density (in W/cm?) at the target and A is the laser-radiation wavelength
(in pm).

Under experimental conditions [9] when ¢ = 10! W/cm?, A = 1 pm, and E; = 0.2 J (henceforth,
condition 1), the plasma temperature amounts to ~40 eV. If ¢ = 2 - 10'* W/cm?, A = 0.53 pm, and
Er, = 3 kJ (henceforth, condition 2), the temperature T amounts to about (0.5-1) keV. The total number N
of particles in the plasma is given by

_ Ei(v-1)
N=sua+2rr’ (2)

where Ej, is the laser-radiation energy, v is an adiabatic exponent equal to 1.3-1.4, k is the Boltzmann
constant, T is the absolute temperature, the factor 1/2 accounts for kinetic energy of the plasma, and Z is
the degree of ionization.

In the case Z = 3 — 4, the total number of electrons in the plasma is 3 - 10!®. Under condition 2, the total
number of electrons can approach 10!° with degree of ionization Z = 20 — 25.

4.2. An Analysis of Experiments Performed under Condition 1

In [9], 6 - 10® photons with an energy of 4.5 keV were detected. With the quantum efficiency of the anode
equal to about 0.1, the number of accelerated electrons striking the anode can reach 6-10°. This is well below
the number of electrons 10!3 of the plasma cloud, which can fall within the solid angle that corresponds to an
anode diameter of 0.3 mm and a cathode—-anode separation of 2 mm. On the other hand, the measured current
pulse that has an amplitude of 8 kA and a duration of about 20 ns transports the charge between anode and
cathode, which amounts to about 3 - 105 electrons, i.e., to the total number of electrons in the cloud. This
pulse carries an energy E = IUT = 2.7 J, which is more than ten times higher than the laser-pulse energy.
It is noteworthy that in [10] the duration of the current pulse coincides with the plasma-particle transit time
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Fig. 4. Illustrative dependences of electrical conductivity, temperature T, and density p on the distance in the vicinity
of the ablation front.

(equal to about 20 ns) for the cathode—anode gap and, consequently, the current pulse is related not only to
the acceleration of a fraction of the electrons, but to the hydrodynamic expansion of plasma as well.

4.3. Charge-Related Constraints

If the voltage U is applied to a spherical cloud of plasma, the charge of the total number of electrons able
to leave the cloud owing to the applied voltage is equal to @ = UR, where R is the cloud diameter. Later
on, the Coulomb forces will impede the flight of electrons from the cloud. For R = 1 mm (half of the anode-
cathode separation) and U = 17 kV, the charge Q = 5 (in CGSE units), which is equivalent to 10'° electrons.
This estimate is verified by measurement of the number of hard x-ray quanta (and, consequently, the number
of accelerated electrons, see Sec. 3.2); however, it is appreciably smaller than the number of electrons in the
measured current pulse. Certain (yet insignificant) corrections can be related to recombination processes,
which occur when the plasma expands. It follows from the relationship

dQ = UdR = Uv dt,

where v is the plasma-scatter velocity and dQ@ is the change of charge of accelerated electrons, that the x-ray
pulse can replicate the plasma-expansion pulse.

Based on the analysis performed, we can suggest a model of the plasma cathode operating under con-
ditions 1: a fraction of the accelerated electrons (~10~%) produces the x-ray quanta, while the majority of
electrons contribute to the current pulse.

4.4. Possible Ways of Overcoming the Charge Constraints

If the cathode is made of a rather large metal plate, it is possible to compensate for the charge carried
away by accelerated electrons and considerably increase the proportion of these electrons. The electrical
conductivity of metals amounts to 10!7 s~!, while the electrical conductivity of a plasma o = 1014 T3/2 -1
(T is expressed in electron volts) and with T =0.1-1 eV is close to the electrical conductivity of metals.
Under experimental condition 1, the current density at the anode (d = 0.1 mm) is j = 8 -107 A/cm?. Such a
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current density can be attained (in accordance with the relationship j = o F) for fields E amounting to 300-
400 V/cm. This is feasible basically; however, an impediment to realization of this approach will be the region
of low electrical conductivity in the vicinity of the ablation front (Fig. 4) where the temperature amounts to
several electron volts, metallic conductivity does not yet exist, and there is yet no plasma conductivity.

