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Concentration measurement in molecular gas mixtures using a snapshot spatial imag-
ing technique is reported. The approach consists of measuring the birefringence of
the molecular sample when field-free alignment takes place, each molecular com-
ponent producing a signal with an amplitude depending on the molecular density.
The concentration measurement is obtained on a single-shot basis by probing the
time-varying birefringence through femtosecond time-resolved optical polarigraphy

(FTOP). The relevance of the method is assessed in air.
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I. INTRODUCTION

Field-free molecular alignment by short laser pulses is a research field of great interest
with a broad range of promising applications.! Quantum mechanically, the underlying mech-
anism behind this specific regime of alignment is well understood. A short (non-resonant)
laser pulse excites a rotational wavepacket by driving a series of impulsive stimulated Ra-
man transitions within the ground state of the molecule. The rotational wavepacket thus
produced revives periodically in time with subsequent dephasing and rephasing giving rise
to transient molecular alignment after the pulse turnoff.?* Such manipulation of external
degrees of freedom constitutes a promising application of quantum control by laser fields.
Several works have investigated the use of control techniques as a spectroscopic tool to
extract structural information regarding the molecule. Molecular phase® or potential en-
ergy curves® have been thus evaluated by analyzing the outcome of control experiment. In
this regard, the field-free molecular alignment is particularly valuable. It has been applied
for instance to provide tomographic imaging of molecular orbitals,” to extract the phase
of high harmonic generation,® to analyze the angular dependence of strong field molecular
ionization,’ ! or to determine ionization probabilities.'?'3 A theoretical report has also pro-
posed to exploit field-free molecular alignment in order to probe the collisions in dissipative
media and determine the rate characterizing the elastic collisions.!* In the present work,
we explore the use of post-pulse molecular alignment as a diagnosis tool to measure, with
a single-shot ability, the concentration of a molecular gas mixture. The relevance of the
experimental scheme is assessed in atmospheric air with the measurement of O, and Nj
concentrations. While the method is based on probing the time-dependent birefringence as
in previous reports,!51® the present work is conducted in a non perturbative regime where
significant molecular alignment occurs. It aims at demonstrating that reliable diagnosis
can be achieved under strong field regime and on a single-shot basis. To address the last
issue, we emphasize that the large amplitude of signals associated to the present strong field
spectroscopy is of crucial benefit allowing the implementation of a snapshot spatial imaging

technique.!”18



II. PRINCIPLE AND EXPERIMENTAL SET-UP

The measurement that takes advantage of field-free molecular alignment can be described
as follows. An ultrashort pump pulse, linearly polarized, interacts with a molecular gas sam-
ple. Post-pulse molecular alignment takes place and gives rise to a time-varying anisotropy
of the sample measured with a delayed probe pulse. The amplitude of the birefringence
signal depends on the molecular density. When considering a molecular gas mixture, the
relative amplitude of signal associated to each molecular specie allows an evaluation of the
concentration. The experimental scheme for a single-shot measurement of the time-varying
birefringence is depicted in Fig. 1. The laser is a Ti:sapphire oscillator followed by a chirped
pulse amplification stage providing 100 fs pulse duration with a maximum energy of 1 mJ
at a 1 kHz repetition rate. A weak “probe” beam is produced using a reflection on a glass
plate (GP). The transmitted beam, i.e. the “pump” beam, is polarized along the z axis with
a polarizer (Py), and a half-wave plate (A/2) is used to adjust its energy. Typical energy for
pump and probe beams are respectively 200-250 pJ and 20-25 pJ. The pump is focused in
atmospheric air along the y axis with a lens (Lp) of 50 cm focal length. The probe pulse
can be time-delayed with respect to the pump by a delay line (DL). After passing through
a polarizer (P3) that sets its field vector at 45° with respect to the z axis, the collimated
probe beam intersects at a right angle the focused pump beam. When molecular alignment
induced by the pump pulse occurs, the refractive index along the y and z directions be-
comes different. The birefringence of the medium modifies the probe polarization which is
analyzed by the analyzer (A) crossed with respect to (Ps). The birefringence signal passing
through the analyzer is collected with a system made of two lenses (L; and Ly) of 20 cm focal
length that images the overlapping region of the two beams onto a charge-coupled device
(CCD) of chip size 13.7 mm x 10.4 mm and pixel size 6.7 ym x 6.7 pm. The magnification
factor of the imager is M=-1.02 and the depth of field dy ~ 500 pm is much larger than
the pump beam waist. The present arrangment allows a single-shot measurement of the
birefringence induced by molecular alignment.!” In fact, the cross beam geometry converts
the time information into a spatial coordinate of the image. During its propagation, the
pump pulse interacts with the molecules at different times with respect to their y-positions.
The temporal response of the molecules excited by the pump is thus parameterized by the

