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Ultrahigh energy gain in small volumes of the active medium
in a laser based on an autowave photon-branched chain reaction

V I Igoshin, R R Letfullin

Abstract. The possibility is demonstrated of initiating an
autowave photon-branched chain reaction (PBCR) in an
originally small focal volume of the laser active medium
(H,—F,—0,—-He—Al particles) by the external IR radia-
tion focused with a lens. It is shown that the PBCR can
spread over the entire active medium of the laser with an
unstable telescopic cavity, in the form of self-sustained
cylindrical zones of photon branching. The autowave
laser-chemical reaction initiated in the lens focus strongly
reduces the required energy of the initial input pulse to
0.01 pJ, thereby providing a huge energy gain of ~ 10''.
Because of this ultrahigh gain, a small submicrojoule laser
can be used as a master oscillator.

1. Introduction

All existing pulsed chemical lasers share a common
drawback: the need of an external energy source to initiate
the reaction. Ideally, however, the chemical laser must be
an autonomous source of coherent radiation.

In pulsed chemical lasers, a metastable mixture of
reagents is triggered into reaction by an external disturbance.
Unfortunately, the energy of this external source is compara-
ble to the output energy of the laser, which limits the
possibility of scaling this laser. Creation of pulsed chemical
lasers operating without external sources of energy, i.e.,
autonomous chemical pulsed lasers, could radically reduce
the weight and size of these laser systems.

In the case of a pulsed chemical HF laser, this problem
can be solved with the help of the photon-branched chain
reaction (PBCR) between fluorine and hydrogen in a two-
phase active medium [1], i.e., in a medium containing the
working gas and finely dispersed passivated metal particles.
The latter are then vaporised by an external laser beam,
resulting in the appearance of free atoms of metal and initia-
tion of the PBCR. This idea has been confirmed by numerical
simulations and first experiments. In recent experiments [2],
the stability of a fluorine-hydrogen mixture with an injected
finely dispersed component (aluminium particles with a
radius of ry=0.1—1um and a concentration of N,
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~ 10° cm™?) was demonstrated with respect to spontaneous
ignition, and the possibility of initiating a chain reaction
by vaporising the particles with IR radiation was shown.
Both lasers and amplifiers based on the PBCR have been cal-
culated using the developed kinetic models and laser wave
optics [3-6]. Other approaches to the building of PBCR
lasers and the history of this problem are discussed in Ref. [7].

Under certain initial conditions, a photon-branched exo-
thermic reaction can spread in a certain direction on its own.
This property was used in a new dynamical regime of laser
amplification in a multipass optical scheme, which was pro-
posed in Ref. [3] and numerically substantiated in Ref. [4].
We have shown [4] that the laser-induced chemical reaction
can be initiated by an external pulse in a narrow paraxial
cylindrical region, and then it develops spontaneously over
the entire volume in an autowave regime. The self-sustained
cylindrical zones of photon branching formed by the unstable
multipass cylindrical cavity can be viewed as embedded
amplification cascades. The pulse energy gain in such an
autowave regime is much greater (~ 10°) than a single-
pass amplifier (no more than 10). In addition, in this scheme
there is no danger of self-excitation of the laser even at such
high gains because the medium has not been inverted initially
and the energy is stored as the free energy of reagents rather
than the energy of lasing transitions.

The possibilities of increasing the energy gain kyy, =
E./En (E;, and E,, are the energies of input and output
pulses, respectively) in the autowave amplification regime
are far from being exhausted. Earlier [5], we have numerically
discovered the possibility of reaching ultrahigh gains ~ 10’
by focusing the input wave as it diffracts from the orifice
of coupling to the master oscillator. However, the diffraction
focusing does not compress the field as efficiently as the clas-
sical refractive elements, such as lenses, prisms, etc. The
radiation energy density in the focal point of a spherical
lens can be thousands of times greater than the intensity of
the original incident wave, whereas the diffraction focusing
and the amplification by the laser active medium can produce
an increase in the intensity only by a factor of 7—10 in the
focal region.

