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Abstract—Preliminary experimental results on recording of phase and amplitude holograms using the radia-
tion of electric-discharge HF lasers are presented, and prospects for applications of such lasers in diagnostics
of various objects are discussed. It is shown that lasers with homogeneous working medium may generate
coherent radiation with a coherence length of greater than 6 m in the absence of mode selection. Methods for
control of spatial distribution of electron concentration in excimer and discharge chemical HF (DF) lasers
and distributions of the main combustible components are considered. Deposition of holographic identifica-

tion marks on artworks is studied.
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INTRODUCTION

It is known from [1, 2] that IR lasers may be supe-
rior to visible-range lasers in holographic diagnostics
of plasma owing to the fact that the detection sensitiv-
ity of electron concentration is proportional to the
radiation wavelength whereas the sensitivity of inter-
ference pattern with respect to density gradient of neu-
tral particles is inversely proportional to the wave-
length. Thus, the interference diagnostics of plasma
objects in the mid-IR range can be performed with
negligibly low measurement error of the distribution of
electron concentration related to the density gradient
of heavy particles. The minimum detectable product
of electron concentration N, and length of plasma
object L can be calculated as [2]

(NeL)pin = 2.2%x10% k1, /(CH) cm ™, (1)

where A is the radiation wavelength, &, is the mini-
mum detectable shift of interference fringe (normally,
0.1 of the fringe width), and C; is the sensitivity coeffi-
cient.

The sensitivity coefficient is proportional to the
number of passages of radiation through the object
under study and the nonlinearity of hologram. The
measurement sensitivity of electron concentration
increases by a factor of 2n when the holograms are
reconstructed in the +# diffraction orders [2].

Efficient diagnostics of the distribution of electron
concentration using CO, lasers has been shown for
various plasma objects (see [1, 2] and references
therein). In diagnostics of arc discharges, nonlinear
holograms can be recorded and reconstructed using

up to seven diffraction orders and a scheme for com-
pensation of aberrations that increase with an increase
in the diffraction order can be implemented.

Modern CO, lasers are employed for diagnostics of
plasma [3, 4] and interferometric monitoring of the
shape and deformation of various objects, in particu-
lar, large-size mirrors [5], building structures [6], and
artworks [7]. In the last case, an interferogram in
which hidden defects of an artwork are recorded can
be stored in computer media and may serve as an indi-
vidual identification mark that may prevent substitu-
tion of a copy for original artwork.

Electric-discharge nonchain HF chemical lasers
were used for diagnostics of plasma in the 1970s [8, 9].
Distributions of electron concentration in the dis-
charge plasma in the Z- and 0-pinch configurations
have been measured. Holograms have been recorded
in gelatin and bismuth films. An interference pattern
with a spatial frequency of 300 mm~! can be recoded
in gelatin at an irradiation flux of 2 J/cm? [8]. At a flux
of 0.5—1.0 J/cm?, the resolution for a bismuth film is
no worse than 500 mm~' and the threshold flux for
recording is no greater than 0.1 J/cm? [9].

Nonselective lasing has been employed in [8] in the
study of the 6-pinch discharge in a cylindrical quartz
vessel. A superposition of 5—8 phase holograms has
been recorded. Sequential reconstruction of such
holograms makes it possible to decrease the error of
determination of electron concentration. The mini-
mum measured product N,L was 10'® cm~2. Single-
line lasing has been used in [9] to record amplitude
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holograms with a minimum product N,L of 8§ X
105 cm~2.

The holographic method can also be employed in
the measurement of the spatial distribution of the
spectral composition of the HF-laser radiation and
the dependence of the radiation spectrum on the ini-
tial pressure of the gas mixture [10].

Evidently, CO, lasers are superior to HF lasers with
respect to the measurement sensitivity of electron con-
centration. However, the latter exhibit several advan-
tages. In particular, the radiation of HF lasers is trans-
mitted with minor loss by the walls of quartz vessels in
which various plasma structures are formed, walls of
xenon and exciplex lamps, and output and diagnostic
windows that are transparent in the visible and UV
spectral ranges.

Note the absence of progress in the holographic
diagnostics of plasma with the aid of HF lasers related
to the absence of convenient recording media with rela-
tively low recording thresholds and, hence, application
of lasers with relatively high output energy. Such lasers
have been cumbersome and complicated. In particular,
holograms have been recorded on gelatin films with
the aid of a laser with multipoint (2000) cathode, a
discharge chamber length of 3 m, and an output
energy of 10 J [8]. An oscillator—amplifier system with
the selection of transverse modes, an output energy of
2.5 J, and an efficiency of about 0.2% has been used
for hologram recording on bismuth films [9].