probe pulse along the spatial y coordinate of the image. For a suitable detection window,



FIG. 1. (Color online) Experimental setup. (see text)

the confocal parameter b of the pump beam must be large enough to keep the axial intensity
of the pump almost constant over the measurement region (here about 5 mm compared to
b ~ 10 mm). While the principle of the measurement can be explained in this simple way,
a more complete description including the spatial distribution of the two beams as well as
the propagation of the probe over the transverse profile of the pump beam is required to
suitably compute the signal captured by the CCD camera. Such analysis is detailed in the

next section.

III. THEORY

In the following, our discussion will be limited to the case of linear molecules (only con-
sidered in the present work). For sake of clarity, we will focus first the discussion on the
pure molecular sample whereas the case of gas mixtures will be examined at the end of the
section. We use the expectation value (cos? 0)(t), with 6 the angle between the polarization
axis and the internuclear axis, to characterize the degree of molecular alignment. When
(cos?0)(t) > 1/3, the molecular axis is preferentially aligned along the pump polarization
axis. (cos?6)(t) < 1/3 corresponds to a planar delocalization with the molecular axis pref-
erentially distributed into the plane perpendicular to the polarization axis. An isotropic
angular distribution of the molecules gives (cos? §)(t) = 1/3. We point out that the ampli-
tude but also the temporal shape of {cos?0)(t) depends on the field parameters (intensity,

pulse shape, and polarization).>1%? The pump and probe electric fields are considered to
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have temporal Gaussian shapes with a pulse duration 7,=100 fs. The probe beam profile
is measured experimentally as explained below. When focusing our pump beam, we have
noticed a small difference of beam radius along the x and z directions at the focus (coming
from a slight astigmatism). In order to take into account this effect, the intensity of the

pump beam propagating along y is described by the following expression

fp(x, Y, z,t) = IOp exp (—2(5_31 + 222 ))

Wo,

X exp (—4ln2 (#)2) , (1)

with Iy, the peak intensity, wg, and wy, the beam waist along x and z, respectively. We
have neglected in the above expression the variation of the intensity along y (i.e. we have
fixed w,(y)=wo, and w,(y)=wo,). This approximation, which limits the computation time,
is valid considering the large confocal parameters of the pump beam. The origin of time ¢
is chosen to center the pulse at y=0. The interaction of molecules with this pulse leads to
a space- and time-dependent alignment (cos? ) (x,y, z,t). The dependency of (cos® #) upon
x, 1, z accounts for the spatial intensity distribution of the pump as well as for its propagation
through the term ¢t —y/cin Eq. 1. The molecular alignment leads to a transient birefringence
An =mn, —ny:

3N

An(x,y, z,t) = . Aa (<0052 6’> (x,y,2,t) — %) , (2)

with n, and n, the refractive index respectively parallel and perpendicular to the pump
polarization direction. n is the average value of the refractive index at the probe frequency,
A« the polarizability anisotropy,?® N the number density, and €, the dielectric constant
of vacuum. The quantity (cos?#) is calculated from the numerical simulation of the time-
dependent Schrodinger equation.? The image given by the CCD camera is related to the
birefringence An detected by the time-delayed probe field E,, propagating along = and can

be written as

S(Yes 2, To) oc/ dt{/ dr Ey(z,y,2,t — 19 —x/c)