To minimise the energy of the input pulse and maximise
the energy gain, we propose in this work to initiate the auto-
wave PBCR in a small focal volume of the active medium by
an input pulse that is focused by a conventional lens. We also
optimised numerically the parameters of the two-phase
active medium, the characteristics of the focused external
pulse, and the dimensions of the unstable telescopic cavity
with the purpose of reaching ultimately high energy gains
in relatively small autonomous pulsed HF lasers.
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2. Kinetics and wave optics of the PBCR-based
laser-amplifier

The PBCR is initiated in the active medium of a HF laser-
amplifier that contains dispersed passivated (due to the
formation of an oxide film) Al particles according to the
mechanism described in Ref. [1]:

F+H, — HF(v) + H,
ey)
H+F, — HF(v) + F.

The active centres are produced in the fast reaction between
fluorine molecules and aluminium atoms that are vaporised
from the surfaces of finely dispersed particles by the
external IR radiation:

Al+F, — AIF + F.

The characteristic time of this redction is less than 1077 s
for concentrations ng, > 10" em ™. We solve the chemical
kinetic equations within the approximation of quasi-
stationary concentrations of F and H [7]. In this case,
the total number of active centres n, = ng + ny is given by

£y, @

where ry and p, are respectively the radius and density of Al
particles and M, is the molar mass of aluminium. The first
term in equation (2) describes the production of active
centres of the chain in the reaction between F» molecules
and vaporised Al atoms. The second term describes the
variation in the active centre concentration due to the
dissociation of molecules and the disruption of the chain in
triple collisions.

Vibrational excitation of HF(v) molecules and their
quenching is described by an equivalent two-level scheme
[7]. In this scheme, the multiple vibrational levels of the
HF(v) molecule are replaced by two levels, the upper one
and the lower one, with the populations n, and »;, respec-
tively, so that the power emitted on the lasing transition
(u,j — 1) — (I, ) coincides with the total power emitted on
all vibronic transitions (here, j is the vibrational quantum
number). The equations for the populations n, and n; have
the form

dn, _ r? > drg poNo
dt O ds My

dn, Py

dt " hw ! B GHF . G\}/IVF_HZ’ ®)
Ui

d"/ P HF-M HF H

Gyt Gyy % 4
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Here,
un, n,

Wu = kl ﬁnm + sz_:ln]:z

is the rate of pumping the laser molecule to the upper level;
k; and k, are the rate constants of reactions (1); u=
kong, [kyny,; GV M and G\I;[\l,:*]'Iz are the rates of vibra-
tional-translational and vibrational-vibrational relaxation,
respectively; Py is the emitted power density; and /w,,; is the
photon energy in the two-level scheme [7].

The two-level model yields the following expression for
P; on the (v, j — 1) — (I, j) transition:

2+1( n, 2—1n
=l - —L 5
Wy (Mjlr 2+ 1 sz-)’ ©)
where
T/O Orj(J +1)
! 2j+leXp{ T ’

T is the gas temperature; Q;, is the characteristic rotational
temperature of the HF molecule; 7 is the characteristic time
of rotational relaxation for a given j in the model of the
rotational reservoir [7]. The power density P; can be exp-
ressed in terms of the saturated gain g(7) = g(z/c¢) of the
laser-amplifier active medium as g (¢)I(r), where the intra-
cavity intensity /(r) is determined by the slowly varying
complex amplitudes &*(r,z) of the counterpropagating
plane and spherical waves [4—6]:

:ﬁww,z”g*(m)f. (6)
Here, I has the dimension of Wcm’z; é’i(r,z) is the
dimension of Vem™!; r and z are the transverse and
longitudinal coordinates; and c¢ is the speed of light. The
complex amplitudes &*(r,z) satisfy the wave equation,
which in the parabolic approximation has the form

36 (r, 2)

2ik(7) 5 + A EF(rz)=0. (7)

Here, lAc(ﬁ) is the complex wave number describing the
amplitude-phase modulation of the electromagnetic wave
by inhomogeneities of the active medium; 7 is the refractive
index of the medium; and A, is the transverse Laplacian.
The initial conditions and the boundary conditions at the
mirror surfaces take into account the interconversion of
plane and spherical waves in the confocal unstable tele-
scopic cavity, as well as the presence of the input control
signal near the orifice of coupling to the master oscillator
[4-06].

