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ABSTRACT Two-color time-ordered dyads of short laser pulses
induce a spatially periodic modulation of the refractive index of
the atmosphere through resonance-enhanced multiphoton ion-
ization (REMPI), enhancing the back reflection of radio waves.
The carrier frequencies and the timing of laser pulses in a dyad
provide a unique code for selectively accessing the manifold
of energy levels of impurity molecules, inducing REMPI grat-
ings of the refractive index only in the presence of impurity
molecules, thus suggesting an attractive strategy for the radar-
based stand-off detection of trace impurities in the atmosphere.

PACS 42.70.Qs; 42.65.Wi

1 Introduction

Remote sensing of low concentrations of impurity
molecules in the atmosphere has always been considered as
one of the most important problems in applied science. Recent
terrorist attacks and ever-growing threats of using chemical
and bacteriological agents put the problem of remote sens-
ing in the context of national security, making it one of the
strategic issues for the protection of the civilian population in
the war of nations against terror. Light detection and ranging
(LIDAR) [1] is a powerful technique for the remote sensing of
trace impurities in the atmosphere. LIDAR capabilities have
been recently substantially enhanced through the use of high-
intensity ultra-short laser pulses [2], which can propagate over
large distances in the atmosphere in the regime of filamen-
tation [3, 4], providing valuable information on the contam-
ination level of atmospheric air [5]. Another promising ap-
proach to the stand-off detection of trace impurities in the
atmosphere, as shown by recent theoretical studies [6, 7], can
be based on coherent anti-Stokes Raman scattering (CARS)
and superradiance phenomena combined with the methods of
ultra-fast nonlinear spectroscopy [8] using adaptively shaped
ultra-short pulses [9] and coherence-controlled population
transfer [10-12].

In this work, we show that species-selective resonance-
enhanced multiphoton ionization (REMPI), induced by two-
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color time-ordered dyads of short laser pulses and detected
by back-reflected radio waves, offers an attractive strategy for
the radar-based stand-off detection of trace impurities in the
atmosphere. The carrier frequencies and the timing of laser
pulses in a dyad provide a unique code for selectively access-
ing the manifold of energy levels of impurity molecules, in-
ducing REMPI-seeded ionization only in the presence of im-
purity molecules. Chirped trains of such pulse dyads can then
induce a grating of the refractive index through the REMPI-
seeded ionization process, radically increasing the return of
probing radar radiation and improving the sensitivity of stand-
off impurity detection. The approach proposed here is thus
based on a species-selective REMPI of trace impurities in
the atmosphere using optimized sequences of laser pulses
(Fig. 1). Time separations between the pulses in the sequence
are chosen in such a way as to induce a periodic modulation
of the refractive index of the gas through species-selective
REMPI in order to enhance the return of radio waves and im-
prove the sensitivity of radar detection of impurities in the
atmosphere. In what follows, we consider in greater detail all
the ingredients of this approach.

2 Species-selective resonance-enhanced
multiphoton ionization of impurities

We start with the REMPI process, which is used in
our approach for a selective ionization of impurity molecules,
providing a change in the refractive index of the gas. As
a generic example of two-color species-selective REMPI, we
consider a sequential ionization of OCIO molecules by UV
pump pulses and a time-delayed visible probe field, experi-
mentally demonstrated by Zewail’s group [13]. As shown in
Fig. 2,a UV pulse with a central wavelength of 329 nm serves
to excite a group of vibrational levels in the A 2A, excited
state of OCIO through a one-photon transition from the X 2B,
ground state of this molecule. The probe pulse with a cen-
tral wavelength of 620 nm then ionizes excited-state OCIO
molecules through a four-photon transition from the A 2A,
state.

Multiphoton ionization of OCIO by the UV pump field
alone, which would create an unwanted background in our ar-
rangement, can be readily minimized by the adjustment of the
intensities of the pump and probe pulses. In experiments [13],
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the time-independent background due to the multiphoton ion-
ization of OCIO molecules by the pump field alone was less
than 10% with respect to the two-color REMPI signal. The
ionization process under these conditions is confined to the
area where the pump and probe pulses overlap in time and
space.

