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ABSTRACT Electrostriction and collisional thermalization of
absorbed laser energy are the two dominant mechanisms lead-
ing to the formation of laser-induced gratings (LIGs) in the
gas phase. In this article the results of the theoretical inves-
tigations that have been achieved in the past ten years at the
Paul Scherrer Institute on this issue are summarized and yield
a comprehensive understanding of the underlying physical
concepts. Furthermore, a study of the influence of various pa-
rameters, such as the alignment and the spatial intensity pro-
file of the beams on the generated electrostrictive and thermal
signal is presented for the first time to the authors’ knowl-
edge. The variations of the refractive index responsible for
the appearance of laser-induced gratings have been theoreti-
cally described by solving the linearized hydrodynamic equa-
tions. The contributions from electrostriction, as well as from
instantaneous and slow relaxation of the absorbed radiation
energy into heat is obtained. These expressions are employed
for analysis of experimental data presented in the companion
paper [1] which is devoted to the application of the technique
for diagnostic purposes in the gas phase. Much effort has
been undertaken in order to allow a straightforward physical
interpretation of the experimental findings of the expressions
presented here.

PACS 42.62.-b; 43.35.4+d; 42.65.Es

1 Introduction

Laser-induced gratings (LIGs) arise from the non-
linear interaction between a medium and the radiation of an
interference structure generated by two crossed laser beams.
The interference produces a spatially periodic light inten-
sity and/or polarization distribution which changes the optical
properties (e.g., refractive index and absorption coefficient) of
amaterial placed into the overlap region of the beams. The spa-
tially periodic modulation of the complex refractive index acts
thus as a phase or amplitude grating in the diffraction of inci-
dent probe light [2]. Diffraction of light from the modulations
of the optical properties of a material caused by the presence
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of a radiation field is referred to as stimulated, or forced light
scattering [3]. The formation of dynamic laser induced grat-
ings occurs by various resonant or nonresonant light-matter
interaction mechanisms. In the gas phase the dominant grat-
ing formation processes are electrostriction and heat exchange
with a thermal bath in the course of collisional relaxation of
the absorbed laser energy. Other effects like photophoresis
and thermophoresis are of minor importance. Optical gratings
generated by electrostriction and collisional relaxation of the
absorbed laser radiation are referred to as electrostrictive and
thermal gratings, respectively. The mechanisms leading to the
formation of thermal and of electrostrictive LIGs are funda-
mentally different. The physical phenomenon underlying the
formation of thermal gratings is light absorption followed by
collisional relaxation. Initially, the laser radiation is absorbed
by the molecules through electronic (and/or vibrational) tran-
sitions of the medium. More precisely, a spatially periodic
modulation of the population, reflecting the intensity distribu-
tion of the interference structure, is formed in the ground and
the excited state, respectively. Such a spatially periodic mod-
ulation of the population is referred to as population grating
[2]. Subsequent thermalization of the absorbed laser energy
through collisions leads to temperature and hence to density
variations within the medium. The time scale of the energy
exchange between the excited molecules and the surround-
ing medium will determine the nature of the thermal grating.
If this energy exchange is sufficiently fast it drives acoustic
waves, otherwise an isobaric stationary density variation is
generated. The process of light scattering by the density vari-
ations from fast energy exchange is referred to as stimulated
thermal Brillouin scattering (STBS) [3]. Light scattering by
the stationary density modulations is referred to as stimulated
thermal Rayleigh scattering (STRS) [3].

