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Lead bromide vapor laser with high repetition rate
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Experimental and theoretical study of lead bromide vapor laser has been carried out at pulse
repetition frequency (PRF) of excitation up to 80 kHz. It was found that for a tube with the inner
diameter of 1.2 cm and active length of 42 cm mean lasing power is optimal at the PRF of 55—
65 kHz. Modeling has shown that at PRF higher than 50 kHz a re-distribution of power taken off
from a rectifier takes place. This power is re-distributed between a switch and a gas-discharge tube in
favor of the switch that results in worsening both the frequency and power of the laser
characteristics. A possibility is experimentally demonstrated of implementing a sealed-off model of

lead bromide vapor laser.

Introduction

Pulsed lasers on transitions from resonance level
to a metastable one are of great interest because they
have high quantum efficiency, mean radiation power,
and pulse-repetition frequency. Lead vapor laser was
one of the first metal-vapor lasers for which self-
terminating lasing has Dbeen obtained (on
6p7s°P," — 6p*' D, transition of PbI, A = 722.9 nm)."
Then other metal-vapor lasers have been invented.
At present the copper vapor and copper bromide
vapor lasers have the best output characteristics.??
Because of their high power and operational
characteristics, these lasers are widely used in
different research areas and technology.>*® Lead
vapor laser is not being applied so widely. One of the
reasons for that is short lifetime of an active element
associated with carry-over of the working metal from
the discharge zone (the carry-over is essentially larger
as compared to that in copper vapor laser). At the
same time this laser is of some interest because the
laser transitions are situated not only in red but also
in the violet spectral regions and quantum efficiency
on 6p7s°P," > 6p* 'D, transition is the highest for
this class of lasers.

A simplified diagram of energy levels and laser
transitions for the lead atom is shown in Fig. 1.

To obtain lasing on transitions in the short-
wavelength spectral region, the authors of Ref. 7
used pulse cable transformer. In Ref. 8 the mean
output power of 4.4 W has been achieved at the
wavelength of 722.9 nm and efficiency of 0.1—0.2%.
Radiation pulse repetition frequency (PRF) up to
40 kHz has also been realized.® In most papers the
lead vapor in gas-discharge tube (GDT) has been
produced by heating solid lead pieces up to 800—
1000°C in active zone. However, there are several
papers,®> ! where volatile molecular lead compounds
were used as an active laser material. This allows one
to decrease essentially operation temperatures and
consequently to simplify design of gas-discharge
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tubes and in some cases to extend lifetime of the
active elements. Thus, Chen® put solid PbCl, into
GDT, that was then heated up to 420—560 °C, and
obtained lasing at 722.9-nm lead atom line using
double pulses. The first pulse was used for dissociation
of lead chloride molecules and the second one was used
for lead atoms’ excitation. Chou and Cool'® created
the Pb(CHs); vapor laser with double pulses and
obtained lasing at 722.9 and 406.2-nm lines. Then
Feldman with co-authors!' obtained lasing at red line
with the lead iodide vapor laser. Jones and Little!?
used HBr and buffer gas Ne circulation over solid
lead pieces. They obtained lasing at 722.9 and
406.2 nm lines at a temperature of 400—500°C in the
active zone, thus having realized the so-called hybrid
lead vapor laser.
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Fig. 1. Simplified diagram of the lead atom energy levels.
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We have formulated a task to make a lead
bromide vapor laser without mixture circulation that
could be capable of providing a sealed-off mode of
operation for an active element.

Experimental setup

The design of an active element of PbBr, laser
under study is typical for metal-halide lasers
(Fig. 2a), in particular, for CuBr laser. >3

—

GDT

b
Fig. 2. Design of the gas-discharge tube: (@) 7 is a spur
with lead bromide heated with an exterior oven, 2 are
electrodes; (b) is the discharge circuit.

As the operation temperature is lower as
compared with pure metal vapor lasers, it is possible
to make GDT from fused quartz. To keep the
necessary temperature in the working channel, kaolin
wool is used as an insulator. Quartz cups filled with
copper chips were used as the electrodes 2. Electric
power supply was provided by means of electrodes
from IFP-1200 (800) lamps. The spacing between the
electrodes was 42 cm, the inner diameter of the
channel was 1.2 cm. Solid lead bromide was placed
into the special spur 7, being heated with an external
oven, that allowed us to monitor vapor pressure
independent of the temperature in the active zone.
The buffer gas Ne pressure was varied from 3 to
30 Torr. In some experiments we added a small
fraction (up to 0.3 Torr) of hydrogen. Totally
reflecting aluminum mirror and plane-parallel quartz
plate formed an optical cavity. Lasing lines were
identified with an  MDR-23  monochromator
calibrated against mercury lamp radiation.

