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Theory of laser-induced electron transport through molecular gases
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Conditions are found for the growth of a current in an electron swarm in gaseous media in the presence of intense,
monochromatic radiation. For transport to occur by free-free absorption, it is necessary for the medium to have left-
or right-handed chirality (as in a sample of chiral molecules), such that the radiative-dipole rate of absorption by the
swarm is unequal for electron velocities i7 and —v relative to the photon direction.

I. INTRODUCTION by the radiation alone. We refer to a drift current
whose physical origin is a dipolar cos9 com-
ponent' in the free-free absorption and stim-
ulated-emission rates. These rates occur in
driver terms in the Boltzmann equation [see
Eqs. (8) of Ref. 1 for the uncoupled equation for
f,(e)], and cosg components in the rates cause
f,(e) and f,(e) to be coupled. This effect is dif-
ferent from free-space acceleration produced
by radiation-field gradients and from the coupling
af the time-dependent components f,(e, t) and f)(e,
t) by an ac-electric field oscillating as icos&t
studied by Holstein' and found' to be negligible
for the pulse widths considered. Thus to our
knowledge the coupling of f,(e) and f, (e) and, as
a consequence, the growth of a drift current in-
duced by photoabsorption rates which are not in-
variant under space inversion' (u- —u} has not
been previously studied.

In a previous paper, ' a study was made of the
effect of free-free absorption and stimulated emis-
sion of intense, monochromatic radiation on the
transport of electrons through gaseous Ar. Swarm
experiments measure drift velocity W (ratio of a
drift current to the electron number density) in
the presence of a uniform dc-electric field of
strength E,

de e't'f, (e), (la)

Z'1 e df (e}
N) Q (e) de

(1b)

where f,(e) [see Eq. (3) af Ref. 1, for example]
and f,(e) are the monopolar and dipolar compo-
nents of the electron distribution function; &, e,
and pz are the electron energy, charge, and mass;
& is the neutral number density, and Q„(e) is the
electron-scattering momentum-transfer cross
section. The distribution function has been ex-
panded

II. THEORY

f(&)"} fo( &) +fi(&)case)

where 8 is the angle between the electron and
field directions along u and f, respectively. The
components fo(e) and f~(e) are coupled by the E
field, and this coupling is responsible for the
growth af f,(e}. Recent work' has shown that Eq.
(2) may not be a converged series under certain
circumstances; thus care should be exercised
in calculations. In Ref. 1 it was argued that free-
free radiative processes affect fp(c) strongly and
affect f,(e) through its coupling to the derivative
af fo(e) [Eq. (1b)]. For the laser pulse character-
istics considered, however, the component of f,(e)
contributed by the radiation field is negligible.
Thus W' is significant only if the X field is present.

In the present paper we examine physical condi-
tions under which the radiation field can couple
f,(e) and f,(e). In this case the h field can be
quenched, and a drift velocity will be supported

RP (e, 6g, u-, u )f(e, u)], (3)

where R',", R',"=R~, R~ for Q, =&+SO) andR", &,

R', '=R„, R~ for &, =q -S~, where S~ is the photon
energy and R~, &~ are the absorption, stimulated-

The radiative driving terms in the Boltzmann
equation (BE) depend on the rates in s ' for free-
free absorption and stimulated emission. Qne-

(2), photon rates are assumed to be dominant. ' These
rates depend on the directions of incidence along
u' (from the solid angle 0'} and scattering along
u (into the solid angle II) in a laboratory frame
(Fig 1}. The.BE driver contains appropriate
combinations of these rates (which express elec-
tron density growth and loss at &), integrated
over the solid angle of incidence Q'. The density-
growth ("in-scattering") terms depend on the dis-
tribution function [Eq. (2)] at u'. Thus the general
form of the radiative collisional (rc} driver in
the BE equation is
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emission rates' in s '. %hen the distribution func-
tion fof Eq. (3) is expanded as in Eq. (2) and only
the first term retained, the result is the drivex'
studied in Ref. 1 (and references therein) for the
effect of radiation on f, No. te that the absorption
and stimulated emission rates in Eq. (3) depend
on both Q ~md g, as shown in Fig. I. Both inci-
dent and scattered electron directions relative to
the photon dix ection along k~ are needed to define
a free-free rate. Ordinary field-free collisional
terms in the BE equation' depend on 6 i' only
(Fig. 1). In the present work we are concerned
with f, and f, [Eq. (2)] and thus with terms in the
rates of Eq (3).which are nonisotropic in 0.
Specifically me are concerned with finding condi-
tions for which these rates contain a cos8 (di-
polar) term [see Eq. (2) and Fig. 1, where now

the photon beam and not the E field is considered
to be along s]. This dipolar term in the free-free
rates rvould couple opposite-parity components of
the distribution function (the leading members of
which are f, and f, presumably). Thus, depending
on the sign of the dipolar term, an electron drift
&gould be generated in the direction of, or opposite
to, the photon direction (Fig. 1). In other words,
the free-free dipolar term is intended to replace
the dipolar E-field driver -aefleu, (where a is the
electron acceleration) in ordinary transport.