The process leading to the formation of electrostrictive
gratings is electrostriction, which is the tendency of a ma-
terial to vary its density in presence of an electric field. Un-
like thermal gratings, electrostrictive gratings are generated at
any frequency of the employed laser light. The electric field
of the interference structure polarizes the dielectric medium,
and the spatial inhomogeneity of the electric field leads to a
motion of mass. If this motion is rapid acoustic waves are
formed eventually. Constructive interference of the acoustic
waves occurs only in a direction normal to the planes of the
fringes. Thus, two counter-propagating acoustic waves are
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formed, with their wavelength defined by the fringe spacing
of the interference pattern. Two counter-propagating acoustic
waves form a standing acoustic wave and thereby a spatial,
time-dependent density modulation. The variation of density,
associated with an acoustic wave (i.e., the adiabatic density
modulation), causes a variation of the real part of the com-
plex refractive index which acts as a phase grating. The signal
beam obtained by diffraction of a probe beam off this grating
is modulated in time by the evolution of the laser-induced
perturbation. Light diffraction from electrostrictive gratings
is analogous to the STBS effect and is referred to as elec-
trostrictive stimulated Brillouin scattering (SBS) [3].

This article together comprises the results of the theoret-
ical investigations achieved in the past ten years at the Paul
Scherrer Institute of Villigen (Switzerland) see [4-6]. In the
following an outline of the topics dealt with in this work
is given. In Sect. 2, the linearized hydrodynamic equations
are solved to obtain an expression for the laser-induced den-
sity variations caused by electrostriction and thermalization
of absorbed laser energy. The full calculations are presented
in [7] and the references therein. The expressions presented
here allow for a more straightforward and intuitive physical
interpretation compared to the expressions presented so far
in [4-6]. In Sect. 3 the influence of various parameters such
as the alignment and spatial intensity profile of the beams
on the generated electrostrictive and thermal LIGs is shown
for the first time to the author’s knowledge. In particular,
the coherence length of the output of the multimode, pulsed
laser source has been measured by using electrostrictive laser-
induced gratings. Furthermore, the potential of laser induced
gratings for the investigation of optical breakdown in gases
is qualitatively shown. All these investigations provide a test
for the theoretical model and allow one to select the best
matching experimental configuration for the measurement of
the desired parameters. The experiments presented in [1] have
been designed based on these findings.

2 Theoretical considerations

Laser-induced gratings are formed in a medium by
various resonant and non-resonant mechanisms as response
to the spatially periodic modulated light field generated by
the interference of two excitation beams with electric fields
E(r,t) and E;(r,t). These two light waves are assumed to
be parallel polarized monochromatic plane waves, perfectly
coherent. Since the duration of the excitation pulses is small
compared to the other characteristic times in our experiments,
their temporal shape can be approximated by a §-function
at t = ty. The calculation for pulses displaying a Gaussian
temporal shape is given at the end of this section.

It is the spatially periodic modulated part Eg of the total
electric field E(r,t)=E (r,t) + E»(r,t) of the interference struc-
ture, averaged over an optical period (denoted by the bar sign
over E 52), that leads to the grating formation, i.e.,

E? =2Acos(gx)8(t — to). (D
The spatially constant field E? — E2 is neglected in

Eq. (1): it gives rise to an overall temperature variation which
is included in a redefined undisturbed value of the temperature

To. In Eq. (1) A denotes a real constant which is proportional
to the excitation pulses energies, and is given by
A= 1 Bow,w, )
nSYV e
where, n is the refractive index, S is the cross section of the
beams in their overlap region, W, W, are the pulse energies
of the excitation beams. The coordinate x points along the
direction perpendicular to the line bisecting the intersection
angle of the two laser beams. The interference fringe pattern
is characterized by a grating vector q

q == (kg, — kg,), 3)

where kg, and kg, denote the wave vectors of the excitation
beams. The length of the grating vector, ¢ = |q|, is related to
the fringe spacing A of the interference pattern according to

2
9= @)
A
where
)“CXC
A= —""+—. 5
2 sin (%) )

Here, Aexc denotes the wavelength of the excitation laser,
and 6 the intersection angle of the two excitation beams. The
excitation beams have been assumed to be plane waves. If they
have a finite cross section, the lateral extent of the interference
region is limited. A calculation of this effect is given in [8]
and [9].