Other possibilities are related to ionization of residual gas of low density around the cathode and to
compensation of the charge of electrons due to electrical conductivity of the surrounding gas.

5. An Analysis of Parameters of Plasma and Laser-Plasma Cathode for
a 3-kJ Laser Source

5.1. Formulation of the Problem

In order to analyze the parameters of the plasma and the feasible parameters of a laser-plasma cathode
with a laser source energy of 3 kJ, we performed calculations based on the DIANA-NG code. This program
is written in the one-dimensional approximation with allowance for a single-liquid two-temperature plasma
hydrodynamics, emission from plasma, and radiation transport to a many-group approximation. In this
program, allowance is also made for transport and absorption of laser radiation, electronic and ionic thermal
conductivities, actual equations of state, exchange of energy between electronic and ionic components, and
data on spectral coefficients of absorption and emission of radiation including the procedure of averaging over
the groups. A number of other processes are also taken into account in the program.

It follows from our experience in solving one- and two-dimensional problems that calculations in the case
of a two-dimensional problem with the flare-type geometry and the given size of focal spot is approximately
equivalent to calculations within the framework of a one-dimensional spherical approximation if the actual
focal-spot diameter is larger than the radius (but smaller than the diameter) of the sphere used in the one-
dimensional calculation with the laser-radiation flux at the sphere surface corresponding to the actual flux
at the focal-spot surface. With account taken of this reasoning, we evaluated the processes occurring when
a copper spherical shell 750 ym in diameter is exposed to laser radiation with a wavelength A = 0.53 gm.
The laser radiation flux was represented by a pulse of equilateral-triangle shape, overall duration 3 ns, and
peak power density gmax = 2.5-10!* W/cm?. For the parameters specified and the actual flare geometry, the
laser-radiation energy is given by

Ep= %dzq“T"‘ Toulse = 1.6 kJ, 3)

where d is the flare diameter.

The thickness of the copper shell is equal to 20 um; variation of this thickness only slightly affects the
plasma parameters. Copper was chosen as a plasma-source material because this element is often used in
experiments with rather high atomic numbers. Figures 5 and 6 illustrate the spectral absorption coefficients
for copper (T =1 keV and p = 1073 g/cm? and 3.16 g/cm?).

5.2. Results of Calculations

Figure 7a illustrates the distributions of density, electron temperature, and plasma-motion velocity for
t = 1.5 ns (the flux peak) in relation to the number of calculational cells (total number of cells N = 64); the
same dependences are shown in Fig. 7b on a more expanded scale. In Fig. 7c, the same quantities are plotted
as functions of the radius. The relation between the cell number and the radius is illustrated in Fig. 7d for
the case t = 1.5 ns. Figures 8a and 8b show the radiation flux I, as a function of the energy of quanta
at the plasma boundary (N = 64) and at the boundary between the zone heated due to electronic thermal
conductance and the radiant-heating wave front (N = 62). Figures 9a and 9b illustrate the distributions
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Fig. 7. Distributions of density p, electron temperature, and the plasma-motion velocity for ¢ = 1.5 ns (corresponding
to the flux peak): a) and b) in relation to the number of computational cells (total number of cells N = 64) drawn on
different scales; c) in relation to the radius; d) plot illustrating the relationship between the cell number and the radius
(for t = 1.5 ns).

of energy flux carried by electronic thermal conductance (flux E) and by radiation (flux R) over the target
thickness. The magnitudes of fluxes are given in relation to the number of calculational cells for the problem
as a whole (Fig. 9a) and on a more expanded scale (Fig. 9b). In order to obtain distributions over the radius,
one should refer to Fig. 7d.

Figure 10 illustrates distributions of density, electron temperature, and the velocity of plasma over cal-
culational cells for the instant of the laser-pulse end (3 ns). For the same point in time, Fig. 11a shows the
fluxes of energy carried by electronic thermal conductances and radiation for the system as a whole, and
Fig. 11b shows the same quantities on a more expanded scale.