A further improvement in the ratio of the two-color
REMPI signal to the background related to ionization in-
duced by the pump pulse alone can be expected for molecular
systems where a nonzero time delay between the pump and
probe pulses would allow a vibrational wave packet excited
by the pump field to evolve toward the state providing the
maximum probability of multiphoton ionization in the pres-
ence of the probe field. Examples of such transitions can be
found in the extensive literature on the ultra-fast pump—probe
spectroscopy of wave-packet dynamics in molecular systems
(see e.g. [8] for a review). In particular, as shown by ele-
gant experiments reported by Baumert et al. [14, 15], Na,
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FIGURE 2 A simplified diagram of two-color REMPI of OCIO (after
Baumert et al. [13]). A broadband femtosecond pulse serves to excite a group
of vibrational levels in the A 2A; excited state of OCIO through a one-photon
transition from the X 2B; ground state of this molecule. The probe fem-
tosecond pulse ionizes excited-state OCIO molecules through a four-photon
transition from the A 24, state
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molecules can be ionized through a two-step time-delayed
transition involving a resonant absorption of one 340-nm
pump-field photon, resulting in the excitation of the 2 !X, *
state, and a subsequent resonant absorption of a time-delayed
540-nm probe-field photon. The broadband pump field cre-
ates a vibrational wave packet at the inner turning point of
the 21X, state, which moves then in the double-minimum
state of the Na, molecule. The central wavelength of the probe
field is chosen in such a way as to maximize, according to
the Franck—Condon principle, the probability of transition
into the repulsive 2X,* state at the outer turning point of the
213, F state. As shown by Baumert et al. [14, 15], when the
energy of the pump photon is enough to create a wave packet
above the potential barrier of the double-minimum potential
sensed by the system in the 2 ' X, T state, the probe pulse with
a wavelength of 540 nm gives rise to clean, temporally pe-
riodic peaks in the ion yield. According to the experimental
data [14, 15], the Na* yield measured for the optimal delay
time between the probe and pump pulses is about five times
higher than the ion yield corresponding to negative delay
times, i.e. probe pulses applied before the pump field. Other
possible strategies to improve the selectivity of the REMPI
process with respect to the sort of species can employ the
methods of phase control of quantum transitions in molecular
systems using adaptively shaped pulses or optimized time-
ordered pulse sequences [10—12].

3 Optimal pulse sequences

In this section, we will show that optimized se-
quences of ultra-short laser pulses can induce a spatially pe-
riodic modulation of the electron number density through the
REMPI process. This modulation creates a grating of the re-
fractive index in remote objects in the atmosphere, enhancing
the back reflection of radio waves (Fig. 1). To accomplish this
plan, we consider a sequence of pulse dyads similar to that
proposed earlier by Kocharovsky et al. [7] for the stand-off
superradiant detection of trace impurities in the atmosphere.
The delay time 8¢; between the laser pulses in the nth dyad
of our sequence is designed in such a way (Fig. 1) as to
make the pulses overlap in space and time at a certain dis-
tance z; in the atmosphere. The sequence of pulse dyads is
chirped, i.e. the pulse separation §t; is changed from dyad to
dyad so that z;+1 — z; = 6z, thus providing a REMPI-induced
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periodic modulation of the refractive index of the gas with
a spacing 6z.

We set the wavelengths of the pump and probe pulses
equal to A; =330 and XA, = 620 nm, corresponding to a two-
color REMPI of OCIO molecules, as shown in Fig. 2. To
include the influence of group-delay and temporal stretching
effects on the propagation of these pulses, we use the Cauchy
formula to calculate the dispersion of the atmospheric-
pressure air. We represent the group index of the atmospheric
air at the wavelength A as ng(A) ~ 1+ 6n(X), where dn(i)
is the small addition shown by the solid curve in Fig. 3.
The group-velocity mismatch of 620- and 330-nm pulses is
then estimated as Av = v(Ap) — v(A) = c[dn(r;) —dn(ry)] ~
1.2 x 10%cm/s, where c is the speed of light in vacuum. The
faster 620-nm pump pulse catches up with the slower 330-nm
probe pulse at the distance of z; & 1 km if the probe pulse is
initially delayed in time with respect to the pump pulse by
an interval 8t} &~ z;[6n(A;) —dn(Xy)]/c =~ 130 ps. To create a
REMPI grating with a typical spacing of 6z ~ 50 cm, the delay
time between the pump and probe pulses should be increased
by 6t = 6t;+1 — 8t; = 70 fs from dyad to dyad.