We will describe the amplification in the active medium at
each small iterative step 4, in the direction z of the electro-
magnetic wave propagation in the following way:

a”i(z +h,r)= @”i(z, r)exp(gh./2). (8)

The gain g(z/c) can be determined by solving simulta-
neously the system of chemical kinetic equations and the
system of equations for the populations of the lasing levels.

3. Results and discussion

Using the wave approach, which we developed to describe
the pulsed PBCR-based chemical HF laser-amplifier, and
the proposed laser scheme with an unstable telescopic
cavity, we discovered interesting optical effects in the two-
phase active medium of the laser, as well as new properties
of the laser itself (Table 1). Table 1 displays the results of
the numerical calculations performed in this work and our
earlier papers [4—6, 8—10].
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Table 1. Main properties and characteristics of the PBCR HF laser-amplifier.

Observed effects and properties Optimal parameters of the laser Output characteristics Comments
of the pulsed HF laser

L .. Eqy = 22921,
Autowave of a new kind: self-sustaining Mixture Hy : Fy = 112 E,, =300 Jitre ", o~ 10°s

cylindrical zones of photon branching

Huge energy gain in the case of a focused
input pulse

ro =0.09 — 0.4 um,
Ny =10 —10"cm™®

Autonomy (the laser is initiated
by a submicrojoule initial pulse
from the master oscillator)

Ejp =2.18-107%7,
Tin = 250ns

Compactness N, =4,f=241,d <3mm

Poax = 7.6 x 101°W

" ~800ms, 1/}, = 100ns Iy = (1 =3) x 10" W cm™

Kamp = 9.55 x 10'°

amp

The output field is toroidal in the near-
field zone and has a Gaussian profile in
the far-field zone

Notes: i, is the duration of the initiating pulse; E,, and Ej, are the total and specific energies of the output pulse, respectively; Py, is the maximum
output power; t" is the full duration of the output pulse; r,L/2 is the duration of the output pulse at half the maximum power; [, is the optical breakdown
intensity of the medium; t, is the lifetime of the active medium with the specified properties; f and N, is the magnification of the telescopic cavity and the

number of transits of a beam inside it; d is the diameter of the input aperture.
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Figure 1. Spatial distributions of the intensity of the initial plane (a) and
focused (b) input waves. The intensity distribution of the intracavity field
in the 1st (c); 2nd, 3rd, and 4th (d); 3rd and 4th (e); and 4th (f) cylindrical
zones of photon branching.

We studied a cavity that had the length L = 49.5 cm, the
diameter of the first mirror d; = 14 cm, and the diameter of
the second spherical (f = 53 cm) mirror d, = 5.98 cm. The
cavity was supposed to be filled with the combustible working

mixture H,:F,:0,:He=166:334:40:210 Torr that
contained passivated finely dispersed aluminium particles
with the radius ry = 0.2 pum and the concentration N, =
1.3 x 10® cm ™. The focused IR beam from an external laser
was directed to the laser-amplifier through the central cou-
pling aperture of diameter d made in the front mirror of
the cavity. The wavelength of the external laser source was
Zin = 3.3 pm and coincided with the lasing wavelength A,.