5.3. Discussion of the Results of Calculation of Plasma Parameters

Figures 7a, 7b, 7c, and 10a show the spatial distributions of the density p, electron temperature T, and
plasma velocity u for points in time of 1.5 and 3 ns. The distributions are typical for the problem under
consideration; there are a region of low-density flying-off corona with a temperature amounting to about
1.2-1.5 keV (for t = 1.5 ns) and to about 0.2 keV (3 ns), a region of radiant heating with temperature of
about 0.1 keV and p ~ 0.1 g/cm? (both for ¢t = 1.5 and 3 ns), and a region of shock-compressed copper with
density higher than nominal (> 10 g/cm®) and temperature amounting to several electron volts. The zone
of radiant heating is easily deduced from the distribution of radiation fluxes (Figs. 9a, 9b, 11a, and 11b).
Absolute values of fluxes are not important for us; it is only significant that in this zone the radiation-related
energy flux is many times larger than the flux of energy transported due to electronic thermal conductance.
The velocity of the plasma expansion is 100-1000 km/s, whereas the velocity of the copper-shell motion
in the region of radiant heating (with plasma density of 0.1 g/cm?®) is 50-100 km/s. For average value of
laser-radiation flux equal to 2 - 10'* W/cm? [t =1-2 ns], the corona temperature is adequately defined by

formula (1) as
g \2/® /1\4/3
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Fig. 8. Radiation flux I, as a function of the energy of quanta: a) at the plasma boundary (N = 64); b) at the
boundary between the zone heated via electronic thermal conductance and the radiant-heating wave (N = 62).

The radiation spectra shown in Figs. 8a and 8b are understandably related to the distributions of density
and temperature (Fig. 7a). The radiation flux is outwardly directed at the plasma boundary (N = 64). The
soft component of radiation flux (hv < 1 keV) is outwardly directed and the hard component (corona emission
with hv > 1 keV) is inwardly directed at the boundary between the wave fronts of electronic-conductance
heating and radiant heating (N = 62).

It follows from these data that the soft component of the spectrum is defined largely by the wave front
of heating due to electronic thermal conductance and partially by the main portion of the radiant-heating
wave front. The hard component of the spectrum is completely defined by the corona emission. In Fig. 12,
the calculated spectrum of radiation flux from copper shell (in this case, for ¢ = 1.5 ns) is compared with
the data reported in [13] for rhodium (see Fig. 4 in [13]). In the calculations, we take into account that (for
t = 1.5 ns) 75 % of the incident laser radiation is emitted as x-rays and the intensity in a 47-angle amounts
to 0.55 - 10° J/(keV-ns) (taken as the intensity unit in Fig. 12). Experimental data were adopted from Fig. 4
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Fig. 9. The distribution with depth in the target for energy flux transported by electron-related thermal conductance
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Fig. 12. Spectrum of radiation flux coming from a copper shell (as calculated for ¢ = 1.5 ns) in comparison with the
data reported for rhodium in [13].

in [13]. It is evident from Fig. 12 that the intensity and spectral distribution for copper and rhodium are
nearly the same. In the case of copper, emission lines distinct in Figs. 5 and 6 appear in the spectrum in
the ranges of 1-2 keV and 2-3 keV. In our calculations, these emission lines can be evaluated with the use
of a special program which processes the results of calculations of the plasma temperature and density as
obtained in the main code. However, it is unlikely that the intensities of these lines will be higher by an order
of magnitude than the intensities of recombination radiation and bremsstrahlung. In this respect, the group
constants account for a significant contribution of continuous component to the spectrum. This casts doubts
on the experimental data [13] for rhodium. In Fig. 4 of [13], the radiation intensity varies by three orders of
magnitude in the energy range of x-ray quanta of 1-3 keV, which hardly has any physical origin.

5.4. Ewvaluation of Parameters for a Laser-Plasma Cathode

The results of the above calculations verify the previously conjectured plasma parameters for the case of
3-kJ laser energy: the total number of electrons in the corona region is about ~10?, the plasma expansion
velocity is 8- 1078 cm/s, and the plasma radius is 0.25 cm by the time of 3 ns. In a time of 10 ns, the plasma
fills the volume with a radius of 8 - 107 [cm/s] x 102 [s] = 0.8 [cm].

If the charge of accelerated fast electrons is not compensated in the case of an accelerating voltage equal
to about ~50 keV and a cloud radius of about 1 cm, approximately 3 - 10!! electrons (a fraction of 31078 of
the total number of electrons within the corona) can be extracted from the cloud, which corresponds to the
cloud’s charge of about 150 esu. Even with allowance for a higher energy of accelerated electrons (~50 keV)
as compared to the energy of plasma electrons (~1 keV), the intensity of emission of accelerated electrons
is lower by a factor of 107 than that of plasma electrons. However, the former emission can be of higher
energy and of higher degree of monochromaticity.

