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Pulsed inductive discharge gas lasers
RAZHEV A M, CHURKIN D S
(Institute o f Laser Physics ,Siberian Branch of Russian Academy of Sciences, Nowvosibirsk 630090, Russia)

Abstract: The investigation results for the possibility of a pulsed inductive cylindrical discharge as a
new method of pumping gas lasers operating at different transitions of atoms and molecules with dif-
ferent mechanisms of formation of inversion population are presented. The excitation systems of a
pulsed inductive cylindrical discharge (pulsed inductively coupled plasma) in the gases are developed
and experimentally investigated. At the first time, four kinds of pulsed inductive lasers on the differ-
ent transitions of atoms and molecules are created. Characteristic features of the emission of pulsed in-
ductive lasers are ring-shaped laser beam with low divergence and pulse-to-pulse instability is within
1%. Firstly, the red laser on the electronic transitions of atomic fluorine (FI) pumped by a pulsed in-
ductive cylindrical discharge is developed. Lasing at 8 wavelengths in the spectral area 624—755 nm is
obtained by exciting He-F, (NF,,SF;) gas mixtures in a pressure range from 2. 66 —46. 55 kPa. The

energy of the FI laser is 2. 6 m] at pulse durations of 80 ns and the divergence is 0. 4 mrad. Secondly,
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the far infrared laser on the vibrational-rotational transitions of CO, molecules in the ground electronic
state with a wavelength of 10. 6 pm is created. The maximum energy of this inductive laser is 152 m]
at the pulse duration of 160 ps (FWHM). Thirdly, the pulsed inductive discharge H, laser at the elec-
tronic transitions of hydrogen molecules in near IR laser is also developed. The laser action on four
lines with 0. 835 pm, 0.89 pm, 1.116 pm and 1. 122 pm is obtained,and its pulsed peak power is 11
kW at duration of 20 ns. Furthermore, the pulsed inductive UV nitrogen laser on self-limited electron-
ic transitions C*II,—>B’Il, at 337. 1 nm and 357. 7 nm is created,and its maximum generation energy is
4.5 m] at low pressures 133 Pa and pulsed peak power is 300 kW at pulse duration (154+1) ns. The
measured divergence of the inductive nitrogen laser radiation is 0. 3 mrad.

Key words: pulsed inductive cylindrical discharge; FI laser; CO, laser; H, laser; N; lasers; pulse du-

ration; ring shape laser beam

1 Introduction

The rf induction excitation of continuous-wave
lasing was reported in Ref. [1-3]. Continuous-
wave lasing on transitions in atomic argon ions in
the green spectral range under excitation by a
longitudinal inductive rf discharge was obtained
in Ref. [1-2]. Lasing on vibrational-rotational
transitions in CO, molecules in a wavelength
range of 10. 6 um in an expanding nitrogen flow
heated by an inductive discharge after the addi-
tion of cold CO, to it was reported in Ref. [ 37].

In this work, a method for exciting gas la-
ser active media by a pulsed inductive cylindrical
discharge is proposed and experimentally imple-
mented in order to obtain lasing on electron tran-
sitions in atoms and molecules and vibrational-
rotational transitions in molecules. It is impor-
tant that the pulse repetition rate must be sever-
al hertz or higher; i. e., all processes of dis-
charge formation, creation of population inver-
sion, amplification, absorption, and quenching
must occur during each pulse irrespective of the
past history of the preceding pulse.

It is well known that a pulsed transverse e-
lectric discharge as a method for pumping gas la-
sers has a number of advantages over a pulsed
longitudinal or transverse discharge. Here, we
assume that the pulsed transverse discharge is an

electric discharge in which the current flows in a

direction perpendicular to the optical axis. Such
a discharge ensures lasing on a very large num-
ber of transitions in atoms, molecules, and their
ions due to realization of various (including new)
mechanisms of producing population inversion in
a wide range of pressures including atmospheric
pressure. This lasing is achieved because a much
higher level of pulsed pumping power is ensured
in the transverse discharge and, therefore, las-
ing occurs at various transitions, including those
for which no gain can be obtained for other types
of discharge. As a result, lasers with a high ra-
diation energy and a high efficiency (1%-10%)
can be developed.

In contrast to conventional pulsed longitudi-
nal and transverse discharges, a pulsed inductive
cylindrical discharge is formed due to the mag-
netic field induction produced by the pumping
system without any electrodes in the active me-
dium. An appropriate choice of the tube material
may ensure the purity of the active medium con-
siderable endurance of lasers. The formation of
such a discharge is not accompanied by the ap-
pearance of cathode spots on the surface of the e-
lectrodes, which are responsible for the instabili-
ty and contraction of the discharge, deterioration
of the homogeneity of the discharge, contamina-
tion of the gas mixture, quenching of lasing, and
limitation of the pulse repetition rate. The appli-
cation of the pulsed inductive discharge for exci-

tation is a promising method for pumping not
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only gas lasers, but also metal vapor and solid
state lasers. In addition, this method can be
used to produce the plasma for obtaining radia-
tion (including induced radiation) in any spectral
range, especially that extending from 100 nm to
THz, which is of considerable interest for mi-
croelectronics, photolithography and biomedi-

cine.

