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A theoretical analysis is made of the possible mechanism of collisionless (instantaneous) dissociation of
molecular gas following resonant action of high-power laser radiation. It is assumed here that the excitation
of the lower vibrational levels is due to allowed transitions, and that the detunings due to the
anharmonicity of the vibrations are offset by the level broadening in the strong laser field. Further
excitation of the molecules, all the way to the dissociation limit, is due in general to forbidden transitions
in a quasicontinuous sequence of levels. It is established that the dependence of dissociation on either the
intensity or the transmitted radiation energy has a threshold. The obtained estimates agree with the

experimental data.

PACS numbers: 32.20.Ma, 42.60.Nj

The excitation of the higher vibrational levels of
molecules by IR laser radiations of great interest in
view of the ensuing possibility of initiating chemical re-
actions (see, for example, the review [1]). Nonthermal
action of high-power laser radiation on molecular gas
was first observed in'?*). Stationary irradiation of a gas
whose molecules have a vibrational spectrum that coin-
cides with the frequency of the laser radiation has led to
a difference between the vibrational temperature and the
translational temperature and to dissociation of the
molecules. An essential role was played in this process
by collisions which could simultaneously lead, generally
speaking, to loss of selectivity of excitation of the mole-
cules.

Somewhat later, a number of workers ™%} have ob-
served and investigated the so-called instantaneous dis-
sociation of molecules, which is produced by pulsed ex-
citation of resonant gases within a time much shorter
than the time between gas kinetic collisions, and conse-
quently has a pure radiative character. Collisionless
(instantaneous) dissociation is characterized by the
presence of an intensity threshold (10°—10° W/cm?), and
also by a threshold for the total transmitted energy and
the time delay between the maximum of the field and the
maximum degree of dissociation, Instantaneous dissoc-
iation was used to initiate an isotopically-selective re-
action of the molecules of BCl; with gas. ts] Nonetheless,
the mechanism of instantaneous dissociation has not yet
been fully clarified. The mechanism of radiative dis-
sociation due to multiphoton processes in nonresonant
laser radiation was considered in'®J, However, although
the estimates of the power flux density obtained in[®]
coincide with those observed in experiments, on the whole
this description does not agree with the observed be-
havior.

We analyze a possible mechanism of excitation of
high vibrational levels of molecules under the influence
of high-power pulsed resonant field of a laser, based on
a stepwise accumulation of energy a sequence of quasi-
continuous energy levels of the molecule.

It is known that in diatomic molecules, owing to the
anharmonicity of the vibrations, the radiation that is
resonant for the first vibrational level is not resonant
for the higher vibrational levels. In the case of poly-
atomic molecules, the deviation of the radiation from
resonance following excitation of the higher vibrational
levels can in principle be compensated by the presence
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of a large level density. This circumstance was pointed
out in® , where it was proposed that vibrational energy
can be accumulated in a quasi-continuous sequence of
higher vibrational levels.

The total number of vibrational levels (including
combination levels) corresponding to excitation of s
vibrational quanta in / vibration modes is given by the
binomial coefficient C§ ,; , ;- This number first in-
creases rapidly with increasing s, i.e., with increasing
vibrational excitation of the molecule upward on the en-
ergy scale. At! ~ s the growth slows down. To each
vibrational level there corresponds a rotational struc-
ture, which also contains a large number of levels. In
the case of the BCl; molecule, in which there are two
nondegenerate and two doubly degenerate vibrations
(I = 6) and the rotational states of the symmetrical top
are B, = 0.1 cm™, and B; = 0.05 cm ™, the distance be-
tween the rotational sublevels, with allowance for the
Coriolis splitting for the excitation energies correspond-
ing to the absorption of one or two laser-radiation quanta
((1 = 2)hvs), is 1072—5x 10 em™. Thus, for the lower
vibrational levels, the distance between the rotational
sublevels is still large enough. At the same time, for
energies on the order of (3—4)hvs, in view of the increase
of the level density, the average distance between them
decreases and becomes commensurate with the homo-
geneous width of the rotational level (107 cm™) at pres-
sures on the order of several torr and at room tempera-
ture.