In Eq. (3) the two j = 1 terms accountre, spec-
tively, for density growth at & by stimulated emis-
sion from &+5~ to & and density loss at g by ab-
sorption from g to & +~. The two j= 2 terms ac-
count, respectively, for density growth at & by

absorption from g —5~ to & and density loss by
stimulated emission from f to Q —5~. The two
rates are related by the detailed-balance rela-
tionship

Rs(e~& ~ "~" }=Ra(&~&~Up&')(I —%o/e}'~', (4a)

e =&'+ A&. (4b)

The uncoupled equation for f,(q) and the rate R„
integrated over g and Q' have received detailed
study. ~

Analysis shoes that

and what follows, analysis is limited to terms in

Eq. (3) for which only the f, component of f is re-
tained. Our interest is in terms coupling f, to f,
for s &0. The second term in Eq. (5) couples f,
to f,. Below and in the Appendix, the term is de-
rived which couples f, to f, [I.n calculations, how-
ever, all components f, would be retained in Eq.
(3) consistent with terms retained in expansions'
for y. ]

For molecular targets it is necessary to average
the rates over all molecular orientations' (see the
Appendix}. It is well known' "that the form given

by Eq. (5) still obtains and in fact is a statement
for nonoriented molecules of Yang's theorem, "
originally stated for radiative-dipole angular dis-
tributions for nonoriented nuclei. In a previous
paper' it eras strown that nonoriented chiral mole-
cules provide an exception to this theorem by in-.

troducing a term linear in the cosine of the ejec-
tion angle into the angular distribution. In the
presentyaper, it is shown (see the Appendix) that
molecular chirality causes this same linear cosine
dependence to occur in free-free radiative-dipole
rates @which have been integrated over incident-
electron directions. This rate has the form

+b, (e', e)P,(cos8)],

where the parity-violating component b, (&', c)
exists only 6 the photon is left (+) or right (-)
circularly polarized~ (Fig. 1). On physical grounds
it is not surprising that Q -integrated free-free
rates have the same dependence on P~(cos8) as
bound-free rates in which the initial state is spa-
tially unoriented.

A

kp)

d O'R„=«NF [bo(e', e) + b, (e', e)P,(cos8)], (5)

for nonchiral scatterers, sphere g is the flux due
to an assumed constant-amplitude radiation field. v

For example, 4wNFb, (e', e) is given by Eq. (Ila)
or Eq. (12) of Ref. 1. This form emphasizes that
free-free rates, integrated over all incident-elec-
tron directions, have the same angular dependence
for electrons emerging fxom the field of the scat-
terer a.s bound-free rates have for electrons
ejected from a nonoriented absorber. In Eq. (5)

FIG. 1. Coordinate system in the space-fixed fx arne.
The electron initial and final velocities are u' and g,
respectively. The unit vectors ~„and i„are xequired to
define the circular polarization of the light beam, and
the unit vector k& is in the direction of the light beam.
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In the absence of the afield, which causes f,(e)
to grow by coupling it to fo(z), the only mecha-
nism for the growth of f, (g) for s& 0 is its coup-
ling to f,(e) according to Eq. (3). This coupling
is determined by the series in P~(cose) given in
the most general form by Eq. (6). Thus we note
(quite generally for radiative-dipole processes)
that gaseous media separate into two categories,
nonchiral, for which f,(e) and f,(&) are coupled,
and chiral, for which, in addition to the coupling
of f,(e) and f,(e), f,(e) and f,(e) are coupled.
In the first category, in fact, all b, s =+ 2 (same
parity} f, (e) components are coupled, and in the
second category, all b s = + 2 and b s = + I (all par-
ity) f, (e) components are coupled. Note, how-
ever, that the growth of electron density in any
s & 0 f, (e) component originates with its coupling
to fo(e) Thus . in the first category only even-
parity components exist, while in the second cate-
gory even- and odd-parity components exist. A
drift current [see Eqs. (1)] is generated only for
indefinite-parity electron distributions (as in the
second category); thus, to leading order in the
electron-radiation field interaction, this requires
the existence of the parity-violating term in the
Q'-integrated absorption rate.