2 Apparatus

In our measurements, the spontaneous emission
spectra of the inductive discharge in gases and
the lasing spectrum were recorded with a Ocean
Optics HR 2000 spectrometer, S-150 Solar LS
spectrometer with a resolution of 0. 66 nm in the
spectral range from 200 to 1100 nm and a Spec-
traPro-500 Acton Research Corp. spectrograph
with a resolution of 0. 025 nm in the spectral
range from 180 to 700 nm with different photo-
diodes and photomultipliers. The output laser
energy was measured with a PE50-BB Ophir py-
roelectric pulse energy meter (Ophir Optronics
LtD.). The temporal parameters of electric pul-
ses were recorded with high-voltage P6015A
probes and a 200-MHz TDS-2024 Tektronix os-
cilloscope. The accuracy of measurements was
5%. The temporal parameters of optical pulses
were recorded with a PhEC-22 and PhC-15 coax-
ial photocells with a temporal resolution of 10"
s and infrared photodetector. The spatial distri-
bution of the laser radiation intensity over the
tube cross section and the light beam profile
were analyzed by using a WinCamD-UCM digital

video camera (Data Ray Inc. ).

3 Experimental setup

The first excitation system we described is in
Ref. [4-7]. A pulsed cylindrical inductive dis-
charge in gases was created in our experiments
by using an electrical circuit is shown in Fig. 1.

This excitation system differed from that
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Fig. 1 Electric circuit of the pulsed inductive lasers
with cylindrical discharge as a active volume.
THY : thyratron TPI, 10£/50, C, = 80 nF,
C,=8 nF, C;=18 nF, L,:choking-coil,L,:
inductor, DT discharge tube, SG: self-trig-
gered gas-filled spark gap

described in Ref. [ 4-7 ] and provided more effi-
cient energy transfer from a storage capacitor to

the active medium-®*.

To increase the voltage
across an inductor and increase the energy input
into gas, three capacitors was used in the cir-
cuit. The excitation system operated in the fol-
lowing way. The capacitor C;, = 80 nF was
charged from an ALE 152A Lambda EMI pulsed
power supply up to the voltage 20-27 kV of the
positive polarity. In this case, the energy of 15
—30 J was stored. When the voltage across ca-
pacitor C; and achieved the maximum, a trigge-
ring pulse was fed to a high-voltage switch
(TPI, 10£/50 thyratron).

actuation, the capacitor C, began to discharge, a

After the thyratron

negative voltage appeared across charging cho-
king-coil L,, and energy was transferred to ca-
pacitors C, and C;. Both capacitors were charged
during the time 1. 5-2. 0 us up to the breakdown
voltage of a spark gap. The capacitor C; and the
spark gap represented a low-inductive circuit in
which the capacitor C; began to discharge after
the actuation of the spark gap slightly earlier
than the capacitor C,. During the discharge of
the latter, a time-varying electric current passed

through the inductor L, placed on discharge tube

DT and creates varying magnetic field around it,
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which induces azimuthally electric current in ga-
ses, leading to break down and formation of a
pulsed inductive discharge (pulsed inductively
coupled plasma). Figure 2 shows the oscillo-
grams U¢, and U, of voltage pulses across ca-
pacitors C, and C;, respectively. These oscillo-
grams were compared with oscillograms of spon-
taneous radiation pulses of the inductive dis-
charge in gases I, and laser pulses I,,. By way of
illustration in these experiments we are used ni-

trogen as a working gas-,

One can see that,
unlike electric-discharge nitrogen lasers, the on-
set of pulsed lasing I, does not coincide in time
with the onset of the spontaneous emission pulse
I,,. Lasing appears and proceeds during the time
period corresponding to the maximum voltage
gradient across the capacitor C,. The spontane-
ous emission I, also appears during this time pe-
riod, but 60 —70 ns earlier than lasing and its
duration is 3—4 times longer. By analysing the
obtained oscillograms, we concluded that the
first small maximum in the spontaneous emission
oscillogram I, is explained by the appearance of
a capacitive discharge in nitrogen at the inner

surface of the tube.