In this work, we present preliminary results on the
recording of holograms with the aid of discharge HF
lasers with output energies of 0.07—1.5 J. We also dis-
cuss prospects for application of the HF (DF) lasers in
the diagnostics of plasma, in particular, the study of
plasmachemical kinetics of excimer and chemical
lasers.

EXPERIMENTAL SETUP

In the experiments, we use two laser setups that
have been constructed at the Institute of Electrophys-
ical Devices.

In the first setup, the volume discharge is formed in
a mixture of sulfur hexafluoride and hydrogen due to
the X-ray preionization using the radiation of creeping
discharge [11]. Such a discharge is formed on the walls
of the discharge chamber (fluoroplastic tube with an
inner diameter of 100 mm) in the presence of a voltage
pulse (with an amplitude of up to 400 kV, a duration of
50 ns, and a leading edge of less than 10 ns) across the
interelectrode gap. A specific feature of the system for
the generation of the volume discharge is the simulta-
neous formation of the creeping and volume dis-
charges in a single interelectrode gap. The creeping
discharge is generated at a relatively high rate of an
increase in the voltage across the interelectrode gap
that is sufficient for the generation of the runaway
electrons and emission of soft X-rays [12]. A decrease
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in the voltage across the discharge gap related to the
formation of the volume discharge leads to a decrease
in the ionization rate in the creeping discharge layer
and prevents the transition of plasma of the creeping
discharge to high-conductivity state at a sufficiently
small duration of the applied voltage.

Windows made of calcium fluoride (fluorite) are
mounted on the ends of the discharge chamber and
orthogonally oriented to the optical axis. In the origi-
nal variant of [11], the laser electrodes with a width of
the plane part of 6 cm and a length of 50 cm are placed
at a distance of 6 cm from each other. The transverse
size of the laser beam is 6 X 6 cm. However, the distri-
bution of the laser energy density in such a laser is non-
monotonic and has a minimum at the symmetry axis.

In this work, we use the laser setup in which seg-
ment-cylindrical electrodes with a curvature radius of
5 cm are placed in the discharge chamber. The applied
voltage is decreased to a level of 250 kV. Figure 1 shows
the schematic drawing of the discharge chamber and
the photograph of the volume-discharge plasma at a
sulfur hexafluoride pressure of 10 kPa.

The cavity with a length of 1 m consists of plane
mirrors. The totally reflecting mirror has aluminum
coating, and the output mirror has a reflectance of
about 50% in the laser spectral band (2.6—3.0 wm).

In preliminary experiments, we have studied the
conditions for generation of uniform volume discharge
in the laser with the X-ray preionization. A holo-
graphic setup based on the OGM-20 ruby laser [13]
have been used to monitor the optical density distribu-
tion of the volume discharge. Figure 2 presents typical
interferograms of the volume and creeping discharges.
For the visualization of the creeping discharge, the
optical axis of the holographic setup has been moved
upwards by 10 mm (Figs. 2c and 2d), since the aper-
ture of the probe beam (about 90 mm) has been less
than the inner diameter of the discharge chamber.

The laser active medium is relatively homogeneous
in the working regime at a pressure of the gas mixture
(SFg: H, = 12 : 1) of 5—15 kPa. Substantial perturba-
tions of the gas mixture are observed only after the ter-
mination of lasing. The sizes of the region of the vol-
ume discharge are 1.6 X 6 X 50 cm, the laser energy is
1.5J, and the laser pulse duration is 150 ns. Laser spark
in air that is observed when the radiation is focused
using a spherical lens with a focal length of 160 mm
proves relatively high optical quality of the active
medium.

In this work, we also use a FLIP-1 discharge laser,
which is the first Russian repetitively pulsed chemical
laser with the closed gas-dynamic contour [14].

Preliminary changes of the electrode unit and ini-
tiation system of the laser of [14] make it possible to
increase the width of the region of the discharge
plasma and uniformity of the distribution of energy
deposition to the volume discharge. Thus, the laser
efficiency can be increased to 3% at a charging voltage



252

(@)

60

Fig. 1. (a) Schematic drawing of the discharge chamber
and (b) photograph of the discharge gap.

of 25 kV and an activation energy per pulse of 85 mJ.
The volume discharge with a duration of about 100 ns
is formed using the UV preionization with the aid of
multispark discharge in the circuit of peaking capaci-
tor. The length of the plane part of electrodes is 30 cm,
the interelectrode distance is 14 mm, and the width of
the discharge region is close to the width of the inte-
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relectrode gap (16 mm). The duration of the laser
pulse is about 100 ns at a ratio of the gas-mixture com-
ponents of SFy: H,=6: 1.