Ordinary pumping circuit with direct discharge
of reservoir capacitor (C,) through the GDT and
switch'® (Fig. 2b) was used for GDT excitation.
Resonance charging of C, allows one to obtain
doubled supply voltage at GDT electrodes. The
TGI1-1000/25 thyratron was used as a switch at
pulse repetition rate up to 15 kHz. To study the laser
characteristics at the increased rates (up to 80 kHz),
we applied a tacitron of the TGU1-5/12 type.
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Current and voltage pulses were monitored with
a S1-122A oscilloscope, the signals to which were
applied from Rogowski loop and low-inductance
voltage divider. Lasing pulse duration and shape
were recorded by means of FK-19 co-axial element.
Mean lasing power was measured with IMO-2 and
IMO-2N  power meters. The chromel-alumel
thermocouple was used for monitoring the GDT wall
temperature.

Experimental results and discussion

Analysis of radiation spectrum of the discharge
in GDT of PDbBry-laser has shown that in the case
when an external oven of spur containing lead
bromide is off, the neon and hydrogen lines are
observed in the radiation spectrum. It is known that
hydrogen is always present in gases as uncontrollable
admixture, but we did not purify specially the
mixture. Besides, we observed in the radiation
spectrum much more week lines of admixtures, first
of all of copper atom, since GDT electrodes contain
copper filings. When heating the spur with lead
bromide, lead atomic and ion lines appear in the
radiation spectrum (appearance of free lead atoms in
the active zone we associate with the electronic
dissociation of PDbBr, molecules either directly or
through free PbBr radical in discharge). In 10 to
15 minutes after switching the spur heating on,
lasing at wavelength of 722.9 and 406.2 nm
appeared. Lasing at the violet line is unstable. It is
observed in narrow temperature interval and at low
neon pressure (units of Torr).

Lasing transitions at 722.9 and 406.2 nm lines
have common low level (see Fig. 1). The upper level
for the violet line is significantly higher than for the
red one, therefore much higher electron energy is
needed to populate it efficiently. However even
increasing voltage up to 16 kV, we failed to realize
stable lasing at the violet line. When adding small
hydrogen portions into the tube, the violet line
disappears but the red line intensity increases.

Unlike the pure lead vapor laser, in this laser
the lasing at the violet line is observed at a more flat
leading edge of current pulse and without application
of special systems for pumping pulse compression. It
is probably connected with the fact that in lead
bromide vapor laser more favorable conditions are
established for initiating inverse population. It might
occur because the low-energy electrons are carried-
over from the discharge through their dissociative
sticking to Bry or HBr molecules at the initial stage
of current pulse.

As was mentioned above, to study the laser in a
wide frequency range, we used different switches,
namely, thyratron from 1 to 12 kHz and tacitron
from 30 to 80 kHz. Figure 3a presents oscilloscope
trace records of voltage and current pulses without
metal vapor in the discharge channel and after their
input, as well as of the laser pulses at two
wavelengths.
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Fig. 3. Oscillograms of current (7) and voltage (2) pulses,
as well as oscillograms of lasing at the red (3) and
violet (4) lines at PRF of 8 () and 65 kHz (b).

Maximum output power of 180 mW at the red
line has been achieved with thyratron switch at
pumping pulse repetition frequency of 8 kHz and
addition of 0.5 Torr of hydrogen. Maximum output
power at the red line with tacitron switch achieved
250 mW at pumping PRF of 65 kHz (oscillograms of
voltage, current, and lasing emission under these
conditions are presented in Fig. 3b). To provide lasing
at high pumping pulse repetition frequencies and to
keep the input power level, it is necessary to decrease
the capacitance of the reservoir capacitor. But
decreasing reservoir capacitance is limited by the value
of the switch self-capacitance (parasitic).

The main mechanisms limiting the service life of
the lead vapor laser are the following: carrying-over
of the substance from the active zone*'? and metal
spraying on the inside walls of the tube.'* We
managed to extend service life (up to 100 hours) of
the active element of lead bromide vapor laser. It can
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be explained by lead—bromine atoms’ interaction
with formation of PbBr, molecule (similar to metal-
halogen cycle in halogen lamps).

It was found during experiments that delay
between voltage and current pulses is about 40—50 ns
even at high pumping pulse repetition frequency (up
to 80 kHz). It is an evidence of low pre-pulse
conductivity of the active medium plasma.

Results calculated by a model

Influence of pumping circuit parameters and
reagents of gas discharge tube medium on lasing
characteristics has been analyzed based on numerical
experiments. We have developed a mathematical
model on the base of the model for copper vapor laser
described earlier in Ref. 15. This mathematical model
has two blocks of equations describing parameters of
an electrical pumping circuit and parameters of GDT
plasma. Time dependence of plasma resistance
appears in Kirchhoff equations that can be expressed
via time dependences of electron concentration and
temperature.

Change of the electron concentration and
temperature, in its turn, depends on the current
through the GDT and heating electrons. The
Kirchhoff equations have the form

dUq, I,

dt C’
dlr _ (]Cr - Rd(NerTe)Ir B R‘rh(lr)lr
dt L. ’

where I, is the current through the circuit; U c, is the
voltage applied to the reservoir capacitor; RN, T.)
is plasma resistance; Ry,(I,) is thyratron resistance;
L, is the circuit inductance. The thyratron resistance
has an exponential dependence and within several
seconds it decreases from 1 GQ to units of Ohm.