U/kB

-04 -02 0 0.2 0.4
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Fig. 2 Oscillograms of voltage pulses across capaci-
tors C, and C; and spontaneous emission pul-
ses I, of the inductive discharge plasma in ni-
trogen and nitrogen laser pulses I,. Uy, =25

kv

After 50 — 60 ns, the inductive discharge
was ignited and the main spontaneous UV emis-

sion peak (with the maximum amplitude and du-

ration) of nitrogen appeared simultaneously,
which corresponded to the appearance and devel-
opment of the inductive discharge in the dis-
charge tube. In our opinion, the oscillogram of
the main spontaneous emission peak I, reflects
the shape of the inductive discharge current
pulse in nitrogen. The inductive and capacitive
discharges further developed simultaneously in
time until the end of the inductive discharge.
The capacitive discharge existed during the en-
tire recharging time of the capacitor C, and,
therefore, during the existence of alternating
current in the inductor L,. Under pressures be-
low 133. 3 Pa, inductive discharge filled the dis-
charge tube completely, uniformly and high in-
tensity. As the mixture pressure increased above
133. 3 Pa, the intensity of inductive discharge in
the center of the tube rapidly decreased. The
discharge started to assume cylindrical form and
concentrated near the inner tube wall surface.
According to our observations discharge thick-
ness decreased as a function of pressure. During
the discharge of the latter, an alternating cur-
rent flowed through an inductor L,, which pro-
duced an inductive discharge in the discharge
tube. The ignition moment of the inductive dis-
charge was determined by the appearance of
spontaneous emission of gases in the discharge
tube. It was found in Ref. [ 6-8 ] that the output
energy of the inductive lasers was proportional
to the discharge tube diameter, i. e. the lasing
efficiency and output energy increased with in-
creasing the tube diameter. Because of this, we
used in our experiments a ceramic discharge tube
with inner diameter of 42 mm and external diam-
eter of 50 mm. The tube was sealed by means of
plane-parallel windows oriented perpendicular or
at the Brewster angle to the tube axis (Fig. 1).
The optical resonator was formed by external
plane dielectric mirrors. The rear dielectric mir-
ror had the reflectance 99% in the selected spec-
tral region. The reflectance of the output mirror

was optimized during experiments to obtain the



wel

RAZHEV A M.et al ;:Pulsed inductive discharge gas lasers 241

maximum output energy. Mirrors with reflec-
tance from 8% to 93% were used. The inductor
L, consisted of separate sections representing so-
lenoids made of a cable wire of cross section 1.5
—6 mm®. The results presented in this paper
were obtained by using the inductor containing
30 sections, each of them consisting of four
coils. The solenoids were connected in parallel,
and the total length (~68 cm) of the inductor
was assumed the length of the active medium of
the gas laser. Gases or its mixtures were admit-
ted from a gas system into the tube up to pres-
sures 13, 3 Pa-133 kPa. Gases flowed longitudi-

nally during experiments.

4 Results

4.1 Red laser on the electronic transitions of a-
tomic fluorine

In our first experiments to demonstrate the pos-
sibility of the creation of the pulsed inductive gas
laser, we chose transitions in neutral fluorine at-
oms which works by the excitation of the pulsed
cylindrical inductive discharge in a He : F,
(NF;) mixture, because the population inver-
sion in these transitions is reached at compara-
tively low excitation levels in a wide pressure
range. In this case, a high gain is achieved,
which ensures superluminescence regime in a
low-Q resonator, and lasing takes place in the
red spectral region and the transition from spon-
taneous emission to the lasing mode is easily de-
tected.

There are many works on lasing on various
transitions in fluorine atoms in a spectral range
of 623 — 780 nm" *,

16 lines. However, owing to different excitation

Lasing was observed on

conditions, the spectra obtained in different
works differ in the number of lines with various
wavelengths. Population inversion on atomic
{luorine transitions was created using two meth-
ods of excitation, namely, a longitudinal electric

discharge™ ') in low-pressure (66.5—6 650 Pa)

helium mixtures with fluorine-containing mole-
cules and a transverse electric dischargel!*:1¢17-1¢
ensuring lasing in the same mixtures in a wide
pressure range up to 300 kPa. At low pressures,
HF, SF;, CF,, C,F;, NF,, and F, molecules
were used as fluorine donors, while only NF;
and F, molecules were used for high pressures
due to the homogeneity of the discharge achieved
using the preliminary UV ionization of the dis-
charge gap. In most available experiments, las-
ing on transitions in fluorine atoms took place in
the superluminescence regime. The duration of
laser pulses in various experiments varied from a
few microseconds (in a longitudinal electric dis-
charge) to tens of nanoseconds (in a transverse
electric discharge). The gas mixture forming the
active medium of the laser usually consisted of
helium and admixtures of fluorine-containing
molecules in a ratio of 30 ¢ 1 to 1 000 ¢ 1. Heli-
um was required for creating inversion on transi-
tions in fluorine atoms via excited states of heli-
um atoms. The use of other inert gases (such as
Ne or Ar) as the buffer gas did not lead to las-
ing. The above features of the operation of the
FI laser indicate that it is a suitable device for
obtaining lasing in a pulsed cylindrical inductive
discharge. In this work the laser on the electron
excited transition of fluorine (FI) atoms pumped
by a pulsed inductive cylindrical discharge is de-
veloped. Lasing at 8 wavelengths (Fig. 3) is ob-
tained by exciting He-F, (NF;) gas mixtures in a
pressure range from 20 to 350 Tor. The results
of experimental investigation of the spectral,
temporal, and energy characteristics of the in-
ductive FI laser are obtained.