The excitation of the first vibrational levels is possi-
ble for nonresonant absorption in a strong field, leading
to "broadening" of the levels. A similar mechanism was
considered inl™ for a diatomic molecule and in'®} for
an N-level anharmonic oscillator. For the excitation of
higher vibrational levels close to the dissociation limit,
this mechanism calls for exceedingly high intensities,
by virtue of the detuning that builds up with increasing
number of the level. After overcoming several (two or
three) first vibrational levels, the absorption becomes
resonant by virtue of the increased level density, and
this leads in final analysis to instantaneous dissociation.
It should be noted that transitions resonant with the field
are (generally speaking) forbidden in the adiabatic ap-
proximation. One can expect the dipole moment of such
transitions to be smaller by one or two orders than the
dipole moment of an allowed transition.

Thus, the analysis will be carried out within the
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framework of the following model: The molecule is
represented by a system of N energy levels with a cer-
tain arbitrary irregular variation of the dipole moment
over the levels. The frequencies of several of the lower
transitions deviate from the laser-field frequency, while
the remaining transitions are at resonance with the
radiation.

To find the conditions of the effective radiative popu-
lation of the upper levels, we consider the evolution of
the density matrix p of an N-level system under the in-
fluence of a laser field. From the equation of motion of
the density matrix

ihp=[H, o],
with initial condition
p(—o)=exp {—H/kT}
we get for the S-matrix of the transition from the inter-

action representation to the Heisenberg representation,
in the interaction representation, the equation

ihS=HniS, ()

H=H0+Hinl (1)

where I;'o is the unperturbed Hamiltonian, ﬁint is the
Hamiltonian of the interaction of the molecule with the
field E. For afield E = e£(t)cos (wt + ¢) we have

Aol =& () [ (edna?) exp{i(Awmi+@) } +C.C.1, 3)

where Aw =w — w is the detuning between the fre-
quencies gfl the transition fields, due for example to
anharmonicity; d* and d** = d” are respectively the
components of the dipole moment operator above and
below the diagonal; m and n number the energy levels.

The solution of (2) is written in the form
.t
S=Texp{—% medt}. 4)

where T is the chronological-ordering operator.

The determination of the S matrix from formula (4)
is in general quite difficult. It makes sense, however, to
consider two limiting cases that yield the characteristic
parameters of the effective passage of the lower detuned
levels (I) and the population of the upper resonant levels

(1)

I. The detunings are large Aw > 1/7 (7 is the pulse
duration). In this case the integral in (4) is transformed
into

j H(..,dt—é’(t)[ exp {i(Aomt+e)}+e. c] (5)

In the random-phase approximation this operator com-
mutes with itself at any instant of time, therefore in (4)
the T-ordering symbol can be left out.

—i& (t)
S=exp{ = ( [A_exp {i(Aat+g)}+c.C ]} (6)
The diagonal terms of the density matrix take the form
Pnn MZ Sanqn_iv (7)
9

where q is the rotational sublevel of the vibrational
ground level (we assume that in the absence of the field
only the ground vibrational level is populated). We ex-
pand the right-hand side in a series and take (n| and |q)
in the brackets; the first nonzero term in the expansion
then the one containing (d*)n or, in other words, propor-
tional to #<P. We obtain
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It follows therefore that p,, increases strongly when a
certain threshold laser-radiation intensity is reached.

e [ B (o) T Kol (Gae) 1] ™

Thus, it follows directly from (6) and (7) that upon
excitation of the vibrational levels whose energies is
equal to the energy of n quanta of laser radiation the ex-
citation efficiency is proportional to I", the effect has
essentially a threshold character, and the threshold in-
tensity is given by formula (8).

II. The detunings are small, Aw << 1/7. In this case
the integral (4) takes the form

[ Hindt=(le) [ &tar ©)
and consequently

10)

mn

S -exp{ -hi (de) f&’(t)dt}

Formula (10) is analogous to the expression that arises
in the analysis of coherent effects of the photon-echo
type in the two-level system. The main difference lies
in the fact that the molecules proceed upwards under the
influence of the radiation rate that is fast in comparison
with the relaxation rate. It is therefore possible, at
sufficiently high intensities, to neglect the relaxation of
the off-diagonal matrix elements pp,,. As will be seen
from the estimates below for Tmin’ the relaxation in
BCl; (T: = 27 nsec/Torr [ ) can be neglected up to pres-
sures on the order of several torr.