If material is placed into the region of interference,
light-matter interaction may create a corresponding spatially
periodic modulation of some material characteristics, which
change the optical properties. In the simplest case absorption
and refraction of the material are changed resulting in
amplitude and phase gratings. More precisely, the material
excitation couples to the refractive index n and to the
absorption coefficient « which then exhibits a grating-
like modulation with amplitudes An(iy) and Aa(iy),
respectively. Both amplitudes are functions of the probing
wavelength A, of a third laser beam which is diffracted off
the induced grating. Probe and excitation beams are typically
of different frequency. That part of the probe beam diffracted
by the grating is called the signal beam. If the grating
thickness is large compared to the fringe spacing the grating
can be efficiently probed only when the Bragg condition

kyy —ks=mq, m=%1,2,... 6)

is obeyed, where k,; and ks are the wave vectors of the
probe and the signal beam, respectively. The normalized
intensity of the first-order (m = %1) diffracted beam is in
first approximation, see e.g., [2]

_IS_ 7w And 2+ Aad\? )
T T\ 4
where I, and Is are the intensities of the probe beam and
the diffracted beam, respectively, and d is the thickness of
the grating. In absence of a molecular/atomic resonance at

the wavelength of the probe laser A« is equal to zero and a
pure phase grating is obtained, whereas in the case of An =0
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a pure amplitude grating results. The parameter n is called
diffraction efficiency of an optical grating.

In general, any light-induced modulation of a material
property with amplitude AX inside a medium will be accom-
panied by an optical grating with an amplitude [2]

An= | — ) AX. (8)
X

The light-induced modulation of the complex refractive
index n= n+ia due to electrostriction and to collisional re-
laxation of the absorbed laser radiation can be expressed as

An= (Y a4 (22) AT+ (2) A )
~\owy) 2T \ar ) op )"

Here, ANj; is the deviation from the thermal population
difference between the two molecular levels i and j having an
energy difference that matches the frequency of the excitation
laser. The first term in Eq. (9) describes the influence of the
population transfer induced by the radiation of the excitation
laser on the complex refractive index. Once the absorbed en-
ergy is thermalized, the complex refractive index is a function
of local thermodynamic quantities. In a gas the thermo-optic
coefficient (8n/8T) is usually small and can be neglected in
comparison to the change of the complex refractive index
caused by the density perturbation [10].

In the following, the variation of the density from the
initially undisturbed, spatially homogeneous value py will be
denoted p’ (i.e., p’ = p—po ) and can be written as

p'(x, 1) = Ap(t) £ (x) (10)
where, f(x) contains the spatially periodic dependence of the
density variation p’.

For the experiments described in this work, the condition
of local thermal equilibrium in the medium is fulfilled, be-
cause the grating spacing is large compared to the mean free
path, and the mean time between two collisions of a molecule
is small compared to the pulse duration of the excitation laser
and to the decay time of the acoustic wave. Thus, the density
variation p’ can be calculated by solving the linearized fluid
dynamic equations [5, 10, 11]

82 ! U2 U2 vi ad ’
- 8‘; +—SAp/+MAT/+u—(AP)=erXt
t y po 01
(11)
oT’ Cv(J/—l)aP/ ’
poev S = gy KAT =

where 1,isc denotes the viscosity, vs = (d p/d ,o)é/Z the adia-
batic sound velocity, B, = —(1/0)(d p/0 T), the thermal ex-
pansion coefficient at constant pressure, cy the specific heat
at constant volume, y = ¢, /cy the specific heat ratio, and «
the thermal conductivity. In Eq. system (11) the continuity
equation in its linearized form has been used to eliminate the
flow velocity from the equation of momentum transfer (up-
per equation) and from the energy transport equation (lower
equation). The term f. represents the force per unit volume

of any externally imposed force. If the density variation p’ is
induced by electrostriction, fe is [10]

E0V —
fext = TCVEéa

(12)
where, Y. = p(d¢/0p) represents the electrostrictive coupling
constant.