At the ends of the discharge tube, adjusting
units with plane-parallel CaF, plates W, and W,
were fixed. On one side of the tube, a plane Al
mirror or dielectric mirror M, with reflection 99
% in red spectral area was placed. We studied
the intensity and duration of radiation emitted by
the pulsed inductive discharge, as well as its

spectral and energy characteristics under various
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F atoms He atoms composition for our pumping conditions was He
14.75F C g 3p’s® ) 's® 215 : F, (80 ¢ 1) and total pressure 5. 32 — 6. 65
__’.p-;) Il 3p’D° R kPa. When F, was replaced by NF;, lasing was
3T éégif Eg f’,: g also obtained, but with a lower intensity. For
:>f ) i O (i e B this reason, subsequent experiments were made
Gt B - dEE % % on the He ¢ F,(80 ¢ 1) mixtures. Maximum en-
sk = & ergy of FI laser in these experiments was a-
— chieved 2. 6 m] at pulse power 30 kW and dura-
oL F doublets F quartets L tions 80 ns. The divergence was 0. 4 mrad™’.

Fig. 3 Energy level diagram for transition in FI. The
16 possible laser transitions of an FI laser at
the doublet and quartet states. Solid lines
designate the laser transitions that are ob-

served in this work.

excitation conditions. As the active medium for
the FI laser, we chose He : F, (NF;) gas mix-
tures of various compositions under various pres-
sures. The charging voltage U¢ was varied from
20 to 27 kV. The best results were obtained un-
der the maximal voltage U=27 kV; the total in-
ductance of inductor L was equal to 60 nH in
this case. Under low pressures of the He : F,
gas mixture in the pressure range from 133 to
532 Pa, the inductive cylindrical discharge filled
the tube almost uniformly over the cross sec-
tion, but no lasing was achieved. An increase in
pressure from 0. 532 to 2. 66 kPa led to a redis-
tribution of the discharge from the center to the
tube walls, and a ring-shaped discharge was ob-
served. Under pressures of the He : F, gas mix-
ture from 2. 66 to 46. 55 kPa, lasing on electron-
ic transitions in fluorine atoms was obtained in
the wavelength range 624—755 nm. Laser beam
was shaped in the form of a ring with an outer
diameter of 3 cm and an inner diameter of about
2.6 cm. Thus, the active volume for a 60-cm-
long inductor was 110 cm®. The energy of laser
radiation was depended from the ratio of the
mixture components and total pressure. The in-
vestigation of dependence of the spectral lines in-
tensity of FI laser on the total gas mixture for

different He : F, ratio is obtained. The optimal

4.2 Far infrared laser on the vibrational-rota-

tional transitions of CO, molecules
The purpose of this part of paper is to study the
ability of the pulsed inductive cylindrical dis-
charge to be a new method for pumping laser
media and for creating the population inversion
at vibrational-rotational transitions of molecules
(such as CO,, HF(DF) in the ground electronic
state. In our experiments, we used CO, : N 3
He gas mixture as an active laser medium for the
CQO, laser. The main purpose of our experiments
was to investigate the temporal, energy, and
spatial characteristics of pulsed inductive CO, la-
ser for gas mixtures with a different ratio of
components as a function of the total pressure
and excitation parameters. Our final goal was to
obtain pulsed generation regime at vibrational-
rotational transitions of CO, molecules ground e-
lectronic state in the IR spectral region at a
wavelength of 10. 6 ym and to create pulsed in-
ductive CO, laser.

During the last decade CO, lasers were
widely used in medicine, environmental monito-
ring, and material processing. In recent years
CO, lasers with a power of 5—20 W have found
numerous applications in medicine, for example
in such fields as dentistry, plastic surgery, der-
matology, and gynecology.

The inversion formation mechanism in the
CO, laser is based on electronic excitation of the
vibrational-rotational levels of CO, and N, mole-
cules in the ground electronic statel®. The
scheme of low vibrational levels of the ground e-

lectronic state 3! of CO, molecules and the state
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X'>] of N, molecules is shown in Fig. 1", In
this case, the population of these levels is deter-
mined not only by the collisions with electrons
but also by the relaxation of CO, molecules from

higher states to the ground state.
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Fig. 4 Scheme of low vibrational levels of the ground
electronic state 37 of CO, molecules and the

ground electronic state X'S; of N, molecules

The other process of population of the up-
per laser level is resonant energy transfer from
vibrationally excited N, molecules. Since there is
a small difference in the energies (AE = 18
cm ') between level 00°1 of the CO, molecule
and level X'37 (v =1) of the N, molecule, this
process is very efficient. In the ground electronic
state, other higher vibrational levels of N, mole-
cules are also almost in resonance with the corre-
sponding levels of CO, molecules (AE<ET) up
to level 00°4, and the transitions from these ex-
cited vibrational levels to laser level 00°1 take
place with a high rate.