III. MODEL CALCULATION

%e adopt a simplified model which may be use-
ful to obtain an order of magnitude estimate of
the drift velocity due to the parity-violating (pv)
term in Eq. (6). The photon energy is assumed
to be large (1.1V eV for an Nd+' glass laser) com-
pared with a characteristic vibrational spacing
but small compared with a characteristic electron-
ic spacing in the molecule, such that there is no
photoabsorption by the scatterer. The average
electron energy is also assumed to be between
the two extremes' of molecular vibrational and
electronic excitation, but it is assumed to be
large compared with the photon energy (e» he).
The latter criterion makes it possible' to simplify
Eq. (3) by expanding the rates and distribution
functions in the Taylor series about q. On using
the leading term af Eq. (4) there is cancellation
of terms to order (8+).' It is further assumed
that Eq. (2) is valid and that the equations for fo(e}
and f,(e), which are coupled by the pv term in
Eq. (6), can be solved using an fo(z} from the
uncoupled equation. Use of approximate forms
of Eq. (3) and of 4wfV&b, (e', e) [Eq. (6)], described
below, leads to an uncoupled equation for f,(e)
whose solution is available in analytic form [Eqs.
(4) and (Vb) of Ref. 1 and below]. Although not
valid when g ™II&u, this solution is shown (Fig. 4
of Ref. 1) to be a qualitative average af the oscil-

where D~(below) is the laser driver. Vibration-
ally inelastic scattering contributes terms" of
the form

where Q„(e) is an inelastic cross section for the
vibrational transition ~& and ~ is the molecular
mass. If Q~(e) and f,(&) are reasonably smooth
in the interval from g to &+A&, then, for c» d q,

ae Q„(e)f,(e}
(m/M)Q (e) (9)

For e» b, g, it is expected that (m/M}Q (e) = Qz(e),
i.e., that the rates of translational and vibrational
energy loss are comparable. At & —~g the latter
is likely to be dominant. Thus for D~ to be dropped
ae/e «D~. If a Ramsauer minimum occurs in

Q„(e), the present model would break down, '
however, such minima are not likely to occur at
the energies considered here.

The expanded form' of the laser driver is

DJ — 2 N~Qe e e A'NFbo & @co
ck

(10}
Note that D~ contains the ratio of an absorption
rate NF4vb, (c) to the translational energy loss
1'ate (1Jl/M) NUQ~(6). Fol' 6» lf(d, such that 6
[Eq. (4b)], the absorption rate of Eq. (6) has been
expressed' in terms of Q (q),

4 XuQ (e)~A'NFbo(C ) E') — 6y )2
= 4wNFbo(e ),

(11a)

(Ee)'
4 m(u' (11b}

latory fo(z) obtained from the numerical solution
of Eq. (8a), Ref. 1; thus when e» ger, it is ex-
pected to be quite reliable. The pv term coupling

f, (e) and f,(e) is then evaluated using this approx-
imate f,(e).

The truncation of the Legendre-polynomial ser-
ies for f after two terms [Eq. (2}] is likely to be
valid when the electron scattering is predominantly
elastic. ' The neglect of vibrationally inelastic
scattering places severe limitations on the validity
of the model, first because these cross sections
can be appreciable at energies well beyond the
energies at which they reach maximum values,
and second because the BE is not local in the en-
ergy.

The steady-state" equation for f,(e) is
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where && is just the classical mean energy of an
electron oscillating in a force ge cos~t. Note
that I)~ reduces to e~ dfQ(e)/de, such that a con-
stant laser "heating" energy e~ = (2M/3m)ez can
be added to the thermal energy AT in Eq. (7).

The equation coupling f,(e) to f,(e) is

( )
m Q, (e)
M Q (e)

From Eq. (la),

2 flyW™~ us M (Q&/Q )1

(14)

(15a)

u, = (2m~/m)'~', (15b)

where the brackets on the cross-section ratio in-
dicate a mean value of Q, (e)/Q (e} [Eq. (14)] used
in the integrand belonging to the numerator of
Eq. (la). If the energy dependence of Q, (e) and

Q (e) is roughly the same in the region in which
exp(- e/e~) is appreciable, such that their ratio
is nearly constant, Eq. (15a) may be useful for
an order of magnitude estimate of QT. Finally,
expressing u~ in terms of laser intensity I in
Wcm ' and using numerical values for pn, e, and
c (velocity of light),

X/2
m=3.145x(0"(Q, /Q ) '(—I cms '.