Release of absorbed laser light in form of heat by quench-
ing provides the source term in the energy transport equation.
Depending on the pathways of energy release ¢.x has to be
modeled by a cascaded set of rate equations. If only a single
step of the energy conversion process is assumed @.y can be
written as [6]

Pext = E0nCALa O (t — tg) exp (—p (¢ — t9)) EZ (13)

Here, 1 is a decay rate that can be expressed as 4 = A + ¥,
where A is the decay rate of the heat release from collisional
de-excitation transitions between molecular internal energy
levels, and Y accounts for the wash-out of the induced pop-
ulation modulation caused by mass diffusion. « is the optical
absorption coefficient, ¢ the part of excitation energy that is
released in form of heat, and ® the Heavyside unit step func-
tion. A calculation of multiple relaxation processes with the
corresponding decay rates is given in [6, 12].

Solving system Eq. (11) by taking into account only terms
up to first order in B;/@and B, /@, where @ is the acoustic
frequency, B, and B, are the decay rates, see Eq. (19) below,
one obtains for the induced density variation [5—7]

p'(t, x) = 9 Ag? cos(qx) Ot — ty) (Eetect(t) + Etherm(?))
(14)

where, the contribution due only to electrostriction is given
by

Eelect(t) = g {ePUL sin(w (t — ty) + )] + Ee P01}

15)
with
—1
£= <,32()/ ))
w
L=(1+£H"? (16)

d=arctg(-§)

and where the contribution due to collisional relaxation of the
absorbed laser radiation is given by

Evarqug
@31 - () + (£)°]

x { e PO sin[wr (1 — 1)) + D'])

w —u(t—to 2
(e ()
+ (%)2> e—ﬁz(t—to)]}

E[herm(l‘) =

A7)
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with

b= ((M + 1)2 + (M)jm
@ w

( 2/5]’/32*#)
P G

O =arctg _(M(ﬂ:v;ﬁz)_,rl)
where y, = M is a dimensionless absorptive coupling
constant, see [10]. In the approximation that takes into ac-
count only linear terms in B,/ and B,/w (weak damping
condition) the acoustic frequency @ and the decay rates §;
and B, can be written as [5]

(18)

w qus,
2
q (y — D«
Br= |:77visc + —:| , (19)
2,0() Cp
2
Kq
po= S0
LoCp

The temporal evolution of the density variation comprises
the contributions Egjec and Egerm, Which are due to elec-
trostriction and collisional induced release of absorbed laser
energy in form of heat.

The density variation due to electrostriction is a primarily
standing acoustic wave, with its time dependence described
by the first term in the curled brackets of Eq. (15). In addition
to the standing acoustic wave, a stationary density modulation
with small amplitude £ is formed. Its time dependence is de-
scribed by the second term in the curled bracket of Eq. (15).
(Light diffraction from this density modulation is referred to as
electrostrictive stimulated Rayleigh scattering). Viscosity and
heat conduction damp the acoustic wave, while the stationary
density modulation is damped solely by heat conduction as it
results from the expression for the decay rates B, and ,. For
the experiments reviewed in this work the ratio of the decay
constants and the generated acoustic frequencies wis very
small compared to 1, i.e., § < 1. For example, assuming a
typical acoustic frequency of 50 MHz generated in air at 22°C,
& =4 x 1073, it follows that the stationary density modula-
tion can be neglected, while the amplitude of the standing
acoustic wave is L &~ 1 and its phase is ® =~ 0. The density
related to the standing acoustic wave oscillates in time pass-
ing through its unperturbed value twice during each acoustic
period T, = 2w /gv, = A /v. The diffraction efficiency n of
the grating is proportional to the squared amplitude Ap(z) of
the induced density variation p’(r, )

80Aq2 2 —28,(t—t
n(t)o<<y67> e 2P0 (1 — cos Qo (r — 1)) (20)

Therefore, the diffraction efficiency of a electrostrictive
LIG consisting purely of acoustic waves oscillates with a
period which is half the acoustic period, i.e.,

1
2
and decays at arate 28,. For example, the lifetime of a grating

induced in air at ambient conditions with a fringe spacing
A =41um is roughly 1.5 ps.