A Gaussian beam can be focused to a minimum focal
radius of r; = 1/2mn. The focal region of approximately equal
intensity has a longitudinal dimension of 2Ax = (4n//)rf [11].
Therefore, the excited volume of the active medium V;)"" =
2Axmr can in principle be reduced to ~ 107> ¢cm®. Physical-
ly, it is reasonable to focus into a volume that contains no less
than 10 particles; then, for a concentration of n ~ 108 cm™3,
the minimum volume is ;™" ~ 10~/ c¢m3, and the radius of
the focused beam is rp = (AV;™" /47%)/* ~ 10 pm.

The efficiency of the mechanism of the PBCR initiation is
explained by the fact that the diffraction of a converging
spherical wave from a small input aperture substatially
affects the beam focusing. The scheme consisting of a lens
and a small aperture that diaphragms the converging spher-
ical wave provides a lower beam divergence (close to the
diffraction limit) behind the focus than the focusing by a
lens only. The beam cross section varies slowly in the longi-
tudinal direction and has a waist near the focus.

In our model, the plane electromagnetic wave emitted
by an external IR laser (Fig. 1a) was focused by a NaCl
(or KCl) lens to a narrow beam (Fig. 1b), whose intensity
in the focal region was Iy =3 MW cm 2. The degree of
the field compression by a lens was I; /I, = 300. For definit-
ness, we assumed in calculations that the initiating radia-
tion was focused at a small distance z = d?/42 from the
cavity input mirror, which was equal to the distance at
which the first Fresnel zone was observed for the given
diameter d of the input coupling aperture. The number N,
of transits of a beam in the unstable telescopic cavity can
be written as

N, = [t

<1+L/f>”]‘
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where the square brackets denote integer truncation. One
can see that the focusing properties of the lens and its
position are related to the parameters of the cavity. There-
fore, the problem of coupling the initiating radiation to the
cavity through the coupling aperture is self-consistent.

In our calculations, the diameter of the input coupling
aperture was d = 3d;, where dy = 2r;. The input energy E;,
required to initiate the PBCR in the small focal volume
also depended on d;:

TCdf2
Ein =1 =4~ Tin-

The duration of the input pulse t;, was chosen so that the
energy supplied to the focal volume ¥; ~ 1077 c¢m3 would be
sufficient to vaporise aluminium particles for initiating the
PBCR. Our calculations have shown that the threshold pulse
duration of the master oscillator was 250 ns for the specified
radiation intensity in the focal region.

It is interesting to consider the space-time behaviour of
the intracavity field under of the assumptions made above
and to substantiate the possibility of initiating the autowave
PBCR in a small focal region of the active medium of the
laser. Figs 1c—1f show characteristic stages of the develop-
ment of the PBCR and the formation of the radiation field
inside the cavity. After heating dispersed Al particles in
the focal region to the melting temperature during the time
t = 1;,, these particles begin to evaporate aluminium atoms,
which promptly react with F, molecules, producing free F
atoms. The chain reaction (1) starts producing vibrationally
excited HF molecules, and the radiation in the first cylindrical
zone intensifies. Fig. 1c shows the established field structure,
formed in the central (first) zone of the cavity after multiple
reflections from the mirrors.

The radiation from the first zone ignites the mixture in the
whole cavity volume. As the PBCR spreads, the second, third,
and fourth zones of the cavity are filled virtually simultane-
ously with radiation (Fig. 1d). The field forms in the second,
third, and forth zones faster than in the first zone because the
radiation passing through them is more intense than the input
radiation.

Figs le and 1f show the further development of the lasing
process. One can see from these figures that the development
of the autowave PBCR is accompanied by the formation of a
dip in the intensity profiles of the central (first and second)
zones. This indicates that the active mixture gradually burns
out in the central zones and loses its amplifying properties. In
the fourth zone, the intense amplified radiation fills the entire
circular volume of the cavity. The corresponding intensity
profile is shown in Fig. If. Thus, using the wave approxima-
tion, we have demonstrated the possibility of initiating the
autowave PBCR in an originally small focal volume of the
laser active medium by an external focused IR pulse. The
PBCR can then spread on its own over the entire volume
of the laser active medium in the form of self-sustaining cylin-
drical zones of photon branching, formed in the unstable
telescopic cavity.