In both lasers, the laser pulse duration can easily be
decreased to 50 ns due to an increase in hydrogen con-
tent in the gas mixture.

Figure 3 presents the simplified schemes for the
hologram recording. The output beam is split into the
reference and object beams using germanium plate
BS. The difference of the optical path lengths of the
beams ranges from 1 to 6.5 m. Phase and amplitude
holograms are recorded in the experiments.

For the recording of the phase holograms, the
beams are focused by fluorite lenses L1 and L2 on gel-
atin film H that covers exposed photographic film
(photoplate) or film of bleached linseed oil deposited
on a fluorite film (linseed oil is widely used in art for
deposition of protecting coating).

For recording of amplitude holograms, the beams
are directed to an FPGV-2 photoplate sensitized for
the radiation wavelength of the ruby laser. In this case,
the recording is performed using the thermal sensitiza-
tion (see, for example, [15]) when the IR radiation
generates thermal relief on the surface of photoplate
and the image of such relief is formed due to the pho-
tochemical effect of visible radiation (e.g., radiation of
xenon flash lamp).

In this work, the OGM-20 ruby laser (that has been
employed for holographic diagnostics of the unifor-
mity of volume discharge) serves as a source of actinic
light. The radiation of the ruby laser having passed
through diffusion scatterer .S is used to irradiate the
film from the rear side. The illuminating laser works in
the Q-switching regime, and the duration of the laser
pulse is about 100 ns. The time interval between the
pulses of the chemical and ruby lasers ranges from 0.1
to 10 ps. To prevent incoherent illumination of the
photographic film, we use germanium filters F1 and
F2 and the KS-18 glass filter.

Fig. 2. Interferograms of the volume discharge in SF¢ that are measured with delays of (a) 0.28, (b) 0.7, (c) 20, and (d) 15 us at
sulfur fluoride pressures of (a—c) 10 and (d) 5 kPa and applied voltages of (a—c) 250 and (d) 210 kV.
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EXPERIMENTAL RESULTS AND DISCUSSION

Figure 4 presents a fragment of the magnified
image of the phase hologram. Phase holograms are
recorded due to changes of the surface relief of the gel-
atin film induced by high-power laser radiation. Non-
linear holograms are reconstructed with a relatively
high quality in the *6th diffraction orders, which
makes it possible to increase the measurement sensi-
tivity of quantity N,L by a factor of 12 [1, 2]. At a laser
fluence of about 0.5 J/cm?, the spatial frequency of the
recorded gratings ranges from 100 to 140 mm~' and
Ruby laser corresponds to the difference of the angles of inci-
dence of laser beams. In this case, the dynamic range
is no less than 3 and the diffraction efficiency in the
+1st orders (about 10%) is sufficiently uniform over
the image field. When the difference of the optical

) ) ) ) path lengths is increased to 6.5 m, the diffraction effi-
Fig. 3. Experimental optical schemes for recording of (@ ciency remains almost unchanged. For comparison, note
phase and (b) amplitude holograms: M1—MS5 plane mir- . ’
rors, L1—L4 lenses, F1 and F2 optical filters, BS germa- that the coherence length of the erbium laser [15] with a
nium beamsplitter, S diffuser, and H detector. radiation wavelength of A = 2.94 um is only 3.3 cm.

The diffraction efficiency of the amplitude holo-
grams at fluences of 0.1 J/cm? is significantly lower
(about 1%). The spatial frequency of the recorded grating
isabout 120 mm~". At a time interval of 10 us between the
pulses of the chemical and illuminating lasers, the dif-
fraction efficiency remains almost unchanged.

The radiation of the FLIP-1 laser with a pulse
energy of 60 mJ is divided into two beams with almost
identical intensities and a difference of the path
lengths of no greater than 1 m. Such beams are used to
record diffraction gratings in several materials (gelatin,
metallized lavsan, and dried linseed oil). A diffraction
grating is recorded on the linseed-oil film deposited on
a fluorite plate at a fluence of about 1 J/cm?. Figure 5
Fig. 4. Fragment of the magnified image of the phase holo- shows a fragment of the magnified image of the sur-
gram on the gelatin film. face of the lacquer film. With a delay of 10 years rela-
tive to recording, the illumination of the exposed sam-
ple using the radiation of the He—Ne laser yields split-
ting of the transmitted (and reflected) beams into
seven beams. A colored spot is observed in the trans-
mitted and reflected beams at certain angles when the
hologram is illuminated using sunlight.