T, = =T, 1)

For the derivation of Eq. system (11) linearity in the in-
duced density variation p’ has been assumed. In fact, for the
experiments described in this work the maximum value of p’
is small enough to justify this assumption. For example, using
Eqgs. (14) and (15) one obtains for the induced maximum den-
sity variation p’ = 1x10~* kg/m?, which corresponds to a
pressure disturbance of 6.2 x 107> bar. Here, we have as-
sumed an electrostrictive grating generated in argon at 5
bar with excitation energies of roughly 90 mJ each at a
wavelength of Aee =1064 nm, a beam diameter of 1 mm
and an intersection angle of the excitation beams of about
1.5°.

Consider now the contribution due to collisional relaxation
of the absorbed laser radiation given by Eq. (17). Depending
on the sign and magnitude of the energy exchange rate u (i.e.,
exo- or endothermic process and time-scale of the process,
respectively) the induced density variation exhibits a com-
pletely different temporal behavior. If the absorbed energy
is released into heat instantaneously, i.e., u > @, Eq. (17)
becomes

Vg-{

Binerm(1) = —— {77 cos [wr(t = to)] —e T}

(22)

Instantaneous energy release causes, at the locations of
high total field intensity, a temperature and pressure rise ac-
cording to an adiabatic process. With increasing time, the
acoustic energy leaves the volume leading to a pressure
drop and hence to a density reduction. A standing acous-
tic wave and a stationary density modulation are formed
with equal amplitudes leading to a density p’ which is
modulated only below its undisturbed value. Analogously,
the density change at the location of low field intensity
will be modulated only above its equilibrium value. Thus,
the total density returns to its undisturbed value once each
acoustic period T,. The diffraction efficiency is proportional
to the squared density variation. It is a periodic function
that can be decomposed into a superposition of a constant
(non-oscillating) term, and two oscillating terms with fre-
quencies @ and 2 @, respectively. Since the term with
frequency @ is dominating, the grating diffraction effi-
ciency displays an oscillation at the acoustic frequency @.
Again, since for the experiments described in this work
@ > Pi1, By, the amplitude of the oscillating density has
been approximated by L’ ~1 and its phase by &' ~ 7/2.
The standing acoustic wave induced by instantaneous heat
release, i.e., the thermal acoustic wave, is thus 7 /2 phase
shifted with respect to the standing acoustic wave induced
by electrostriction. Now, depending on the ratio of y, and
Ve, 1.€., the mechanisms that dominate the grating forma-
tion, the temporal evolution of the LIG diffraction effi-
ciency will oscillate at the acoustic frequency or at twice
the acoustic frequency. If electrostriction and heat release
contribute roughly in the same way to the grating forma-
tion, the resulting reflectivity will display an oscillation at
twice the acoustic frequency with enhancement of every other
peak.

If the process of collisional relaxation of absorbed energy
is slow compared to the acoustic oscillation period 27/, i.e.,



STAMPANONI-PANARIELLO et al. Gas phase diagnostics by laser-induced gratings 1. theory

105

if u < @, Eq. (17) is reduced to

Yal A
2o (B2 — 1)

When heat is slowly released the pressure rise is contin-
uously drained by acoustic waves. The process is nearly iso-
baric and favors the formation of a stationary density modu-
lation whereas the development of the standing acoustic wave
is hindered due to destructive interference.

For the derivation of the laser-induced variations of den-
sity and temperature the condition of local thermal equilib-
rium has been assumed. If this condition is no longer ful-
filled, more complex gas kinetic models have to be employed
[13, 14].

In the description presented above the temporal behav-
ior of the excitation pulses has been approximated by a 4-
function. This approximation is valid as long as the pulse
duration t satisfy the relations 7 < 1/@,1/81,1/8>.