(16)
The dependence of W on (mlM)' ' arises from

the weighting of ez in e~ by M/m, causing f()(e)
to be diffuse in the energy as a result of the slow

f(~)=-[NuQ (e)] '4vNF(a )'
de de

(12)

where the expanded form of Eq. (3) has been used.
Based on Eqs. (11) we use the ansatz,

4vNFb, (e'&e) = —ey p
= 4vNFb, (e) 3

4 Nu Q, (e)e

(13)

where Q,(e) is a cross section whose existence de-
pends on the chirality of the scatterer (see the
Appendix). For the relationship between the free-
free radiative-dipole matrix element [Eq. (Al),
see the Appendix] and the elastic-scattering ampli-
tude, on which Eqs. (11) and (13) are based, see
Eq. (13) and Appendix 1 of Ref. 1.

If we assume that Q, (e) is reasonably smooth
with energy, then the derivative of b, (e) depends
on ~

&'~ . At power levels such that the thermal
energy can be ignored in Eq. (7),

rate of translational energy loss (m/M) NuQ (e)
The derivative of f,(e} with e thus depends on
m/M and u~ [Eq. (15b)] depends on (M/m)'&,
causing W to depend on (m/M)')'.

IV. CONCLUSIONS

For 1.17-eV photons, Eq. (16) is

W= 17.68 (Q, /Q„)
i

—I
i},ill j

(17)
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APPENDIX: FREE-FREE ABSORPTION RATE
ANGULAR DEPENDENCE

To first order in perturbation theory the free-
free absorption rate is defined ~ in the dipole
length form

For reasonably strong power levels (m/M}I= 10'
Wcm; thus,

W=1.768x10'(Q, /Q„) . (18)

A reasonably accurate estimate of the pv cross
section Q, is essential to proceed further in es-
timating W. If the pv to momentum-transfer
cross section ratio turned out to be as large as
,0, then~ would be about 1.8x10 cms ' accord-
ing to the model. (According to the &g

' depen-
dence of Eq. (16), however, lower intensities are
required for the same 5' if the photon frequency
is lower. ) It is interesting to compare this es-
timate with a dc-field drift velocity~ of about
1.6x 10' cm s ' in the e, Ar system at E/N = 10 '
Vcm'. For &=10"cm ', E =10 ' Vcm '. Qn the
other hand, the E field corresponding to an inten-
sity of 10 Wcm ' is about 2.75x10 Vcm '.
Thus radiation-supported transport by the pv
mechanism is very inefficient when compared
with conventional electrode transport. However,
the use of a laser for transport or the pv mech-
anism may suggest interesting applications.
That a chiral gaseous medium should make ra-
diation-supported tranport possible through the
violation of a symmetry theorem (space invari-
ance of radiative-dipole angular distributions for
nonoriented targets) would appear to be an inter-
esting phenomenon in itself and worthy of further
study.

Q (s, s, ) (43' Js() (33) [s Z,s-((t)' ''(5('c)(5 '.rl()"'(5, (c')),(*), (Al)

where in atomic units E~ is the photon energy and Tc and Tc are the initial and final electron momenta. The
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unit vector p is in the direction of polarization of the photon. Use of partial wave expansions" in the

matrix element leads to the form,

Rg(E, e', &) = 4tNF bl (f,e)Pr (cos8),
=Osl

b (e', e) =Sana E'fs( 1) -P g (-1) 1(28+1) ~ (2k +1) ~ (2L+1)

(A2a)

( 1 1 L}(1 1 L i(P g L}x
(-m, ~ Oj ~m, -„, (m-»j ~0 0 0 j
(r ~ I.

Xi ( glim PP)1. gglm ssml&

(m -p —(m-il)j
(A2b)

(AS)

w &
'~'

k pl 8+ ~ C
r k

where 8s, Ps are the angles of the electron position r in a molecule-fixed frame. "'" Free-free radial-

dipole matrix elements [analogous to those defined in Eq. (A2c)] have recently been calculated for e, Ar

by Pindzola and Kelly. "
The argument for the existence of the L = 1 component in Eq. (A2a) is the same as that of Ref. 4 for

photoionization of nonoriented chiral mol. ecules. First, the photon must be left- or right-circularly polarized

(ms=el). Second thefinal-state partial waves l and A, must be of opposite parity. Third, the electric-
dipole amplitudes of Eq. (A2b) must be unequal for positive and negative values of final-state waves azi-
muthal quantum numbers ~ and p. Unless the latter criterion is met, the I.=1 branches of the rate will

cancel by the rule

(1 1 L l (1
I= (-1)'i

(m, —p, —(m —il)j (-m, il, (m —p)j

in the summations over all nz and p.
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