Two excitation methods, namely, longitu-
dinal and transverse pulsed electric discharges,
are usually used to obtain pulsed generation in a
CO, laser with a wavelength of 10. 6 pm:m.
Such excitation methods are associated with cer-
tain technical difficulties, such as temperature
increase, which destroys the population inver-
sion at the vibrational-rotational transitions of

CO, molecules at operation in the pulse-periodic

regime with high repetition rate. Typically
pulsed electric discharges are created between
metallic electrodes. This process is accompanied
by electrode material sputtering leading to pollu-
tion of the active medium, by the appearance of
cathode spots, by the formation of streamers
leading to degradation of laser radiation homoge-
neity and stability, and by changes of gas mix-
ture composition. As a result, laser lifetime de-
creases, that requires replacing not only the
working gas, but also the electrodes and optical
elements of the laser cavity.

In this study, the excitation system of the
cylindrical pulsed inductive discharge in the CO,
: N, : He gas mixture is developed.

Under pressures below 133 Pa. inductive
discharge filled the discharge tube completely.
As the mixture pressure increased above 133 Pa,
the intensity of inductive charge in the center of
the tube rapidly decreased. The discharge star-
ted to assume cylindrical form and concentrated
near the inner tube wall surface. According to
our observations discharge thickness decreased
as a function of pressure. Under pressures cor-
responding to CO, laser generation regime dis-
charge thickness was in the range of 5 - 6 mm.
Discharge thickness estimations were based on
generation ring thickness which was measured u-
sing thermopaper.

Various numbers of sections coiled by an in-
sulated stranded wire with a cross-section of 1.5
mm® to 4 mm’® were used in the solenoid. The
number of coils in each section varied from 8 to
16. The length of the solenoid determined the
length of the active medium and constituted 60
- 66 cm. Glass and ceramic tubes with different
inner diameters in the range of 20—42 mm were
used in these experiments. It was found that the
higher the tube diameter, the higher the emis-
sion radiation intensity. Maximum radiation in-

tensity was obtained with the help of inductor
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containing 32 sections with 6 turns each, in the
tube with 42 mm inner diameter, and gas mix-
ture of under pressure of 2. 0 kPa.

The tube is sealed by two plane-parallel KCI
windows located perpendicularly to the tube axis
at the ends. Planar dielectric and Au mirrors are
placed on the outer side near the windows. The
rear Au mirror has a reflection coefficient of
90% at the wavelength A =10. 6 um. whereas
the output dielectric mirror is changed in the
process of the experiment using mirrors with a
reflection coefficient in the range of 20% —80%.
The output mirror reflection was optimized to a-
chieve the maximum generation energy and is ap-
proximately 50 %.

Under total pressures of 1. 33— 2. 0 kPa of
the gas mixture CO, : N, : He - 1: 4 : 12 las-
ing on vibrational-rotational transitions of CO,
molecules at a wavelength of 10. 6 um, a pulsed
inductive discharge has been observed. The
maximum generation energy 152 m] is obtained
in a ceramic tube with an inner diameter of 42
mm in the CO, ¢ N, : He - 1 :

ture at a pressure of 15—2. 0 kPa and the maxi-

4 : 12 gas mix-

mum charging voltage of 27 kV. The maximum
efficiency in these first experiments did not ex-
ceed 0. 3%. The measured divergence of CO, la-
ser radiation is 8 mrad.

The possibility of the inductive discharge
CO, laser operation in the pulse-periodic regime
is analyzed in the experiments. The pulse repeti-
tion rate varies from 1 to 50 Hz. It is revealed
that the average radiation power increases linear-
ly with the pulse repetition rate. Thus, an aver-
age power of 3. 0 W is obtained at a repetition
rate of 50 Hz and generation energy of 60 m].
The reproducibility of the amplitude from pulse
to pulse is equal to about £3%.

To understand the time behavior of the laser
radiation and the excitation pulse, we investiga-
ted spontaneous radiation of the inductive dis-
charge in the CO, : N2 :

tral region from 0.2 pym to 1.0 pm. In these ex-

He mixture in the spec-

periments, all mirrors were removed from the
cavity and the KCl windows were replaced by
quartz ones. The spontaneous spectrum was re-
corded by an S-150 spectrometer (SOLAR). Al-
most all radiation was found to be concentrated
in the range from 0.3 to 0.4 pm. Interpretation
of the spectrum shows that it corresponds to the
second positive system of bands of the C*II, —
B’II, transition of nitrogen molecules and is i-
dentical to the spectrum obtained in nitrogen la-
ser. The radiative lifetime of nitrogen molecules
at the upper level C*II, is known to be 70238 ns
and is mainly determined by the transition to the
lower level B*II, with the lifetime 73 &~ 9. 1
pst. The transition from level B'II, is possible
only to level A’3,. Then, relaxation to the
ground electronic level A®3F of the nitrogen
molecule takes place'® . Hence, major energy
of the inductive discharge is used to excite nitro-
gen molecules to electronic levels C’II, and
B’II,. This can explain a delay (of about 10 ps)
in the appearance of the IR generation pulse and
indicates that in these conditions direct excita-
tion of the upper laser level 00°1 of CO, mole-
cules by the discharge electrons does not take
place. It occurs only as a result of energy trans-
fer from vibrationally excited nitrogen molecules

Therefore,

to increase the efficiency of the CO, laser in fur-

at the ground electronic level X', .

ther experiments it is necessary to optimize the

excitation parameters of the active medium by an

inductive discharge.