It is evident from examination of Figs. 7 and 10 that, as far as the conductance of the plasma is concerned,
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the bottleneck here is bound to be the shock-compressed copper with density close to nominal and temperature
amounting to several electron volts. If the electrical conductivity o in this region is related to the plasma and
is equal to about 104 s—!, a charge of 4 - 103 esu can be transported in 10 ns when the focal-spot diameter
is 7.5-1072 cm and the electric-field strength is 1 cgs unit. This can compensate the space charge and make
feasible the acceleration of about 103 electrons. However, even this number of electrons is smaller than the
.total number of electrons in the plasma. The issue of what is the actual conductivity of substances under
the conditions of interest is extremely complicated and calls for further investigation. Experiments with the
current-induced rupture of wires provide certain information in this respect. Calculations related to shock-
compressed region are, as a rule, unreliable because they are not based on adequate models. For example, it
is easy to verify that in the case of copper with p ~ 10 g/cm3, T =1 eV, and Z = 1 the Coulomb logarithm
appearing in the expression for a conducting plasma is close to unity; under these conditions, theoretical
models are typically inadequate.

Verification of the techniques of space-charge compensation for a plasma is desirable and promising;
however, these efforts should indisputably be based on large-scale experiments because all the quantities of
interest (the plasma surface, temperature, conductivity, and so on) depend on actual conditions and on the
scale of experiment.

6. Monochromatic X-Ray Source Based on Ferroelectric Electron Emit-
ter with Laser Mechanism of Polarization Reversal

6.1. The Methods of Producing the High-Energy Electron Beams with the Use of Fer-
roelectrics

Ferroelectrics with a controllable mechanism of spontaneous-polarization reversal are promising as sources
of currents with high densities comparable to those considered in Sec. 1. The development of a ferroelectric-
based source is a complicated challenge due to a wide variety of ferroelectric materials (including single
crystals and ceramics) with a wide range of such important characteristics as spontaneous polarization P,,
coercive field E., and the Curie temperature T¢ (the temperature corresponding to the transition to the
ferroelectric phase).

(Pb,La)(Zr,Ti)Os (PLZT) ceramic can be chosen as one of these materials; this compound exhibits spon-
taneous polarization which is anomalously high for ferroelectrics and can be as high as 45 uC/cm?.

Let us consider the mechanism of operation of such a source. A thin plate (A = 1 mm) of PLZT with
electrodes deposited on the surface is polarized perpendicularly to the electrodes. An electric charge arises at
the electrodes, so that spontaneous polarization P, tends to be compensated. The negatively charged electrode
is provided with windows that expose the ferroelectric surface. A portion of the free charge compensating
P, resides directly on these windows. On the polarization-reversal in the ferroelectric, the surface charge is
not held fixed by the ferroelectric’s field, which can result in the emission of electrons with energies ranging
from several to tens of kiloelectron volts [14]. In [15, 16], the 25-keV electrons were emitted during the phase
transition in triglycine sulfate (T'GS) crystals whose temperature was slowly elevated and passed through
the Curie point. We expect that high-density electron beams can be formed in the processes related to fast
polarization reversal and to the release of space charges during pulsed laser irradiation of a ferroelectric.

6.2. Qualitative Assessment of Emission of Electrons from the Ferroelectric Surface

In the ferroelectric changeover (reversal of the P, vector), the charge at the exposed surface of ceramics is
not retained any more by the field of the ferroelectric and can be removed. In the context of phenomenological
theory, such a changeover is described in the following way [17]: Taking into account that the thermodynamic
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potential of material (the Gibbs elastic energy) can be represented as a polynomial in the deviations from
the initial state where D; = 0, we may deduce the simplest model if we assume that the induction D; = D
is aligned with one of the crystallographic axes (i.e., spontaneous polarization and electric field are directed
along this direction), mechanical stresses are equal to zero, and the nonpolar phase is centrally symmetric.
Each of these restrictions taken separately is not important; however, as a whole, they make it possible to
define the free energy Gj in the simplest form as

oo Yra, 9.6

where the energy is counted off from the value corresponding to nonpolar phase. In the simplest model
suggested by Devonshire, it is assumed that

(i) the coefficients ¥ and  are temperature-independent in relation to the first- and second-order transi-
tions;

(ii) @ = B(T — To) in the vicinity of the phase-transition temperature T, which corresponds to the
experimentally observed behavior of ferroelectric materials (the Curie-Weiss law for dielectric constant);

(iii) the piezoeffect may be ignored;

(iv) the domain structure of ferroelectric may be discarded.

