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On the possibility of obtaining high energy parameters
from an IR-initiated thermal-chain explosion H; — F; laser

V I Igoshin, S Yu Pichugin, I L Stukalina

Abstract. A chemical H,—F; laser initiated by IR radiation
through vibrational excitation of HF molecules is studied
theoretically under the conditions of a branched thermal-chain
reaction caused by the thermal dissociation of gaseous additions
to the laser mixture. It is demonstrated that, using the F.SO3
addition at a partial pressure of 40 Torr, the H,—F; laser with
a mixture pressure of 1 bar, initiated by a pulse of a hydrogen—
fluorine laser can provide the output exceeding 200 J litre ' in
20-ns laser pulses.
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The problem of initiating chemical lasers by IR radiation
has long been studied [1, 2]. In Ref. [2], an IR-initiated,
chemically active molecular system was proposed and sub-
stantiated theoretically, whose energy output exceeds the
input energy of initiation photons. This was the CH3F -
D,-F,-CO;—He system emitting at the 9.6-um 00°1—
02°0 transition of CO, molecules. This paper also intro-
duced the term ‘photon-branched (PB) chain reaction’,
which characterises the kinetics of physicochemical pro-
cesses in the active medium.

Note that a general suggestion about the possibility of
chain branching with the help of the energy of reemitted
photons in such molecular systems was first expressed in
Ref. [3], which studied photochemical action of IR radi-
ation. The authors of [3, 4] discovered the possibility of
initiating chemical reactions by IR radiation in mixtures
containing molecules N>F4, BCls, and SF¢ that resonantly
absorb the 10.6-pm emission of a CO, laser and whose
dissociation produces free atoms.

The authors of Refs [5, 6] carried out experiments
devoted to creating an IR-initiated chemical HF laser using
the SF¢—H> mixture. In Refs [7, 8], lasing on rovibronic
transitions of HF (DF) molecules was obtained using
reactions initiated in SF¢—H; and NoF4—H; (D2) mixtures.
In all these experiments, the energy of the output emission
was extremelyy small, being ~ 107 — 107* of the energy of
the initiating pulse of a CO; laser. This indicates a small
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efficiency of forming active centres during the dissociation
of SF¢ and N»F4 molecules, which resonantly absorb the IR
radiation. The fast relaxation of vibrational energy of these
molecules in the laser medium can be responsible for this
small efficiency.

Free atoms can also be produced by other mechanisms
caused by nonresonance IR irradiation of the medium. For
example, the experiment on developing a pulsed HF laser
initiated by the emission of a CO, laser that was focused on
an aluminium plate placed in a CF4—H, gas mixture was
described in [9]. The IR radiation produces an electron
plasma in the region near the plate. CF4 molecules dissociate
in the plasma layer, producing atomic F. The energy output
of this laser was very small: much less than the energy of the
initiating pulse. The paper [10] was devoted to the exper-
imental study of thermal decomposition of solid NaNj
particles heated by a CO, laser. It was found that Na
atoms produced upon the decomposition of NaNs could
react with F», producing active F centres.

These works stimulated theoretical studies on the
possibility of creating pulsed PB reaction chemical lasers
that would be based on new mechanisms of IR-induced
production of free atoms. A novel method of realising PB
chain reaction was proposed which is based on the non-
resonance interaction of IR radiation with dispersed
chemically active media [11-13].

The idea was to introduce finely dispersed particles that
strongly absorb the IR radiation (e.g., passivated metal
particles) into the active medium of the chemical HF (DF)
laser. These particles can be heated by sufficiently intense
IR radiation to high temperatures in about 1 ps while leaving
the temperature of the ambient medium virtually unchanged.
This results in the evaporation or thermal decomposition of
the particle matter and the initiation of a chain reaction.

The authors of [12] studied numerically the operation of
a pulsed chemical HF laser initiated by the IR radiation,
which evaporated finely dispersed aluminium particles injec-
ted into the laser medium. The specific energy output of the
hydrogen —fluorine laser reached 100—200 J litre™" in the
mixture at a pressure of 1 bar containing aluminium
particles with diameters of 0.1 —0.2 pm and a concentration
of 10° cm™>. This exceeds the specific input energy of the
initiating radiation by a factor of 20. Under these condi-
tions, the overlap time of the diffuse clouds of evaporated
particles (~ 0.1 ps) is much shorter than the duration of the
chemical lasing (> 1 ps), ensuring a high degree of homo-
geneity of the medium.