4.3 Near infrared laser on the electronic transi-
tions of the H, molecules

There are several works on lasing on the elec-

tronic transitions in H, molecules in near IR

B33 Lasing was observed on 7

spectra region
lines. Maximum peak power 1. 5 kW was ob-
tained.

The purpose of the given experiments was
to obtain the pulsed inductive discharge in dia-

tomic molecular gases with the parameters re-
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quired for the inversion population formation on
the electronic levels of molecules such as 2s¢'S,
(E)— (2ps)* 3 (B) transitions of hydrogen
molecules and to achieve the laser action with
wavelength at spectral area 0. 8 — 1. 1 pm
(Fig. 5).

Lasing on the electronic transitions of H,
molecules in near IR spectra region with excita-
tion by pulsed inductive discharge is reported.
The generation was observed on 4 lines. The
wavelength A, =0. 835 yum (band (2,1) rotation-
al line P(2), 2,=0.89 pm (band (1,0) rotation-
al line P(2), 2; =1. 116 pm (band (0,0) rota-
tional line P(4), the 2, =1.122 pm (band (0,0)
rotational line P(2) that corresponds to 2s¢'S,
(E)—(2ps)*' 3, (B) transition. Maximum of la-
ser emission peak power was at two lines:7 kW
for wavelength A, =0. 89 um and 5 kW for wave-
length A, =1. 122 pm, respectively. Peak power
of the lines 3, =0. 835 pm and A; =1. 116 pm was
match weaker. Pulse duration of generation was
18—20 ns (FWHM). Laser is working both on
one wavelength and on two wavelengths simulta-
neously with competition between these transi-
tions. The active medium was hydrogen at opti-

mal pressure 66.5—106 Pa.

256'SU(E) (2po)*'L;
15 F '
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Fig.5 Potential energy curves for hydrogen molecules

4.4 Ultraviolet laser on the self-limiting elec-
tronic transitions of the N, molecules
There are many works on lasing on self-limited

L35 =371 Lasing

transitions of the N, molecules
was observed in a spectral range of 315—380 nm
on the different bands of the C*ITI,—B’II, transi-
tion in molecular nitrogen.

The purpose of this part of paper is to study
the ability of the pulse periodic inductive cylin-
drical discharge to be a new method for pumping
laser on self-limited electronic excited transitions
of molecules and atoms (such as N,, H,, He,
metal vapor).

The aim of this paper is to show that a
pulsed inductive discharge is an efficient alterna-
tive tool for exciting UV nitrogen lasers, offer-
ing a number of advantages compared to trans-
verse and longitudinal electric discharges. The
results of experimental studies of spectral, tem-
poral, spatial and energy parameters of the UV
radiation of an inductive nitrogen laser are pres-
ented. Lasing in molecular nitrogen at 337. 1 nm
is usually obtained by exciting nitrogen and its
mixtures with other gases with the help of longi-
tudinal and transverse pulsed electric discharges.
Although upon excitation of small active vol-
umes (up to 10 cm®), the output energy is low
(0.1—0.2 m]), it is possible to fabricate lasers
with high pulse repetition rates, up to 10 kHz
and above. By using a transverse discharge to
excite a nitrogen laser, it is possible to increase
the active volume up to 30— 100 cm®. The out-
put energy of such lasers is considerably higher
and can achieve 10 mJ and more. The operating
pressure of pure nitrogen in these lasers is 2. 66
—6. 65 kPa, while in the mixtures of nitrogen
with other gases (He, Ar, SF;, NF;, etc.) this
pressure is from 13. 3 kPa to several hundred
kPa. This leads to technical difficulties in the
development of excitation systems that should
provide a homogeneous volume discharge in ni-
trogen used as the active medium of the laser.

The parameters of the discharge strongly affect
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the output power and duration of laser pulses,
the lasing stability and the operating life of the
gas medium. The formation mechanism of in-
ductive discharge is of interest because in this
case there are no certain concepts about the pa-
rameter E/p(E=U/d, where U is the voltage
applied to electrodes between which the dis-
charge is produced; d is the distance between e-
lectrodes; and p is the pressure of nitrogen™!,
which plays a key role in the development of e-
lectric discharge nitrogen laser, Therefore, the
investigation of pulsed UV inductive nitrogen la-
sers is of current interest. The properties of the
UV nitrogen laser have been studied in many pa-
pers[231: 36371,

The inversion formation mechanism at the
C’II,— B’II, transition in molecular nitrogen is

well studied and described in Ref. [ 28-30] as
shown in Fig. 6.
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Fig. 6 Potential energy curves for nitrogen molecules