Table 2 and Fig. 2 show the output energy characteristics
of the considered laser-amplifier calculated for various focal
spot diameters and the same field-compression factor
I /I, = 300. In these calculations, the diameter of the focal
volume d; varied between 0.015 and 0.67 mm.

One can see from Table 2 that the output energy E,,; and
the maximum output power Py, of the laser slightly oscillate

with varying dp: Egy ~ 2075 —2268J and P, ~ (6 —
7.5) x 10"W. These oscillations are caused, first, by the
boundary diffraction effects that the input field experiences
on the aperture. Second, as d increases, the loss of the output
energy directly on the aperture increases after each reflection
from the input cavity mirror. For the maximum diameter
d ~ 2 mm (d; = 0.67 mm), the energy losses on the aperture
become so large that they drastically reduce the output
energy E,, to ~ 1700 J. Naturally, the output power falls
off as well.

Table 2. Output characteristics of the laser-amplifier with a 4-pass unsta-
ble telescopic cavity. The cavity is filled with the working mixture
H,:F,:0,:He=166:334:40:210 Torr that contains finely dis-
persed aluminium particles (ry = 0.2 pm, Ny = 1.3 x 10® cm ™). The
reaction is initiated by a focused IR pulse (t;, = 250 ns, [, = 3 MW cm™2)
in the focal volume with the diameter d;. The degree of compression of the
focused field /1, was taken to be ~ 300.

di/mm E,/J Eou/J Ep/I  t%/ns  kump P /1010 W
0.015 2.182x 107 2082.9 273.35 892.64 9.55-10' 6.869

003 8727 x 107 22683 297.68 88276 2.6-10' 7.486

0.05 1.963 x 1077 2160.0 283.0 8840 1.1-10'" 7.124

0.1 7.854 x 1077 2173.16 2852 8861 2.77-10° 7.17

0.2 3.142 x 107 2176.57 285.64 88276 6.93-10° 7.18

033 8.727 x 107° 2121.02 27835 88296 2.43-10° 6.97

053 2.234x 107 221011 2900 8580 9.89-107 7.3

067  3.49x 107> 2075.16 27233 8500 5.94-107 6.865

The energy gain k,n,;, also depends exponentially on the
focusing conditions (Fig. 2). The tight focusing of the input
pulse minimises the originally excited volume V;, of the laser
active medium and hence greatly reduces (to a fraction of a
microjoule) the minimum energy of the input pulse sufficient
to initiate lasing (Table 2). Thus, due to the focusing of the
input pulse and the autowave spreading regime of the
PBCR, the ultrahigh energy gain k,p, ~ 10" is achieved
in the active medium of the laser.

kamp
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Figure 2. Calculated dependence of the energy gain kyp;, on the diameter
of the focused input pulse ¢ in the case of the laser working mixture
H,:F,:0,:He=166:334:40:210 Torr containing finely dispersed
aluminium particles of radius ry = 0.2 um and concentration N, =
1.3 x 10% em ™.
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Table 3. Output characteristics of the pulsed chemical HF laser/amplifier for various values of the geometric parameters of the cavity and the total pres-

sure p of the laser working mixture H, — F,— O, - He.