2
X An (x,y,z,t)} , (3)
where y. and z. stand for the coordinates on the CCD camera related to the y and z

coordinates by the relation y.=M x y and z.=M X z. It should be noted that the negative



value of the magnification factor M leads to an inversion of the image. 7y denotes the pump-
probe delay adjusted with the delay line. For sake of clarity, we analyze first the signal for
the particular horizontal cut z=0 of the image considering the molecular sample as infinitely
thin and located at =0, i.e. x=2=0 in Eqgs.1-3. We assume furthermore a spatially uniform

probe beam. The signal is given in this case by the simplified expression

o0

S(Ye, T0) X / L (t — 1) x An®(y, t)dt, (4)
with [, the probe intensity. If the confocal parameter b of the pump beam is large enough,
the axial intensity of the pump is almost constant in the region of measurement. As a result,
the dependency upon y of An relies only on the term ¢ — y/c of Eq. 1. In other words, the
molecular alignment, and thus the birefringence, is of same amplitude in all points but time-
delayed because “initiated” at a time rising like y. This birefringence being interrogated by
the probe simultaneously for all y, the snapshot of the image vs y is equivalent to the signal

obtained by tuning the delay 7 with a conventional pump-probe method?

S(7) o / T Lt — ) x An2()dt, (5)
with 7=7p-y/c. The method converts thus the time delay into the y coordinate. From this
ideal one dimensional description, some insight can be gained into the influence of the other
(x and z) dimensions. The z axis is along the transverse radius of the pump beam (see
Fig. 1). The signal S(y.) obtained from different horizontal cuts z. reflects therefore the
intensity distribution of the pump beam along z.!7 This properties can therefore provide
access to the transverse profile of the pump beam and to possible spatial distortions arising
from nonlinear effects. The role played by the last z coordinate is twofold. First, the probe
beam propagates over the transverse profile of the pump. Since the depth of field d; of
the imaging system is much larger than the pump beam waist, the signal arises from the
integration of the birefringence along x with molecules exposed to different intensities of
the pump (see Eq. 3). This spatial effect could be limited by using a microscopic objective
for reducing dy. Second, the propagation of the probe pulse implies an additional temporal

delay x/c in Eq. 3 confering to the relation 7=7y-y/c an “effective” character.

When a molecular mixture with K molecular species is investigated the signal of Eq.3



writes as:

S(yc,zc,To)oc/ dt{/ dr Ey(z,y,z,t — 19 —x/c)

X i N; Ao ( <cos2 6’>i (x,y,2,t) — %) } ) (6)

Analysis of Eq. 6 indicates that each molecular component of the mixture produces its
own temporal signal whose amplitude depends on the degree of alignment, the polarizability
anisotropy, and the partial density. Knowing the polarizability anisotropy, the degree of
alignment can be calculated and the overall signal fitted to extract the partial density of
molecular components. The polarizability anisotropy can be determined if needed by means
of a reference mixture of known concentration.'®> We point out that signal of Eq. 6 is propor-
tional to the square of the total birefringence. When alignment revivals of different molecular
species overlap in time, macroscopic interferences (corresponding to the cross terms) take
place. These interferences lead to an enhanced sensitivity of the resulting transient shape

with respect to the concentration.!5:16

IV. RESULTS AND DISCUSSION

The relevance of the method is demonstrated by determining the concentration of N, and
O, in atmospheric air. It is noticed that atoms are not detected by the present technique.
Furthermore, the present technique is not suited for detecting molecular traces like CO,
or HyO. The Ny and O, relative concentrations are thus C(N3)=0.7884 and C(02)=0.2116
respectively. A typical image averaged over 90 laser shots (i.e. 90 ms considering the
repetition rate of our laser system) is displayed in Fig. 2(a). The pump-probe delay was
set around 79o=10 ps. One of the advantage featured by the FTOP technique relies on the
large temporal window covered by a single snapshot.!” The temporal window in the present
image is about 18 ps (see Fig. 2(b)).

In order to obtain the concentration, the signal from z.-line=-6 to +6 of a given image is
fitted with Eq. 6. As an illustration, the signal for the horizontal central cut (z.-line=0) is
depicted in Fig. 2(b) (full line) with the fit shown as mirror. For each line, apart from the
relative Ny concentration, the fitted parameters are a scaling factor, the pump-probe delay

7o, the beam waist wy,, and the peak intensity I, (see Eq. 1). The beam waist wy,=39 pm
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Signal (arb. unit.)

