Quantum Electronics 35(9) 805808 (2005)

©2005 Kvantovaya Elektronika and Turpion Ltd

PACS numbers: 42.55.Ks;42.60.Lh
DOI: 10.1070/QE2005v035n09ABEH010350

A repetitively pulsed HF laser with a large discharge gap

operating on the F> — H> mixture

B.S. Aleksandrov, E.A. Klimuk, K.A. Kutumov,
B. Lacour, V. Puech, G.A. Troshchinenko

Abstract. An efficient repetitively pulsed (RP) HF laser
pumped by a barrier electric discharge with a 10-cm discharge
gap is developed. A specific output energy E/V =3 and
23J L' and a technical efficiency 1 equal to 3.4% and
26 %, respectively, were obtained in the single-pulse regime
for non-chain and chain processes. An average output power
of 43 W (E/V ~10 J L™ and 5 = 11.3%) was obtained in
the RP mode of the laser with a pulse repetition rate of 10 Hz
for a depleted fluorine —hydrogen mixture (20 % F3, 5% H>).
Numerical simulation of laser operation under the conditions
corresponding to the RP regime for an active medium length
of about 0.5 m showed that a specific output energy of
15J L' and a technical efficiency right up to 20 % can be
attained in a single pulse. A specific output energy
~14 J L! attained under such conditions in the single-pulse
mode for an active medium length of 0.37 m is found to be in
good agreement with the theoretical values.

Keywords: pulsed HF laser, nonchain and chain reactions, barrier
discharge, specific output energy.

1. Introduction

A repetitively pulsed (RP) regime of laser operation broa-
dens the possibilities of its application for various scientific
and technical purposes (e.g., for processing of materials, in
medicine, for controlling atmospheric pollution, and for
developing a laser rocket engine) compared to the single-
pulse and cw regimes. The development of a chemical
chain-reaction laser (operating on a chemical chain reac-
tion) with a large discharge gap and a high efficiency in the
RP regime is a topical problem. The use of the chemical
chain  reaction {F —H, — HF(v) — H, H-F, -
HF() —F} in an electric discharge laser leads to an
eightfold increase in the specific output parameters as
compared to nonchain-reaction process [1].
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The high specific output parameters of an HF/DF pulsed
chemical laser (PCL) are attained due to a high
(~130 kcal mole™!) energy yield of the F»—Hs (D) chem-
ical reaction ensuring pumping rotation— vibration levels of
the emitting molecules right up to levels with v =6 (8).
Recharging of the waste mixture in the RP regime is carried
out by organising a directional gas flow. The energy
liberation in the active volume and gas path leads to the
emergence of periodic pressure and temperature peaks so
that shock waves, acoustic perturbations and the combus-
tion front propagate upstream and downstream. These
effects create a number of problems affecting the stability
of operation of a repetitively pulsed chemical laser (RPCL).
It was assumed earlier that the addition of heavy gaseous
diluents SF¢, CF4 and CO> to the hydrogen-fluorine mixture
must lower the combustion rate as well as the peak values of
the temperature and pressure after the initiation of emission.
An analysis of the combustion rate revealed that the
replacement of monatomic diluent gases (He, Ar) by
polyatomic (SF¢, CF4) gases lowers the combustion rate
from detonation (about 2 km s™') to subsonic velocities
(units and tens of m s™') [2].

Calculations show that the combustion rate is practically
independent of pressure and may be equal to 1-10 m s~
for mixtures with active components F,—H, (D) ensuring a
high value of the output parameters of the RPCL (Fig. 1).
With this circumstance in view, we proposed a method of
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Figure 1. (a) Dependences of the combustion velocity v in the Fo—H>—
SF¢ mixture on the volume concentration of fluorine under a pressure
p =10 kPa.
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replenishing the working mixture in the active volume of a
RPCL by entraining the combustion front by the fresh gas
flow at a velocity exceeding that of the combustion front.
This method makes it possible to attain a high pulse
repetition rate f since, in contrast to the other technique
based on an interruption of hydrogen (deuterium) supply, it
is independent of the speed of response of valve-type devices
[3, 4].