Such a result can be used in the study aimed at the
application of the HF lasers in the art security encoding.

The irradiation of the gelatin layer of the photo-
graphic film and metallized lavsan makes it possible to
obtain structures that provide splitting of the reflected
beam of the He—Ne laser into five and three beams,
respectively. Note that the volume discharge in the
FLIP-1 laser is less uniform in comparison with the
discharge in the laser with the X-ray preionization.
Single streams with diameters of 4—5 mm are observed
in the discharge structure.

The results prove relatively high coherence of radi-
ation for the discharge chemical lasers with uniform
Fig. 5. Fragment of the magnified image of the diffraction initiation of 'the volume discharge in the absence of the
grating on the surface of the linseed-oil film. mode selection.

(b)
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The measurement sensitivity of the electron con-
centration in plasma diagnostics using HF lasers is
higher than the sensitivity provided by the ruby laser by
a factor of 40.

The results of this work characterize coherent char-
acteristics of nonchain chemical lasers based on
hydrogen fluoride. In our opinion, a transition to the
generation using deuterium fluoride (A = 3.4—4 um)
will not lead to noticeable variations in the coherence
of radiation.

Based on the absorption spectra of normal [16] and
deuterated [17] gelatin and the experimental results of
[15], we conclude that the threshold fluence needed
for the recoding of holograms with the aid of thermal
sensitization is no greater than 1 mJ/cm? for both HF
and DF lasers.

Practical implementation of the holographic
recording using the radiation of the DF laser will make
it possible to increase the sensitivity of the electron
concentration measurement and solve new problems.

PROSPECTS FOR APPLICATION

The prospects for application of the HF and DF
lasers as radiation sources of interferometric diagnos-
tic setups must be analyzed with allowance for specific
features of the above experimental setup including dis-
advantages related to complicated structure and oper-
ation.

Progress in the development of systems for initia-
tion of discharge chemical lasers [18—21] and cold-
cathode thyratrons [22] stimulates the development of
a commercially available HF (HD) laser with a rela-
tively low repletion rate, closed gas-dynamic system
including purification system [14], and an output
energy of 1-2J.

In our opinion, a laser with the resistive stabiliza-
tion of the volume discharge using solid electrodes
made of titanium-containing ceramic material doped
with niobium is the optimal laser for a holographic
setup. Such an electrode system for the stabilization of
the volume discharge that has been proposed in [23] is
a reliable and efficient system for initiation of repeti-
tively pulsed chain and nonchain HF (HD) lasers [21].

Efficient application of the HF and DF lasers in
the holographic recording is possible due to availabil-
ity of noncooled photodetector arrays with relatively
high sensitivity in the spectral interval of the lasers.
In particular, an Ophir Optronics PIROCAM IV cam-
era makes it possible to record interferograms with
sizes of 2.54 x 2.54 cm, a resolution of 80 um, a sensi-
tivity of 10 wJ/cm?, and a dynamic range of 1000.

Fast pulsed LEDs may serve as sources of actinic

light for the recording of holograms with the aid of
thermal sensitization.

In our opinion, high-coherence HF (DF) lasers
can be used to solve several topical problems.

FEDOTOV, FOMIN

Long-pulse excimer and discharge chemical lasers
are plasma objects that can be studied with the aid of
the HF and DF lasers.

In the XeCl excimer lasers, the electron concentra-
tion may amount to 10°—10' cm—3 [24—26]. When the
discharge gap is relatively long, quantity N, L is suffi-
cient for the holographic diagnostics of the transverse
distribution of electron concentration in the interelec-
trode gap if a ruby laser serves as the radiation source.
In particular, a shift of the interference fringes by 0.75 at
the maximum current and the formation of the cath-
ode—anode channels were observed in the measure-
ments of electron concentrations of up to 3 x 105 ¢cm—3
in the discharge gap with a length of 80 cm using a ruby
laser [26]. In diagnostics of the XeCl laser using the
probe radiation of the HF laser and reconstruction of
holograms in the first diffraction order, the shift was
more than 3 fringes and the diagnostic accuracy with
respect to electron concentration was higher by a fac-
tor of 4 [26].

The recording of nonlinear holograms makes it
possible to visualize electron distributions both across
and along electrodes and in the vicinity of the edges of
electrodes (regions that are important for discharge
stability and formation of directional pattern). In par-
ticular, the shift at the maximum current is about one
fringe when the diagnostics of the laser of [26] is per-
formed using the reconstruction of nonlinear holo-
gram in the fourth diffraction order.