In the following, a calculation of the more realistic situa-
tion of a laser pulse exhibiting a Gaussian temporal profile is
given. For simplicity, we consider the case of a pure acoustic
wave induced solely by electrostriction. The new source term
in the upper equation of system (11) can now be written as

[e—ﬂz(t—to) _ e—lb(l—k))] . (23)

Etherm () =

——V2E? = —£0yeAq” cos(gx)G(t) (12

where G(t) is the Gaussian temporal profile of the pulse

V2
(t)l/z (7_[)1/4

t. is the position of the maximum of G(t), 7 is its width and
G(t) is normalized as f_Jr;o GX(r)dr = 1.

In the approximation that takes into account only terms
linear in B;/o and B,/o and neglecting the contribution from
the stationary density modulation, the temporally dependent
part of the density variation induced by a §(¢) pulse is, see
Egs. (15) and (16):

G(t) = el T (24)

Ye €0Aq>

Pet) =5 ——0 O {e "V sin@ ]} (25)

The total density variation induced by a Gaussian pulse is
obtained by convoluting the induced density variation caused

=50 ns

by a 8(r) shaped pulse, i.e., p;(¢), with the time dependent
part of the new source term, and multiplying by the spatially
dependent part, explicitly (for details see [7]):

/ Ve ‘CJOAq2
X, t)= cos(gx
p(x, 1) 5w (gx)
2
><Im{eC |:1+erf (i(t—b)>:|} (26)
T
with
72
b=t.+ —(p1 —iw)
4
2
c=2 (B —im) — (B —im)(t — 1) 27
and with the error function erf{x), which is defined as
2 [
erf(x) = —/e Ydy (28)
b4

0

Figure 1 shows plots of the temporal behavior of the
diffraction efficiency of a pure electrostrictive grating gen-
erated with pulses exhibiting a Gaussian temporal profile,
as described by Eq. (24). The calculation is performed using
Eq. (26) for three different widths t of the Gaussian excitation
pulses, respectively. For this example the acoustic frequency
o has been set to 1.5x10® s™! corresponding to a grating
oscillation period T, = 2.1 x 1078 s. Such frequency can be
generated in air at 1 bar using e.g., an excitation wavelength
of 1064 nm and a crossing angle between the excitation beams
of roughly 4°. For the decay rate 8, the value of 3x10° s~!
has been used. For t =5 ns the approximation of delta ex-
citation pulses is correct. This calculated grating diffraction
efficiency displays a similar profile as it can be obtained by
using Eq. (20). For a slower LIG formation process the genera-
tion of a standing acoustic wave is hindered by the destructive
interference between the acoustic waves generated at differ-
ent times during the long excitation pulse. For T ~ T, the first
oscillation peak increases while the acoustic oscillations are

signal/ arb. units

200 300 400

0 100
time / ns

FIGURE 1 Calculated temporal behavior of the
electrostrictive LIG reflectivity for different widths
7 (r =5ns, 7 = 20ns, T = 50 ns) of the Gaussian tempo-
ral profile of the excitation pulses obtained using Eq. (26)
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reduced though still visible. Finally for t > T, only the shape
of the excitation pulse is visible indicating that the acoustic
waves cancel out completely and the temporal development
of the LIG diffraction efficiency follows the excitation pulse.

3 Methodological studies of the technique:
Choice of the laser source
and of the experimental parameters

One of the findings reported here concerns the
choice of the most appropriate optical sources for the set
up of the LIG technique used for diagnostics purposes in the
gas phase. A powerful pulsed laser to generate the grating,
and a cw or pulsed laser to read out the grating are required.
Multimode pulsed Nd: YAG lasers, exhibiting approximately
ns pulse length, are good candidates owing to their compact-
ness, ease of use, relative low cost and high intensity output.
Obviously, care must be taken when setting up an experiment
because their characteristics will affect the measurement in
some way. The results of the experimental investigation on
this issue are reviewed in the following sections. The best ex-
perimental configurations for the different applications of the
LIG technique for diagnostics, as presented in [1], have been
chosen based on these findings.