We expand expression (10) in a series similar to that
of (6):
- 3 1
panc> Y \(nl (d0)*Ig><ql (de) 1w [ & ()dt+ ... (11)
It is clear therefore that for excitation of the higher
vibration levels an important role is assumed by the
threshold of the integral of the envelope of the pulse, and
not by the intensity threshold.
+o
| &®dt~h/dson (12)
At a given value of the intensity, this condition imposes
essentially a limitation on the minimum duration of the
exciting pulse.

Thus, the foregoing analysis shows that actually, in
the case of polyatomic molecules, the excitation of the
higher vibrational levels, up to dissociation, is possible
by a pure radiative mechanism, which takes into account
both the level broadening under the influence of the
strong field and in the presence of a high-energy density
of the molecule. In a real situation, the excitation chan-
nel that is realized is a certain synthesis of the consid-
ered limiting cases of large and small detunings between
the field frequency and the transition frequency and, upon
excitation of several low-lying vibrational levels, the
first limit in case of large detunings but allowed transi-
tions is realized; this imposes a limitation on the inten-
sity of the exciting pulses. Upon population of higher
vibrational states, up to the dissociation limit, the second
limiting case of forbidden resonant transitions is real-
ized, and this imposes a limitation on the minimum dura-
tion of the exciting pulses.
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Let us estimate the threshold value of the intensity
of excitation of the first two or three vibrational levels,
‘gtarting from the relation (8):

4
twe~ g (57)

For the concrete case of the BCl; molecule, which
has a vibrational-transition dipole moment d = 3
x 1071 ¢gs esu ™! and anharmonicity aw ~ 3 em™, the
value of the threshold intensity amounts to 10® W/cm?
and agrees with the known experimental data. [*4)

The presence of the process of population of a quasi-
continuous sequence of upper levels in the excitation
cascade causes the degree of dissociation to be depend-
ent on the pulse duration. As already noted, forbidden
transitions occur in the second limiting case. The values
of the dipole moments of the forbidden transitions, cal-
culated in the nonadiabatic approximation for the HD
molecule %) were close for all the rotational -forbidden
lines dforb = dx/me /M, where m_, is the electron mass,
M is the reduced mass of the nuclei, d is the dipole mo-
ment of the allowed vibrational transition. Since the
quantities dg, ., are caused by violation of the symmetry
of the limiting ¥ functions, this constitutes a lower bound
for polyatomic molecules having a lower degree of sym-
metry.

An estimate of the minimum duration of the exciting
pulses from relation (12), if the start from the values of
the threshold intensity 10° W/em? and forbidden-transi-
tion dipole moment ~ 107% d, yields a value Tmin
~ 107°—10"° sec. We note that the obtained value of 7, ;.
is lower than both the radiation-pulse duration and the
time T».

The foregoing analysis points out the characteristic
features of the radiative dissociation mechanism. First,
the specific features of the molecular bond are lost here,
all the levels are ''the same' and constitute a single
quasi-continuous background. There is no selectivity
with respect to the vibration mode. Second, the bottle-
neck here lies in the lower vibration levels, where the
distance between the rotational sublevels is largest, and
therefore there is selectivity with respect to molecules
under different conditions and with respect to molecules
containing different isotopes. Third, radiative dissocia-
tion can be controlled not only by varying the frequency,
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but also by varying the power and duration of the excit-
ing-radiation pulse.

We note that dissociation can be realized at low pres-
sures for which the level broadening necessary for the
effective realization of the second limiting case is due
not to collisions but to the strong field which is present
in accordance with the first limiting case of the presen-
ted analysis. At large values, an important role can be
played by collision~-radiative cascade processes of ex-
citation of higher vibrational levels. They can be consid-
ered on the basis of the analysis developed in the present
article and in 11,
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