It involves the direct electron-impact excita-
tion of molecules from the X'S/ ground state
during which the predominant population of the
upper working levels occurs in accordance with
the Franck e Condon principle. The radiative li-
fetime of a nitrogen molecule on the C*II, upper
laser level is 7¢ ~38 nsP* (z¢<<1ry) and is deter-
mined mainly by the transition to B*II, the lower

laser level with the lifetime 7329 pus"*'. The ra-

diative transition from the B’II, level can occur
only on the metastable A*S; level. Therefore,
under normal conditions, the depopulation rate
of the B’II, level due to collisions of nitrogen
molecules with other particles is comparatively
small, and stationary inversion cannot be a-
chieved at the C°II,— B’II, transition. The in-
version can be obtained only in the nonstationary
regime at the excitation pulse front under the
condition that the excitation rate of the upper
level is higher than that of the lower level. Such
transitions are called self-contained transitions.
To produce a homogeneous volume electric dis-
charge and obtain lasing at the transitions of the
second positive band system of molecular nitro-
gen in nitrogen lasers described in the literature,
the condition E/p>>200 V cm ™' Pa ' should be
fulfilled™" .

case of the inductive discharge, the parameter

Because electrodes are absent in the

E/p becomes uncertain. However, the general
concept of UV nitrogen lasers was assumed in-
variable, and it was necessary to produce the in-
ductively coupled plasma with electronic parame-
ters providing the inversion mechanism described
above, namely, to obtain electrons in plasma
with concentration 10" — 10" em™?
12—16 eV'*,

Experiments with the pulsed inductive dis-

and energy

charge in nitrogen showed that the pressure
range in which the inductively coupled plasma
can exist is quite narrow, from 13. 3 to 1330 Pa.
Visual observations with the use of different op-
tical filters showed that the inductive discharge
was homogeneous in the entire pressure range.
No sparks and streamers were observed in the
inductive discharge in pure nitrogen and its mix-
tures. At minimal nitrogen pressures (lower
than 13. 3 Pa), the inductive discharge almost
completely filled the discharge tube over the en-
tire inductor length and the tube cross section.
As the nitrogen pressure was further increased
(above 26. 6 Pa), the emission intensity of the

inductive discharge in the central part of the tube
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began to decrease rapidly. The discharge took a
cylindrical shape and concentrated near the inner
wall of the tube. The discharge was observed in
the form of a luminous cylinder with the walls of
thickness decreasing with increasing pressure.
At nitrogen pressures exceeding 532 Pa, the dis-
charge emission intensity decreased, and at a
pressure of ~ 1. 33 kPa the inductive discharge
abruptly terminated. At the inner surface of the
discharge tube, a weakly emitting electric dis-
charge was detected which we considered as a ca-
pacitive discharge. The spontaneous emission
spectrum of the pulsed inductive discharge plas-
ma in nitrogen was studied in the absence of re-
sonator mirrors with sealing windows oriented at
an angle to the tube axis close to the Brewster
angle. The spectrum shows that all the emission
lines are concentrated in the second positive sys-
tem of bands of molecular nitrogen in the spec-

tral range from 300 to 400 nm (Fig. 7).
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Fig. 7 Spontaneous emission spectrum of the induc-
tive discharge in nitrogen (a) and emission

spectrum of the inductive nitrogen laser (b)
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Fig. 8  Profile of the laser beam of inductive dis-

charge nitrogen laser on the distance 0.1 m,

4 m and 8 m from output window

The ratio of band intensities in the spectrum
depended on the nitrogen pressure. At pressures
26.6—400 Pa, the two most intense lines were
observed at 337.1 nm (0-0 band) and 357.7 nm
(0-1) band) Fig. 7.f. After the mounting of die-
lectric mirrors and alignment of the optical re-
sonator, we obtained UV lasing at transitions of
molecular nitrogen excited by the pulsed induc-
tive discharge in the pressure range from 40 —
400 Pa. The maximum of the lasing efficiency
was achieved at pressures 66.5— 106 Pa. Inves-
tigations of the vibrational structure of the emis-
sion spectrum of the nitrogen laser showed that,
unlike the results obtained in Ref. [ 7], lasing
was observed not at one but at two lines corre-
sponding to two most intense spontaneous emis-
sion lines at 337. 1 nm (0-0 band) and 357.7 nm
(0-0 band) Fig. 7(b). Unlike the spontaneous
spectrum, the intensity ratio for these lines
proved to be rather high. The intensity of the
337. 1 nm line exceeded that of the 357. 7 nm line
more than by two orders of magnitude. It is in-
teresting that simultaneous lasing at these two
lines in pure nitrogen at low pressures (133 —