<cos? 6> (O,)

(d)

<cos? 6> (N,)

FIG. 2. (Color online) (a) FTOP image recorded in atmospheric air. (b) Signal (full line) from the
horizontal central line (2.=0) of the image. Fitted signal is shown reversed and the measured probe
beam profile is depicted as a dashed line (see text). (c) and (d) (cos?8)(¢) (Oz) and (cos? 0)(t)(Ns)

for calculation shown in (b).

has been determined by analyzing the signal amplitude versus z.!” The probe beam profile
has been measured experimentally by detuning the analyzer with the pump beam off. The
measurement, shown as a dashed line in Fig. 2(b), has been used in Eq. 6. The adjustment
of the peak intensity Iy, modifies the degree of alignment induced by the pump pulse and
therefore the quantities (cos? §); in Eq. 6. We emphasize that a modification of the intensity
leads to a modification of the alignment transient shape. As already mentioned, the beam
waist wg, reflects the spatial averaging due to the propagation of the probe beam over the
transverse profile of the pump. For the trace displayed in Fig. 2(b), intensity and waist
have been adjusted to Io,=72 TW/ cm? and wy, ~ 34 pum consistent with the estimated
experimental parameters. The adjustment of the other lines of the image provides similar

results. The value 0.7897 of the relative Ny concentration resulting from the fit of the central



line is close to the expected value of 0.7884. Adjustment of the others lines provides same
result as evidenced by Fig. 3. As expected, when the radial z coordinate (i.e. the line
number) increases, the pump intensity and thus the signal to noise ratio is smaller. As

a result, the accuracy for the peripherical lines is altered. The concentration of a single

-6 -4 -2 0 2 4 6

Line of snapshot

FIG. 3. (Color online) Values of Ny concentration adjusted from lines -6 to +6 of Fig. 2(a).
The errors bars corresponds to three standard deviations and the expected value C(N3)=0.7884 is

indicated by the horizontal line.

image is therefore calculated by averaging the concentration of the different lines weighted
by the inverse of the standard deviations. In order to validate our method and assess its
accuracy, a set of 100 experimental images has been recorded. The averaged value of Ny
and Os concentrations are found to be 0.790 £+ 0.004 (one standard deviation) and 0.210 £
0.004, respectively. This result is in good agreement with the concentration of atmospheric
air, and the uncertainty is only two times the one obtained with a conventional pump-probe
method.!®> This finding is particularly interesting in regard of the very short acquisition
time (90 ms) of the present investigation and confirms the relevance of the method for fast

diagnosis.

V. CONCLUSION

We have determined the concentration of molecular gas mixtures using a spatial imaging
technique that measures post-pulse molecular alignment. The method assessed in atmo-
spheric air provides reliable diagnosis on a single-shot basis with a satisfactory accuracy.
We emphasize that the present technique can also be extend to other diagnoses like for

instance temperature measurement. As the temperature changes, different rotational (or vi-
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brational) levels are populated and contribute to the wavepacket whose field-free evolution
is thus modified. The temperature can be determined by analysing the transient shape of
field-free molecular alignment.?? We highlight furthermore that the present FTOP technique
provides also spatially-resolved diagnoses useful to evaluate inhomogeneous concentration or
temperature gradient within the sample. The present technique can be also implemented for
investigating collisions in dissipative media. In this case, the major asset of the method is
the use of a strong field interaction giving the possibility of measuring the rate characterizing
both elastic and inelastic collisions. The collisions manifests themselves as a decay of the
birefringence signal with the pump-probe delay. While the transient periodic alignement is
sensitive to elastic and inelastic collisions, the permanent alignment (baseline in Fig. 2(b)) is
only sensitive to the inelastic one.'* Finally, in all these issues, the pulse shaping technique
could constitute a valuable tool for increasing the degree of molecular alignment!®?® when

required or for improving the diagnosis sensitivity.
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