In order to attain the anticipated efficiency, the gas path
of the RPCL must have smooth walls and must be free from
the protruding elements of the initiating system. Elements
like flash lamps, electrodes used for preionisation, and
multielectrode board may cause a premature ignition of
the mixture and also obstruct the suppression of acoustic
perturbations from the active laser volume.

We developed and studied an effective technique for
triggering electric-discharge in an HF(DF) RPCL by using
stabilising barrier electrodes made of semiconducting ferro-
electric ceramics. The electrodes are found to be simple and
reliable in operation, do not require any precise adjustment,
and ensure a high energy input (up to 100 J L™!) to the
homogeneous discharge.

A small-scale barrier-discharge-triggered F>—H, mixture
HF RPCL with f<50 Hz and an active volume of
1.4%x3.3%x12cm (1.4 cm is the size of the discharge gap)
was demonstrated in [S]. In this paper, we present the results
of investigations of a barrier-electric-discharge HF RPCL
with f= 10 Hz and a discharge gap extended to 10 cm.

2. Experimental setup

The experimental setup used in this research consisted of
the following main systems. The gas system ensured the
supply of laser mixture components with preset composi-
tion and flow rate to the laser device and created conditions
for gas-flow laser operation in chain-reaction and non-
chain-reaction mixtures. Preliminary gas mixtures (oxidising
mixture Fo—SFq—0,, gas mixture SF¢— N, for spark gaps
in the triggering system and for blowing round the windows
and electrodes in the discharge chamber) were prepared
beforehand in separate containers. The maximum gas flow
velocity in the laser channel was 2.5 m s™', and the flow
rate of the main components of the gas mixture was
4 L s™'. A high voltage from the charging unit was supplied
to the triggering system. A capacitive pulse generator with
voltage quadrupling was used (Fig. 2).

To lower the inductance of the discharge circuit, the
pulsed voltage generator (PVG) was prepared from two
blocks each of which consisted of two capacitors and one
spark gap. The PVG was mounted on both sides of the
discharge chamber and functioned as follows.

The storage capacitors are charged from a bipolar source
to a voltage of, say, +45 kV as shown in Fig. 2. After
instruction from the triggering device, both spark gaps are
triggered simultaneously and voltage pulses with an ampli-
tude +90 kV relative to the Earth, formed at the electrodes
of the discharge chamber, initiate a discharge in the active
volume. Using barrier electrodes made of semiconducting
ceramic, a homogeneous discharge can be initiated in laser
gas mixtures under pressures up to 12—13 kPa.

The highest energy content of a PVG formed by four
low-conductivity capacitors of capacitance 9.52 nF each was
equal to 38.5J. The charge of the capacitors in the
repetitively pulsed regime was monitored with the help of
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Figure 2. Scheme of a pulsed voltage generator.

a low-frequency voltage divider. The pulse shape and the
discharge current were measured by using shunts and
resistive voltage dividers. The energy input in the discharge
volume was calculated from the current and voltage oscillo-
grams.

The diagnostic system provided the measurement of all
the main parameters of laser operation: pressure and
temperature, current and voltage pulses of the PVG, energy
and time dependences of the laser radiation pulses, and
characteristics of the synchronisation system.

The laser device used in our experiments is shown
schematically in Fig. 3. The active laser volume is equal
to 4.1 x10x 11 cm (10 cm is the size of the discharge gap
and 11 cm is the length of the medium along the optical
axis). The distance between the cavity mirrors (output
mirror and totally reflecting mirror with reflection coef-
ficients ~0.30 and ~0.96, respectively) was equal to 0.7 m.
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Figure 3. Scheme of a barrier-discharge-initiated laser: (/) mixer; (2)
gas distribution heads with a porous gas distributor; (3) discharge
chamber with built-in barrier discharge electrode panels; (4) fluorite
windows for radiation extraction; (5) PVG terminals; (6) shockwave
and acoustic perturbation damper.
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The laser windows and the lateral surfaces of barrier
electrodes were blown by SF¢ gas.