In previous papers [14, 15], we have proposed a new
approach to initiating an H,—F» laser by external IR radi-
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ation, where the energy output exceeds the input. At low
rates of IR initiation, the energy output of a hydrogen—
fluorine laser can be increased greatly by realising a thermal
chain explosion in the medium, made possible by the disso-
ciation of specially selected fluorine-containing molecules,
RF.

The authors of [16] studied in detail the question of the
thermal dissociation rates of RF molecules at which the
thermal branching mechanism of the UV-initiated H,—F;
chain reaction can be realised. In this case, most of the
output energy is emitted in a very short period of time
(~ 100 ns) after a long (tens of microseconds) heating of the
mixture. The calculations of Ref. [16] used a model of a
hydrogen —fluorine laser that neglects the deviation of HF
molecules from the rotational equilibrium, which can signifi-
cantly lower the calculated laser energy output in the case of
short laser pulses.

Among the molecules proposed for thermal branching,
we consider the F>SO3 molecule to be the most suitable.
With the specific dissociation energy of 31 kcal mol™!, it is
sufficiently stable; however, at temperatures exceeding
1000 K, its rate of thermal dissociation is high enough.
In this work, we use the model that takes into account the
finite rotational relaxation rate to optimise the energy
characteristics of a laser on the HF—-H,-F,-0O,-He—
F»SO3 mixture initiated by a pulse of a hydrogen—fluorine
laser. In doing so, we vary the mixture composition and the
rotational quantum number of the generated radiation.

Consider the medium of a hydrogen—fluorine laser on
the HF-H,-F,-0,-He—-F,SO3 mixture. An incident
pulse of duration # from an H»—F> laser resonantly excites
vibrational levels of HF molecules, whose vibrational energy
is then transferred to H, molecules as a result of VV’
exchange processes, producing vibrationally excited Hj
molecules (v > 1) [14]. These molecules react with F,,
producing free fluorine atoms. Thus, under the action of
an external pulse of an H,—F; laser, the HF —H,—F,—-0,—
He—F»SO3 mixture produces a certain concentration N, of
free fluorine atoms, which initiate the H,— F> chain reaction.
If in the process of the energy chain branching, the
production of free atoms dominates their loss due to
collisions with O, molecules, a self-accelerating process
increasing the concentration of active centres and the
temperature of the gas medium 7 will start.

Therefore, at a certain moment the rate of the chain
reaction becomes sufficiently large to start lasing. If there
are no F»SO3 molecules in the laser medium, the specific
energy output of this laser will be relatively small (~ 10
Jlitre™!) [14]. In the mixture under study, however, the
process of thermal dissociation of F»SOs molecules, pro-
ducing free F atoms in the reaction F,SO3;— F+FSOs,
becomes significant at some temperature 7. This will
drastically increase the concentration of atomic fluorine,
leading to the generation of a relatively powerful and short
laser pulse at time instant #; after the initiation [15, 16]. As a
result, the specific energy output & of the laser under study
can be greatly enhanced.

To find the characteristics of a hydrogen —fluorine laser
on the branched thermal chain reaction initiated by an H,—
F> laser, we performed numerical calculations using the
model earlier developed for a fixed rotational quantum
number of the emitted radiation [17]. At the first stage
(initiation), we solved the equations describing resonant
excitation of HF molecules by the external radiation of an

H,-F, laser:
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Here, n} is the specific population of the vth vibrational, jth
rotational level in HF molecules; n, is the total population
of the vth vibrational level of HF molecules; o, ; is the
coefficient of absorption of the external radiation of
intensity 7, ; that is due to (v, j — 1) — (v— 1, j) transitions
of HF molecules; v, ; is the lasing frequency; t; is the
characteristic time of rotational relaxation [18, 19]; M; =
[1/(2j + D]exp[j G+ 1DQ/T|T/Q—1; Q is the charac-
teristic rotational temperature of HF molecules.