31 Coherence effects

Typically, since the coherence time is inversely pro-
portional to the bandwidth, multimode lasers have a short
coherence time. For example, a Nd: YAG multimode pulsed
laser with a bandwidth of approximately 30 GHz has a co-
herence time of about 30 ps. The diffraction efficiency 7 of a
grating depends on the time delay tg4 between the two excita-
tion beams. If the duration of the excitation pulses t is much
longer than the coherence time of the excitation laser 7, one
has to account for the time dependence of the excitation fields.
The diffraction efficiency of a laser-induced grating depends
on the temporal coherence function of the source laser which
generates the grating. For example, the signal intensity from
an electrostrictive LIG is reduced approximately by a factor
7/7., when using temporally incoherent excitation beams in-
stead of temporally coherent (tq =0) excitation beams when
using an excitation source that exhibit a Gaussian statistics of
the longitudinal modes, see [4].

The experimental configuration used to investigate the in-
fluence of the temporal coherence of the excitation laser on
the generated electrostrictive grating signal is described in [4].
The two excitation beams have been generated by a frequency
doubled multimode Nd: YAG laser (Continuum NY81-10)
with a pulse width of about 5 ns (full width at half-maximum,
FWHM). The IR spectral bandwidth of its radiation is speci-
fied to be 1 cm~! (FWHM). A variable path length enabled to
vary delay between the two excitation beams. The frequency
doubled output of a second Nd: YAG laser provided the probe
beam, which has been diffracted off the grating into the signal
beam. Figure 2 shows a measurement in ambient air of the
signal intensity vs. the time delay between the two excitation
beams. The data have been fitted by a sum of a Gaussian
function and a constant. For a delay time of 95-101 ns be-

1.2

1.0 - LX)

0.8 -

0.6

0.4

signal intensity/ arb. units

0.2

0.0 T T T ‘ ‘
-60 -40 -20 0 20 40 60

time / ps
FIGURE 2 Signal intensity of an electrostrictive laser-induced grating gen-

erated in ambient air vs. time delay 74 between the excitation beams. The solid
line is a fit by using the sum of a Gaussian function and an offset

tween the excitation and probe pulses the signal intensity at
74 = 65 ps (not shown in Fig. 2) has been measured to be
smaller by a factor of (3.0 £ 0.2) x 10% compared to the sig-
nal intensity at Ty = 0. This matches fairly well the calculated
value 7/7. = 4.0 x 102, see [4].

Hence, when using pulsed multimode lasers, it is crucial
to reduce the optical path difference of the excitation beams
to a small fraction of the coherence length of the laser source
in order to obtain high grating diffraction efficiency. This can
be achieved by introducing an optical delay line in the path of
one (or both) of the excitation beams.

3.2 Optical breakdown in gases

The grating diffraction efficiency is proportional
to the intensity of the excitation source. Using high intensity
excitation beams leads on one side to an increased signal;
on the other side it may change the properties of the sample
and affects the LIG formation mechanisms. The traces in
Fig. 3 show the temporal behavior of a laser-induced grating
generated with excitation beams arising from the fundamental
output of a Nd: YAG laser at the pulse energies of roughly
90 mJ and 380 mlJ, respectively. Both measurements have
been obtained in 1 bar argon at room temperature using the
experimental setup and beam geometry shown [15] and used
for temperature measurements. Approaching the threshold
for optical breakdown the temporal signature of the grating
reflectivity changes and its oscillation frequency is reduced
to half of its initial value, indicating a release of heat in the
medium. The energy deposition into the medium through res-
onant absorption is excluded since the excitation wavelength
Aexe = 1064 nm is far from any transition of argon. In fact, at
high laser intensities the mechanisms of energy deposition in
the gas occurs in two steps. Initially, electrons may be gener-
ated in the gas by multiphoton ionization. Electron avalanche
ionization can develop if the initial electrons can gain enough
energy from the laser field to ionize an atom in collisions.
Repetition of the process can lead to a rapid multiplication of
the number of electrons. From the requirement of energy and