3. Experimental results

According to calculations presented in [6], the combustion
rate strongly depends on the hydrogen concentration in the
laser mixture. Thus, in order to determine the mixture
composition, we must study the effect of hydrogen on the
laser pulse energy E for a fixed concentration of fluorine.
Such a dependence was obtained for a fixed concentration
of fluorine and a specific energy input W =61 J L', One
can see from Fig. 4 that for a twofold increase in the
hydrogen concentration (from 4% to 8 %), the energy
varies by just 20 % —30 %. Hence, the gas mixture accept-
able for the operation of a RPCL may contain the
minimum quantity of hydrogen.
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Figure 4. Dependence of the laser pulse energy E on the volume
concentration of hydrogen in the gas mixture F,—H,—0,—-SF¢ for
p=10kPa, W=611J L™! and [F2] = 20 % and 30 %.

Experiments in the RP regime were first carried out in a
nonchain-reaction mixture of composition SF¢:H, =9:1
for f=10 Hz. In this case, the average laser power was
13 W. Experiments on chain-reaction mixtures were carried
out for a gas flow velocity of about 2.5 m s ', while the
volume concentration of fluorine varied right up to 30 %.
The hydrogen concentration was maintained within the
interval 4 % —5 %. One can see from Fig. 5 that the average
laser power increases to 43 W for a fluorine concentration of
about 20 %, but a further increase in the concentration leads
to a sharp decline in the laser power.

A good reproducibility of laser pulses in the series
(Fig. 6) and homogeneous prints on photosensitive paper
exposed to RPCL radiation were obtained only for fluorine
concentrations not exceeding 20 %. It is well known (see
Fig. 1) that an increase in the fluorine concentration in the
gas mixture leads to a sharp increase in the combustion rate
and hence to a number of problems associated with the
removal of combustion products from the active laser
volume. Under these conditions, the residual HF contained
in the active volume may be responsible for a decrease in the
average laser power. The simplest way of avoiding this effect
is to increase the velocity of the gas flow.
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Figure 5. Dependence of the average power N of a RPCL on the volume
concentration of fluorine in the gas mixture for p =9 kPa, [Ha] = 5%
and f'= 10 Hz.

Time

Figure 6. Oscillograms of the discharge voltage U, discharge current J
and laser radiation intensity 7 in a series of five laser pulses (parts of the
time scale between pulses are omitted) for the gas mixture Fo—Hy—0O,—
SF¢ for p = 10 kPa, [F2] = 18 %, [Hz] = 5 % and f'= 10 Hz (the value of
each division is 0.5 ps).

4. On the possibilities of increasing
the laser parameters

The experimental results presented in the previous section
were obtained for a comparatively short length of the active
medium (L, =0.11 m). Earlier, it was shown that the
specific energy output E/V (output radiation energy
extracted from a unit volume of the active medium) for
a photoinitiated chain-reaction pulsed HF(DF) laser with
an active medium pressure of 1.12 atm [7] increases with
L, in a certain range. The increase in the lasing efficiency
is explained as follows. A decrease in the lasing threshold
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Ky leads to the involvement of additional rotation-—
vibration transitions in the process of stimulated emission
since the small-signal gain for these transitions becomes
equal to or larger than Ky,. The lasing threshold is defined
by the formula Ky, = —In(R|R,)/(2L,), where R; and R,
are the reflection coefficients of the cavity mirrors. Hence,
an increase in the value of L, leads to an increase in the
specific energy output in the laser. It should be interesting
to find out whether the value of E/V increases for an
electric-discharge-initiated HF laser under a much lower
pressure (0.1 atm).

The partial pressure of F» molecules in a photo initiated
HF(DF) laser is an order of magnitude higher than in a laser
initiated by an electric discharge. However, in view of a
lower efficiency of photoinitiation, the total concentration
of H and F atoms in the former laser is several times lower
than in the latter. Accordingly, the rate of the chemical
chain reaction and the small-signal gain in a photoinitiated
HF(DF) laser is lower, and the increase in the lasing
efficiency upon an increase in the active medium length
is obviously manifested in a wider range, i.e., over several
metres.

The mathematical model of the processes occurring in
the active medium of a pulsed chain-reaction HF laser is
analogous to the model that was used earlier for numerical
calculations in the case of photoinitiation [7]. Since the
small-signal gain in the active medium of an electric-
discharge-initiated HF laser is much higher than the lasing
threshold K, a considerable increase in the specific energy
output occurs only for L, < 0.5 m (Fig. 7). For L, > 0.5
m, this increase is insignificant. The small-signal gain in the
most powerful laser transitions is much larger than 10 m™",
while the lasing threshold Ky = 1.22 m™' for R, = 0.98,
R, =0.3 and L, =0.5 m.
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Figure 7. Dependence of the specific energy output £/V of a laser on the
active medium length L, for the gas mixture F»:H>:0,:SF¢ =
20 :5.3:1.4:73.3 for p = 11.5 kPa, Ry = 0.98 and R, = 0.3.