Evidently, holographic methods can be used in
diagnostics of the KrF (and alternative excimer) lasers
that wok in the long-pulse regime with a duration of
the current pulse of greater than 100 ns.

In the discharge chemical lasers, the electron con-
centration at the maximum current may amount to
2 X 10" ¢cm~3 in accordance with the calculations of
[27, 28] and the reduced surface density of electrons
may reach a level of N,L = 10'° cm~2[28, 29]. A linear
hologram can be recorded using two passages of the
radiation of the DF laser (A = 3.8 um) through the
active medium of the HF laser [29] and the shift at the
maximum current is about 0.33 fringes.

It is known from [2] that a linear hologram depends
on both phase and amplitude distortions of the object
wave. The holographic method is insensitive to the
natural radiation of plasma (active medium of laser),
which is incoherent radiation that is not involved in
the formation of the interference structure of the holo-
gram. Relatively high accuracy of the measurement of
absorption coefficient using the holographic method
has been shown in [30]. Thus, it is expedient to employ
DF lasers in monitoring of concentrations of combus-
tible components of gas mixtures of discharge lasers,
in particular, hydrogen chloride in excimer (XeCl,
KrCl, and ArCl) lasers and saturated hydrocarbons
(C,Hg, C;Hg, and C4H ;) in chemical HF lasers.

TECHNICAL PHYSICS  Vol. 63 No.2 2018
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It is known from [31] that the 2 P(3) radiation of the
DF laser is strongly absorbed by the HCI molecules.
The results of [25] show that a decrease in the content
of such a component of the laser mixture may amount
to 90% at the moment of termination of current flow
in the discharge gap. The reduced absorption coeffi-
cient of hydrogen chloride in nitrogen at atmospheric
pressure is relatively high (greater than 5 m—! kPa~!)
[31]. The initial partial pressure of hydrogen chloride
in the mixtures of the XeCl lasers ranges from 0.1 to
1 kPa, so that the absorption coefficient per single
passage is ~0.3—0.97 for a typical electrode length of
about 70 cm. The measurement accuracy for relatively
high concentrations of HCI can be increased for the
P2(4) generation, since the corresponding absorption
coefficients are lower (0.015 m~' kPa~!) [31]. Rela-
tively high absorbance for the 2P(3) radiation can be
used to monitor spatial structure of the combustion of
HCI both across and along the optical axis of the laser
setup.

The absorption coefficients of the C,Hg, C;Hg, and
C,H,, molecules (that are used as donors of hydrogen
in the nonchain HF lasers) at the generation lines of
the DF lasers are 0.1—0.2 m~! kPa~! [32]. Our estima-
tions yield combustion of about 50% for donors of
hydrogen at a typical pressure of hydrocarbons of
about 0.5 kPa. Thus, the determination of the com-
bustion field for such substances is a complicated
metrological and phenomenological problem that,
however, can be solved with the aid of the holographic
methods. Such methods make it possible to eliminate
the effect of stray light of the active medium and to
employ procedures related to variations in the thresh-
old fluence needed for hologram recording (the flu-
ence at the maximum of interference fringe in the
unperturbed medium must be less than the threshold
level). The sensitivity of the method and the accuracy
of concentration measurements for donors of hydro-
gen can be increased using a system with additional
cuvette in the reference beam (the content of hydro-
carbons in such a cuvette must be varied in the desired
intervals).

In addition to pulsed discharge excimer and chem-
ical lasers, we can study repetitively pulsed and cw
chain chemical HF (DF) lasers. The holographic
methods can be used to visualize distributions of the
HF and DF molecules in the active medium of such
lasers.

Note also topicality of the determination of the dis-
tribution of electron concentration in the plasma of
xenon lamps that are used for laser pumping.

HF lasers can be used for fabrication of holo-
graphic identification marks on paintings that prevent
substitutions. Excimer lasers are employed at present
for recording of computer generated holograms on the
surface of paintings [33].
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CONCLUSIONS

Preliminary results of this work must be specified.
First, we must determine threshold exposures and
sensitivities of holographic recording on different
materials using HF and DF laser lines.

Note that recording and reconstruction of holo-
grams (especially, nonlinear) are complicated experi-
mental problems but the measurements of spatial dis-
tributions of electron concentrations and combustible
components of excimer and chemical lasers will make
it possible to substantially improve reliability and pre-
dictive power of mathematical models that are used for
calculation of characteristics of such lasers.
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