Due to its nonlinear nature, the REMPI process is strongly
confined to the regions where both the pump and probe
pulses have maximum intensities, with the probability of
N-photon ionization following roughly (see e.g. [13]) the
cross-correlation function of the pump and probe pulses,
F(t) oc exp(—Nr? /1), where 1 is the pulse duration in the
interaction region. Setting N = 5 for the (1 4+ 4)-REMPI pro-
cess sketched in Fig. 2, we find that the pump and probe pulses
with the above-specified wavelengths overlap in time and
space over the characteristic length of [ ~ c1y/ (V5[8n(0) —
n(A2)]} =~ 30 cm for 7o ~ 100 fs. Laser pulses with a tem-
poral width 7 experience pulse stretching as they propagate
through a dispersive medium within a characteristic disper-
sion length, given by Lyq = 7%/ |k;|. For 330-nm pulses prop-
agating in the atmospheric air, k; &~ 0.5 fs?/cm (the dashed
curve in Fig. 3), giving Lgq ~ 0.2 km for 100-fs pulses. De-
livering 100-fs pulses to remote objects located at typical
distances within a kilometer range in the atmosphere may
therefore require dispersion pre-compensation, e.g. by ini-
tially chirping the pulses. Another solution could include an
initial phase of nonlinear-optical propagation of laser pulses,
involving temporal and spatial self-action phenomena, similar
to those observed in experiments on filamentation of high-
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FIGURE 3 Group index and group-velocity dispersion k, as functions of
the wavelength for atmospheric-pressure air

power laser pulses in the atmosphere [5]. As can be seen from
the above expression for the pulse-overlap length /, the mod-
ulation amplitude of the REMPI grating can be increased by
using pump—probe dyads with larger wavelength separations
and higher- N multiphoton ionization processes.

4 Bragg-reflected radar return

Free electrons generated as a result of the species-
selective REMPI process modify the refractive index of the
gas. In Fig. 4, we present the real and imaginary parts of
the complex refractive index 7i = n, +ix of an ionized gas
calculated as a function of radiation frequency f = w/27
in the radio-frequency range using standard equations of
plasma physics, 2n2 = e+ [e? + (4o/w)?]/? and 2«? =
—e+[e2+ (4m7/a))2p]1/2, where ¢ =1 — a)g/(w2 +12), 0 =
e’ nev/[m(v* 4+ w?)], eis the electron charge, 7. is the electron
density, w is the radiation frequency, w, = (4me’ne/m)"/? is
the plasma frequency, m is the electron mass, and v is the ef-
fective collision frequency. We are primarily interested in the
case of low electron densities, when it is especially difficult
to detect a small region of gas ionization. For the character-
istic electron density n, = 10'! cm =3, for example, k ~ 1072,
corresponding to a skin-layer depth of about 5 m for 1-GHz
radiation. The ionization-induced change in the refractive in-
dex of the gas in this regime is very small, n, — 1 ~ 3 x 1073,
leading to a low reflectivity of the ionized volume.