A laser chamber with an active medium length L, =
0.37 m was tested during investigations of a barrier-dis-
charge-initiated HF(DF) RPCL. The experiments revealed a
good stability and homogeneity of the barrier discharge. A
specific energy output of ~14 J L™' was obtained in the
single-pulse operation regime of a RPCL (20 % F», 5% Hb),
which is in good agreement with the numerical predictions.

5. Conclusions

An efficient repetitively pulsed laser with an 11-cm-long
active medium and a pulse repetition rate of 10 Hz,
initiated by a barrier electric discharge with an electrode
gap of 10 cm has been developed. A 120-ns barrier electric
discharge exhibits a high stability, reliability and homoge-
neity under a specific energy input up to 60 J L~".

An average output power of 43 W was obtained in the
RP regime of the laser with a pulse repetition rate of 10 Hz
for a depleted fluorine-hydrogen mixture (20 % F», 5% Hb»)
(E/V ~ 10 J L™" for a laser pulse, which is lower than the
corresponding value obtained in the single-pulse regime [8]).

Numerical simulation predicts an increase in the output
energy with the active medium length under conditions
corresponding to the conditions of our experiment for
f=10 Hz. The possibility of obtaining a specific energy
output of the laser exceeding 15J L' and a technical
efficiency right up to 20%—25% can be realised under
actual conditions for a barrier-discharge-initiated laser
device with an active medium length of about 0.5 m. If
an active medium with optimal composition for the RP
mode (20 % F», 5% Hby) is used, a specific energy output of
~14 J L7 is obtained in the single pulse mode for an active
medium length of 0.37 m, which is in good agreement with
the theoretical predictions.

References

1. Lacour B. Proc. SPIE Int. Soc. Opt. Eng., 5120, 521 (2003).
Bashkin A.S., Kolchin V.I., et al. Kvantovaya Elektron., 6, 1822
(1979) [ Sov. J. Quantum Electron., 9, 1078 (1979)].

3. Thayer W.J., Buanadonna V.R., Sherman W.D. AIAA4 J., 18, 657
(1980).

4. Lempeacher R., Woodroff J. A14A J., 17, 490 (1979).

5. Kutumov C.A., Klimuk E.A., Troshchinenko G.A. Proc. SPIE
Int. Soc. Opt. Eng., 3574, 601 (1998).

6. Zel’dovich Ya.B. Kinetika i Kataliz., 2, 305 (1961)

7. Azarov M.A.., Aleksandrov B.S., Drozdov V.A.,

Troshchinenlo G.A. Kvantovaya Elektron., 30, 30 (2000)
[ Quantum Electron., 30, 30 (2000)].

8. Azarov M.A , Klimuk E A., Kutumov K.A.,

Troshchinenko G A., Lacour B. Kvantovaya FElcitron., 34, 1023
(2004) [ Quantum Eleciron., 34, 1023 (2004)].


http://dx.doi.org/10.1070/qe2000v030n01ABEH001652
OMIS
�?%
'˜ @���( �-	+�%�7
'˜ "���( �
'?7'˜ .���(

OMIS
3
'��&�,�	�+' ;��� ˘ˇ

��ˇ
�
 ˆ��˙���
�( "˚(  � )����

OMIS
 �

��! ˆ������
�( "˚(  � )����*2�

http://dx.doi.org/10.1070/QE2004v034n11ABEH002692
OMIS
�?%
'˜ @���( �-,��+ ˚���( ��/��'˜ ����(

OMIS
3
'��&�,�	�+' ;���( �%&'�
 "� ˘ˇ

��ˇ
�
 ˆ��˙���
�( "'( ˆ�� 

OMIS
)���
* 1  �

��! ˆ������
�( "'( ˆ�� )���
*2�



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1800 1800]
  /PageSize [595.276 841.890]
>> setpagedevice