One can obtain the electron concentration and
temperature using the following system of equations:

dN.
dr

d (%Nej =0 -0y - O + O,

= kinNeNPb7

de\2
where k;p, is the ionization rate of lead atoms!®!%:
T. is the electrons’ temperature;

Q; = p(N,, T,)7%(t)

is power density transformed into Joule heating;
p(N,,T,) is the specific resistance of plasma;
Qi = (Uipp kipp{Te) Ne [Np, — Npp:]) +
+ (JiNe kiNe(Te) Ne [NNe - NNe'])

is the power density that is spent on ionization of
neon and lead atoms;
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me m,
QAT =2 { kNeNNe+7 kcinl]+}Ne |:Te - Tgas]
MNe Mpy,
is the power density that is spent on electron cooling
due to elastic collisions with buffer gas atoms (neon)
and lead ions; Nye, Npb, Nyet, Npyo are
concentrations of atoms and ions of the buffer gas
(neon) and lead, respectively; kne and ke are the
rates of elastic collision of electrons with neon atoms
and ions,
Ou = 5.41-10* T!° N,
\Vﬂll Y
R2 GeNe NNe
is the power density of a heat sink on the walls, in
W/cem®. Here R is a tube radius, in cm; T, is in eV;
6. ne(Te) is transport collision cross section for elastic
collision between electron and neon atom that weekly
depends on temperature in the range of 2 eV and it is

approximately equal to 1.5 - 107'¢ ecm?;

p(N,, To) = 0.043 [a(Te) + ax(Ne, T.)] (Q - cm),

where
3/2

a(T.) = 4/T;
ay(No, T) = 7.4 - 102 Ny T2 /N,

a; and a, are the contributions responsible for the
electron—ion and electron—atom collisions,
respectively; N, is the concentration of electrons, in
em >, It follows from the plasma quasi-neutrality
that Ne = pr‘ + NNe“

We did not consider the balance equation for
gas temperature because the integration time in
equations does not exceed inter-pulse interval during
which gas temperature practically does not change.

The system of equations was solved using Gear
algorithm for solving stiff set of differential
equations.

Typical  time  dependences of  electron
temperature and concentration are shown in Fig. 4.
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Fig. 4. Calculated time dependences of plasma resistance:
general (7), accounting only electron—atom collisions (2),
accounting only electron—ion collisions (3); electron
temperature (4); change of the electron concentration
relative to the initial one (5).
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Having these data, one can simulate time dependence
of the GDT resistance. Nonmonotonic behavior of the
resistance is associated with the contributions from
electron—atom and electron—ion collisions presented
in Fig. 4 to total resistance. Moreover it is necessary
to note that at the pumping pulse start, the
contribution from coulomb electron—ion collisions
dominates (see Fig. 4).

Figure 5 presents simulated time dependences of
the power input to active laser medium, as well as
powers spent on ionization of neon and lead atoms
and on gas heating due to elastic collisions.

It is seen that lead atoms ionization is
considerable, whereas neon atoms are insignificantly
ionized. One might also say that major ionization
occurs still as current increases.
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Fig. 5. Time dependences of power deposit into the GDT
plasma (7), power spent on lead ionization (2), power spent
on neon ionization (3), power spent on gas heating due to
elastic collisions (4).

Comparison of experimental and simulated time
dependences of the GDT current and voltage has
shown their satisfactory agreement.

Based on the simulations performed, it was
found that there exists optimal lead vapor
concentration, at which the most favorable excitation
conditions are observed (decrease of leading edges of
current and voltage pulses). This is true for both
GDT current and voltage. Under these conditions one
can expect maximum value of lasing power. As
circuit and GDT inductance increase (in simulation
they were considered as the total value), the
excitation conditions worsen (excitation pulses
delay). High pre-pulse electron concentration results
in re-distribution of the power taken off from the
rectifier between the switch and gas-discharge tube in
favor of the switch that can result in worsening both
frequency and power laser characteristics.”’

Conclusion

Stable lead bromide vapor laser operation has
been realized at pumping pulse repetition frequency
up to 80 kHz. It follows from the experiments that
for the tube with 1.2 cm inner diameter and 42 cm
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long active zone, mean lasing power has optimum at
pumping pulse repetition frequency of 55—65 kHz. It
is a bit higher than for CuBr laser having similar
diameter.

The model calculations evidence that at
pumping pulse repetition frequency higher than
50 kHz, in real pumping circuits of PbBr, laser, a re-
distribution of power taken off from a rectifier takes
place due to high pre-pulse electron concentration.
This power is re-distributed between a switch and a
gas-discharge tube in favor of the switch. This results
in  worsening  both  frequency and  power
characteristics of PbBr, laser as it happens for copper
vapor laser.?’

A possibility is experimentally demonstrated of
implementing a sealed-off model of lead bromide
vapor laser with the service life no less than
100 hours.
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