Assuming that v > 0 (the second-order phase transition) we can restrict the thermodynamic-potential
expansion to the first two terms:

G = —%’(T0 - T)D? + %D". (5)

Differentiantion of the Gibbs elastic energy with respect to D at constant temperature yields the following
equation of state:

E = —B(To - T)D +yD>. (6)

Here, E is the electric field parallel to D. It is evident from examination of (6) that the behavior of D(FE)
is different for T > Ty and for T < To. At T > T, the material does not exhibit spontaneous polarization
(E =0, D=0). With T < To (in the case of a second-order transition Ty coincides with T¢), a single value
of E corresponds to two values of D, which are equal in modulus but have opposite sign (the branch with
dD < dE < 0 is unstable); i.e., ferroelectric properties with the typical hysteresis loop are observed.
The spontaneous polarization is given by
2 _ (Do)’
n=(3)

where Dy is determined from the condition that E(Dg) = 0, so that
_ m0/5
po - [ATe=D]"*
Y
The coercive field is defined by the condition that dE/dD = 0; thus,

2
Ee = == Dob(Tc = T).

Expressing the coefficients 8 and v in terms of the measured quantities E and P, we arrive at

VA B _ VT o o
gr P, | 128x° P3°

B(Tc-T)=
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With £ = 2 kV/mm and P = 45 pC/cm?, we have
B(Tc-T)~107%,  y=~34-10717,

The dielectric constant for zero external field is written as

dD 1 5-10°%
0= (35),.= BT -To) T-To'

Taking into account that T — T¢ = 200 K, we arrive at €(0) = 25.
To a first approximation in E, we can use the following formula:

__ €0

On the polarization reversal, the ceramic ferroelectric is bound to be heated. Furthermore, when the
induction varies from 0 to (2-3)~%-5Dy, the entropy decreases, which indicates that the work related to the
polarization reversal should be done on the ferroelectric. The entropy is given by

(%),
oT DX
and, on the assumption that the coefficients # and v are temperature-independent, we have S = —0.58D2.
When polarization is reversed in a ferroelectric, the decrease of entropy per unit volume amounts to
452 -T
as=-¥Tc-T)
6y

and the work required to reverse the polarization can be evaluated as
4 2
A~ -TAS = WT(TC - T), (8)

where T is the temperature of the ferroelectric sample, AS is the entropy variation, T¢ is the Curie temper-
ature, and S and « are coefficients in the expansion of the Gibbs thermodynamic potential with the first two
terms retained. Substituting the relevant numerical values into formula (8), we deduce that the specific work
required to reverse the polarization in a PLZT ceramics amounts to about 30 J/cm3. The heat released in
a unit volume of ferroelectric is of the same order of magnitude. The behavior of the heat capacity can be

evaluated as BT d
_ pL a 2
C(D)=Co+ ) dT(D°+AD) ,

where Cj is the heat capacity of the nonpolar phase. Since AD = D — Dy is independent of temperature, we

arrive at
C(D)=Co - ﬂ':f {1 * [ﬂ(T:- T)]O. b- [ﬁ(T:— T)]O. DO} '

Assuming that temperature varies only slightly during the polarization reversal, we derive the following
formula for the temperature variation:

0

TD

AT = -8 / o) P 9)
1.73D
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In the discussion above, we considered a model of a second-order phase transition. The type of phase
transition is difficult to identify experimentally owing to an appreciable temperature hysteresis. Therefore, in
estimations it makes sense to analyze the processes within the framework of a simpler theory of the second-
order phase transitions. The results are estimates and provide an adequate description of the behavior of
thermodynamic quantities. Moreover, the question arises whether the thermodynamics is applicable at all
to the phenomenon of fast polarization reversal in a ferroelectric. An appreciable insight can be gained with
allowance for surface phenomena, defects, and domain structure in ferroectric, which can bring about a partial
polarization reversal and incomplete hysteresis loops.