The return of radar radiation can be increased through
the constructive interference of the waves reflected from
the refractive-index grating, induced in the gas through the
REMPI process by two-color time-ordered dyads of short
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FIGURE 4 The real (a) and imaginary (b) parts of the refractive index of an
ionized gas in the radio-frequency range as a function of radiation frequency.
The density of electrons is (1) 10" em™3, (2) 102 em™3, (3) 1013 em ™,
(4) 10" cm =3, and (5) 10" cm™3
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laser pulses (Fig. 1), optimized as described in the pre-
vious sections. The maximum reflectivity of the REMPI-
induced grating is achieved when the reflected wave is Bragg-
resonance-coupled to the incident wave. The REMPI grating
acts as a distributed Bragg reflector in this case. In the regime
of normal incidence, this condition of a Bragg resonance,
defining the center of the photonic band gap of a periodic
structure, is written as niw/c = wm/d, where n = [(n% +
n3)/2]'/2, ny and n; are the refractive indices of the materials
forming the periodic structure, d is the period of the grating,
and m is an odd integer. Maximum reflection is thus achieved
when the grating period roughly accommodates an odd inte-
ger number of half-wavelengths. The coefficient of reflection
of such a grating with n| ~ n, &~ 1 and |n; —ny| = dn is given
by [15] R ~ tanh®>(v/26nNd/A), where N is the number of
periods in the grating.

Figure 5 displays the reflection coefficient R for the
REMPI-induced grating with dn =n, —1 calculated as
a function of the frequency of the radar signal for different
dn. For small values of the argument x = «/2<SnNd/A, the
Taylor-series expansion of the expression for the reflection
coefficient gives R ~ 2(6n)>N?(d/Ar)%. The N? dependence
of the reflection coefficient on the number of periods (curves
1-3 in Fig. 5) indicates that the contributions from individ-
ual layers forming the REMPI grating add up coherently,
enhancing the return of the radio-wave probe radiation. An
order-of-magnitude enhancement of the back-reflected signal
can thus be achieved by increasing N by a factor of three.

In the regime x < 1, the reflection coefficient R tends to
unity (curve 4 in Fig. 5). In the absence of losses, such a grat-
ing would provide a 100% reflection of the incident wave.
For an ionized gas, however, large values of én, achieved
with high electron densities n., correspond to high losses
Kk A np ~ (2w0/w)'/? (cf. curves 4 and 5 in Fig. 4a and b in the
frequency range of 1-10 GHz). Regimes with ~ 100% reflec-
tion are therefore difficult to implement experimentally for
REMPI gratings.

Two other important physical factors have to be taken into
consideration for the practical implementation of the REMPI-
grating-based stand-off detection technique proposed here.
Firstly, for one-dimensional REMPI gratings with transverse
sizes comparable to or less than the wavelength of probing ra-
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Number of periods

FIGURE 5 Reflection coefficient of a one-dimensional periodic structure
with a refractive-index step An =3 x 107 (1), 5x 1073 (2), 102 (3), and
5 x 1072 (4) as a function of the number of periods N

dio waves, diffraction can substantially reduce the backward
radar return. Optimally phased two-dimensional REMPI grat-
ings may be necessary in this regime to shape the radar-return
radiation pattern with the central maximum in the backward
direction. Secondly, the coherence of radar waves tends to
degrade in a turbulent atmosphere. A complementary tech-
nique, based on the Rayleigh scattering of radio waves by
properly structured arrays of ionized microvolumes in the
atmosphere, can then be used to improve the radar return. Re-
cent theoretical [16] and experimental [17] studies show that
such microvolumes of ionized gas can be efficiently detected
by using radar microwave Rayleigh scattering. A combina-
tion of REMPI gratings and Rayleigh scattering thus suggests
a promising technique for the radar-based stand-off detection
of trace impurities in the atmosphere within a broad range of
atmosphere parameters.

5 Conclusion

We have shown in this work that species-selective
resonance-enhanced multiphoton ionization, induced by two-
color time-ordered dyads of short laser pulses and detected by
back-reflected radio waves, can be used for the radar-based
stand-off sensing of trace impurities in the atmosphere. The
carrier frequencies and the timing of laser pulses in a dyad
provide a unique code for selectively accessing the manifold
of energy levels of impurity molecules, inducing REMPI-
seeded ionization only in the presence of impurity molecules.
Chirped trains of such pulse dyads can then induce a grat-
ing of the refractive index through the REMPI-seeded ion-
ization process, radically increasing the return of probing ra-
dio waves and improving the sensitivity of stand-off impurity
detection.
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