266 Pa) was previously reported only in one pa-

[39] ]

per®'. In experiments*', nitrogen was excited
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by a longitudinal electric discharge of duration
1.5 ps in a tube of length 90 cm with the inner
diameter 3 mm. Only the laser emission spec-
trum was studied, and the energy and temporal
parameters of laser emission were not reported.
The results obtained in Ref. [39] proved to be
useful for our investigations and we used them to
interpret the rotational structure of the emission
spectra of the inductive nitrogen laser in the (0-
0) and (0-1) bands because we have failed to re-
cord the detailed rotational structure of these
lines due to a low spectral resolution of our spec-
trometers. The widths of the 337. 1 nm and 357.
7 nm lines were measured to be 4 :+ 5 A, Accord-
ing to Ref. [39], we found that the laser emis-
sion spectrum in the (0-0) band contained 32
lines related to 46 rotational transitions (mainly
in the P branch) with wavelengths from 336.
6912 to 337. 1437 nm. Emission in the (0-1)
band is caused by the 12 rotational transitions of
the P band and consists of four lines with wave-
lengths from 357. 6112 to 357. 695 nm. We stud-
ied the temporal dependences of excitation,
spontaneous and inductive nitrogen laser pulses.
Fig. 2 shows the oscillograms U, and U, of
voltage pulses across capacitors C, and C;, re-
spectively. To increase the output energy of the
inductive nitrogen laser compared to that ob-
tained in Ref. [7], we optimized the resonator Q
factor. The maximum output energy 4. 5 m] is
achieved for R, =60 %. The laser pulse FWHM
was (15+1) ns. As the reflectance of the output
mirror was further increased, the output energy
decreased. However, the laser pulse duration
increased from (13+1) ns for R,=16% to (18
+1) ns for R,=93 %. This is larger than in e-
lectric-discharge lasers, where the pulse duration
does not exceed 5—10 ns"*", The duration of
UV laser pulses (at the base level) in the dense
resonator exceeded 35 ns. During the measure-
ments of the output energy at different charging
voltages, the nitrogen pressure was optimized

for each voltage. As the charging voltage was

increased from 20 to 27 kV, the optimal pres-
sure increased from 66.5 to 106 Pa. The maxi-
mum energy of 4. 5 m]J was obtained at the maxi-
mum voltage of 27 kV. For 15 ns pulses, this
corresponds to the laser pulse power of 300 kW.
It is important to note that such a high pulsed
power was never achieved before in a nitrogen
laser at low pressures 133 Pa. This result dem-
onstrates the specific features of the operation of
the inductive nitrogen laser such as its emission
spectrum containing many vibrational lines,
which is obtained upon such excitation, and a
long duration of pulses with a comparatively flat
leading edge (about 7 ns). The total lasing effi-
ciency, obtained as the ratio of the output ener-
gy at the maximum voltage to the energy stored
in the capacitor C;, was about 0.05%. Accord-
ing to our measurements, the pulse-to-pulse in-
stability of the lasing amplitude was 1 %. By u-
sing a digital video camera, we studied the spa-
tial distribution of the laser radiation intensity at
the discharge tube output. The light-beam cross
section had the shape of a ring of external diame-
ter ~ 34 mm.

The study of the beam profile showed that
the laser radiation intensity at the external
boundary of the ring was minimal Fig. 8. The
lasing intensity increased towards the ring centre
and achieved the maximum at a distance of about
1 mm from the external boundary. Then, the
radiation intensity decreased almost to zero at a
distance of 4 mm from the boundary. This value
can be treated as the ring width. The laser radia-
tion divergence, which was determined by meas-
uring the size of the laser radiation ring at differ-
ent distances from the laser 0. 1 m to 8 m and
was ~ 0,3 mrad. The circular structure of the
beam cross section is a specific feature of pulsed
inductive lasers with a cylindrical inductive dis-
charge. Such beams in the case of a low radiation
divergence offer certain advantages because they
can be focused to produce the radiation intensity

distribution similarly to Bessel beams. We per-
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formed experiments with the inductive nitrogen
laser operating in the repetitively pulsed regime.
The pulse repetition rate was varied from 1 to 30
Hz. We found that the average output power in-
creased linearly with increasing pulse repetition
rate. For the repetition rate of 30 Hz and output
power of the nitrogen laser of 4 m], the average
output power was 120 mW. The output energy
was independent of the pulse repetition rate because
the active medium was cooled at the ceramic tube

wall directly adjacent to the lasing region.

5 Conclusions

A pulsed inductive cylindrical discharge as a new
method of pumping gas lasers operating at dif-
ferent transitions of atoms and molecules with
different mechanisms of formation of inversion
population are proposed and experimentally real-
ized. The excitation systems of a pulsed induc-
tive cylindrical discharge ( pulsed inductively
coupled plasma) in the gases are developed and
experimentally investigated. At the first time
four kinds of pulsed inductive lasers on the dif-
ferent transitions of atoms and molecules are cre-
ated. Characteristic features of the emission of
pulsed inductive lasers are ring-shaped laser
beam with low divergence and pulse-to-pulse in-

stability is within 1%. A red laser on the elec-
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