Cavity parameters l‘O/um NO/IO8 em™? p/bar Mixture IF/MW cm™? Tin/l’lS Eom/kJ ESP/J litre™! Pmax/IOIOW rL/ns
H,:F>:0,:He
I3 /cm b /cm f /cm 8 /cm content/Torr
76:228:23:578 5 150 1.485 194.9 1.5 737
495 598 53 193 02 1.3 1.0
166:334:40:210 3 250 2.210 290 7.3 858
33 8 69.5 148 0.2 1.3 1.0 76:228:23:578 5 150 1.190 234.26 2.22 671
1.0 76:228:23:578 5 150 1.271 312.76 1.99 564
264 8.88 761 1.35  0.09 14 2.0 200:800:100:420 5 120 2.539 624.8 5.18 547
2.3 250:1000:100:420 5 120 2554 6285 5.49 599
13.2 104 893 .15 0.09 14 2.3 250:1000:100:420 5 120 1.497 736.72 321 590

This huge energy gain drastically reduces the threshold
energy E,, of the initiating pulse to 10~% J (Table 2). There-
fore, a small submicrojoule laser can be used as a master
oscillator and one can create an autonomous pulsed chemical
HF laser-amplifier with the low-energy initiation.

The autowave lasing regime and the huge energy gain
obtained upon focusing the input pulse allow one to produce
coherent laser pulses with the energy of several kilojoules in a
relatively small volume of the active medium of the HF laser
and therefore to build very compact lasers. Table 3 and Fig. 3
present the output energy characteristics of the considered
laser-amplifier that were calculated for various values of
the geometric parameters of the cavity and the total pressure
of the laser working mixture. These calculations show that,
just by optimising the parameters ry and N, of the dispersed
particles, we can increase the specific energy release Eg, by a
factor of 1.5 from 195 to 313 J litre ™! (Table 3). Therefore, we
can reduce the cavity length by a factor of 2 (from ~ 50 to
~ 25 cm) while preserving the high output energy (E . ~
1200 — 1500 J).

The specific output energy Eg, can further be increased by
a factor of 2 — 2.5 by increasing the pressure p of the working
mixture of the laser to 2 — 2.3 bar. The specific energy release
~ 737 J litre"! allows one to obtain the above-mentioned
output pulse energy in an unstable telescopic cavity that is
as short as ~ 13 cm. With such a short cavity and a small bat-
tery-powered submicrojoule master oscillator, the laser be-

Poy /1010W

0 . : <
350 400 450 500 550 600 650 700 t/ns

Figure 3. Time dependence of the output power P, of the laser-amplifier
in the case of L =26.4cm, p=1bar (/), L=26.4cm, p=2bar (2),
L=264cm, p=23bar (3), L=132cm, p=1bar (4), L=33cm,
p=1Dbar(5),and L=49.5cm,p =1 bar (6).

comes a compact autonomous device capable of producing
pulses with the energy E,, ~ 1.5 kJ.

4. Conclusions

We have theoretically analysed the energy properties and
the space-time behaviour of the electromagnetic field in a
pulsed chemical laser based on the PBCR initiated in the
gas-dispersion medium H, — F, — O, — He — Al particles
by the focused external IR radiation. Within the wave
approximation, we have solved the optical problem of mat-
ching the focusing properties of the lens with the geometric
parameters of the unstable telescopic cavity. We have de-
monstrated the possibility of initiating the laser-chemical
reaction in an originally small focal volume of the active
medium. The reaction then spreads in the autowave regime
over the entire volume of the laser in the form of self-sus-
taining cylindrical zones of photon branching, formed by
the beam path in the unstable telescopic cavity. The initi-
ation of the autowave PBCR by a focused external pulse
drastically reduces the threshold energy of the input pulse
to ~ 0.01 pJ, resulting in a huge energy gain of ~ 10'!.

The observed giant amplification of the laser energy
allows one to use a small submicrojoule laser as a master
oscillator and, hence, to build an autonomous pulsed chem-
ical HF laser-amplifier. Furthermore, by increasing the
specific energy release of the laser to 737 J litre ! by optimi-
sing the parameters of the dispersed component (Al particles
with the radius rq = 0.09 um and the concentration Ny =
1.4 x 10° cm ™) and increasing the pressure of the working
mixture to 2.3 bar, we can obtain the output pulse energy
E. ~ 1.5 kJ in a relatively small unstable telescopic cavity
(~@14 x13 cm).
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