6.3. The Mechanisms of Fast Polarization Reversal

The time required for reversal of the vector P, depends critically on temperature, the strength of the
applied dc electric field, and a number of other factors [18]. Space-charge layers existing at the surface of a
ferroelectric give rise to a strong electric field directed perpendicularly to the surface. If an electric field is
applied to the crystal in a direction opposite to the direction of polarization, every antiparallel domain begins
immediately to expand through the motion of the domain walls forward and sideways [19]. Rapid variation
of P, as a result of high-voltage pulses brings about large surface charges amounting to 0.1-1 C/m? and can
initiate electron emission.

It should be expected that the highest surface-charge densities can be attained as a result of rapid reversal
of the vector P, combined with release of space charges under pulsed laser irradiation. Such a photoelectric
effect will give rise to electron emission; consequently, ferroelectrics are promising materials for development
of high-power electron emitters. Of particular interest is the reversal of the vector P, in such a direction
that electrons appear at the illuminated surface. To attain this, one should use electrodes which partially
exposed surface. Rapid polarization reversal can be realized when the operating temperatures are close to
the phase-transition point [20].

High-intensity electron emission caused by irradiation of a preliminary polarized ferroelectric sample by
a high-power laser pulse (the wavelength A < 1 um) is feasible when simultaneous repolarization (related to
pyroelectric effect) and space-charge release occur. Repolarization of the ferroelectric can be accomplished
synchronously with laser irradiation with the use of high-voltage pulses.

Let us evaluate the external electric fields that are generated in a completely polarized system under
condition that compensation of surface charges is prevented; we have

— P‘
T e(0)eo

In the case of PLZT ceramics with P, = 45 uC/cm? and €(0) = 25, the external electric-field strength
can be as high as 107 V/m. Such fields can be used to accelerate electrons, which was demonstrated in [21]
when gradual phase transition in TGS crystals was studied.

We may assume that a laser with pulse duration of about 30 ps can be used to attain a current density
as high as 10* A/cm?; furthermore, the current density at an anode of about 1 mm in diameter can reach
107 A/cm?, which is an order of magnitude higher than in the case of a diode with a laser-plasma cathode [9].
One may expect that optimization of pulse duration, wavelength, and energy of the heating laser, parameters
and geometry of the crystal, and the parameters of the surrounding medium will make it possible to attain
the predicted values of currents and electric fields; this, in turn, will make feasible an x-ray source with
quantum energy in the range of 5-10 keV and spectral brightness higher than 10?! photons/(cm?-s-sr-keV).
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7. Summary and Conclusions

(I) Based on calculations of the plasma parameters for copper (Z = 64) and laser-radiation fluxes ¢ =
2.5-10'* W/cm?, we demonstrated that the soft component of x-ray radiation depends on the wave front of
electron-related heating and partly on the major fraction of radiation-heating wave. The hard component of
x-ray radiation is completely determined by the corona emission.

(II) It follows from calculations of the parameters of a laser-plasma diode for an energy of 3 kJ and
accelerating voltage of ~50 keV that about 10!° electrons can be extracted from the plasma-generated cloud
containing 10'3 electrons. This signifies that the emission intensity for a laser-plasma diode amounts to
~10~¢ times the brightness of x-ray continuum of the plasma; however, this emission is harder and more
monochromatic.

(III) The search for and verification of the mechanisms of the plasma space-charge compensation can be
accomplished in a large-scale experiment because all the quantities of interest depend on actual experimental
conditions and characteristic scales in the experiment.

(IV) The feasibility of accelerated-electron emitter based on a ferroelectric and controlled by laser radiation
is demonstrated. Electron emission from the surface of the ferroelectric was quantitatively assessed. The
power required for polarization reversal in the ferroelectric under laser-induced heating was determined.

(V) The mechanisms of rapid polarization reversal in ferroelectrics exposed to laser radiation were consid-
ered. It is demonstrated that electron-current densities as high as 107 A/cm? are attainable with the use of a
laser with pulse duration of about 30 ps and a wavelength A < 1 pm. This makes it possible to develop a point
source that emits 5-10-keV x-ray quanta and has a spectral brightness as high as 10! photons/(cm?s-sr-keV).
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