In accordance with experimental data [14, 19], we
assumed in the calculations that the initiating pulse had
the form of an isosceles triangle for all (v, j — 1) = (v—1,j)
transitions of the HF molecule with v=1-6, j =4 — 12.
The resulting time dependence of the total intensity of the
initiating pulse was sufficiently close to the experimentally
observed shape of 2-us pulses of a hydrogen—fluorine laser
[14]. The total energy density of the initiating pulse amoun-
ted to 1 J cm 2. The actual calculations were carried out for
the mixture H,:F,:0,: He=X:400:40:Y Torr (at
T =300 K). The mixture was assumed to contain 40
Torr of the easily dissociating F»SO3; addition. The total
pressure of the mixture was 781 Torr. The pressures of
hydrogen and helium varied, but their total partial pressure
was 300 Torr. The dissociation rate of F»SO3 molecules in
the considered medium was assumed to be given by ky =
exp(— 16500 K/T) x 5x 10" s7! [16]. The initial HF
pressure was | Torr. The specific energy output ¢ of the
laser was calculated for the threshold cavity gain of
0.005 cm™".

Table 1 lists the calculated values of ¢ for the rotational
numbers J =7 and 12 and various pressures of hydrogen
and helium. One can see that when the initial mixture
contains F>SO3 molecules, the calculated energy output is
the greater, the lower is the concentration of helium.
However, since some amount of helium must be present
in experiments with hydrogen —fluorine lasers, in the follow-
ing we will consider the mixture H,:F,:0,:He=
200 : 400 : 40 : 100 Torr, which produces relatively high
energy outputs while remaining experimentally realistic.
Then, the radiation energy yield of the hydrogen—fluorine
thermal chain explosion laser can exceed 200 J litre™! in the
HF-H;-F,-0,-He—-F,SO3 medium at a pressure of
1 bar.

Fig. 1 shows the calculated energy output as a function
of the rotational quantum number J for the chosen mixture,
H, :F,:0,:He=200:400:40:100 Torr. One can see
that the maximum energy output of 204 J litre™! is reached

[Ho]/Torr [He]/Torr N,/10" g /T litre™" & /T litre™" 1, /ps
cm 3 (J=T) (J=12)
50 250 39 - 11 40
100 200 4.1 65 101 39
150 150 3.8 123 165 42
200 100 34 162 204 46
250 50 3.1 184 225 51
300 0 2.8 194 235 58
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at J = 12. The rotational quantum number J = 12 was also
optimal for all other mixtures. This is because under the
conditions of a thermal chain explosion, the lasing occurs at
high temperatures (greater than 1000 K) and, therefore, at
higher values of J (greater than 10).
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Figure 1. Calculated specific energy output of the hydrogen—fluorine
thermal-chain explosion laser in the mixture H, : F, : O, : He =200 :
400 : 40 : 100 Torr as a function of the rotational quantum number J of
the generated radiation.

Fig. 2 shows the calculated temporal dependence of the
output intensity of the hydrogen—fluorine laser in the case
of a thermal chain reaction in the active mixture
HF :H, :F,:0,:He: F,SO; =1:200:400:40: 100 : 40
Torr. One can see from Fig. 2 that the duration of the laser
pulse is rather small (~ 20 ns), which makes it important to
take the deviation from the rotational equilibrium into
account in calculating the specific energy output. Fig. 3
shows the temporal dependence of the temperature of the
gas medium. The output power of the considered laser
increases strongly when the temperature of the laser mixture
reaches 1200—1300 K.
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Figure 2. Temporal dependence of the output intensity of the hydrogen —
fluorine laser in the case of a thermal-chain reaction in the mixture
HF :H, : F,:0,:He: F,SO3; = 1:200:400:40: 100 : 40 Torr.

In this work, we have optimised the hydrogen —fluorine
thermal-chain explosion laser over the laser mixture com-
position and the rotational quantum number of the gene-
rated radiation. The explosion is initiated by resonant
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Figure 3. Time dependence of the temperature of the laser medium.

vibrational excitation of HF molecules by multiline emission
from a hydrogen—fluorine laser. We have shown that, in the
original mixture HF : H, : F, : O, : He : F,SO; =1:200:
400 : 40 : 100 : 40 Torr initiated by a pulse of an H,—F»
laser, the energy output reaches more than 200 J litre ™! for
the optimal rotational number of 12. Importantly, most of
the energy is emitted in a short pulse, about 10 ns long. This
regime is of interest for plasma research and the technology
of laser-shock strengthening of alloys. In this case, the
generation of short pulses does not require costly and bulky
accelerating equipment.
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