STAMPANONI-PANARIELLO et al. Gas phase diagnostics by laser-induced gratings 1. theory

107

signal intensity / arb. units

T T T T

0.0 0.1 0.2 0.3 0.4
time / ps

0.5

FIGURE 3 Temporal behavior of a laser induced grating generated in ar-
gon at atmospheric pressure and ambient temperature. The excitation beams
have a wavelength Aexc = 1064 nm, a diameter of roughly 6 mm and are
focused by a 750 mm focal length lens to intersect at an angle of 1.6°.
The probe beam arises from an cw Ar* laser at Apr = 514.5 nm. The phase
matching condition (Bragg condition) of the three beam is achieved in a 3D
forward geometry. a: signal obtained with roughly 90 mJ/ pulse excitation
laser energy; b: signal obtained with roughly 380 mJ/pulse excitation laser
energy

momentum conservation, an electron can absorb a photon
only if it is colliding with an atom or ion. The electrons in the
laser field will gain kinetic energy through electron-neutral
inverse Bremsstrahlung collisions [16, 17] (this is the
inverse of the Bremstrahlungs process in which high energy
electrons, upon traversing a gas emit radiation as they slow
down). The accelerated electrons will lose their energy by
elastic and inelastic collisions with neutral atoms through
excitation of external (i.e., translational) and internal (e.g.,
electronic) degrees of freedom of the atoms. In this way
the radiation energy is ‘“absorbed” by the gas, which is
locally heated resulting in the formation of a thermal grating.
Figure 3a shows the situation where a pure electrostrictive
grating oscillating at twice the acoustic frequency has been
generated, while in Fig. 3b the transition to a thermal grating
oscillating at the acoustic frequency is clearly visible. No
attempt has been made to quantify this effect. Nevertheless
laser-induced gratings show a potential to investigate the
behavior of gases at the threshold of optical breakdown.
On the other hand, these findings underline the necessity

to account for the excitation pulse energies for a correct
interpretation of the results obtained by using the LIG
technique.

3.3 The read-out beam source

The choice of the pump beam source depending on
its characteristics and their influence on the generated grat-
ing has been described so far. This section is dedicated to
the reasons rendering an Ar*-laser the most suitable read out
source. The most important advantage of probing the grating
with a cw-laser, combined with a time resolved acquisition,
is the possibility of detecting the temporal behavior of the
transient grating over the complete range of its life time by
a single-shot measurement. Using a pulsed probe beam to
read out the grating, as described in [4], an electronic delay
between the probe beam and the grating beams is required
in order to scan over the entire range of the grating lifetime.
In this way every measured point of the recorded temporal
evolution of the signal arises from a different pulse of the
excitation laser and of the probe laser. Thus, no single shot
measurement of the signal temporal evolution over the entire
grating lifetime range is possible. Furthermore, to perform
a measurement over the life time range of the grating can be
very time consuming and variations of the laser characteristics
occurring during this time will also affect the signal rendering
its interpretation more difficult. Note that the signal obtained
with an intense pulsed probe beam (some MW/pulse) is much
stronger than a typical cw readout (about 1 W). This latter sig-
nal is nearly a single photon event. Despite the high number of
photons per pulse no statistical advantage results from using
a pulsed probe beam because there is no correlation between
the measured data points over the range of the LIG lifetime,
since they have been recorded with different excitation and
different probe pulses. Furthermore, the modulation depth of
the signal oscillations is enhanced for a cw probe beam as
compared to a pulsed probe source. In fact, the measured sig-
nal is the convolution of the three following functions: The
temporal profiles of the grating diffraction efficiency and of
the probe beam, respectively, and the time response function
of the detection system. For a cw read out of the grating the
signal is simply the convolution of the temporal response of
the grating diffraction efficiency with the time response of
the detection system thus leading to an enhanced modula-
tion amplitude. This effect is visible in Fig. 4a which shows
the temporal evolution of the signal obtained by diffracting
a pulsed probe beam off an electrostrictive LIG generated in
argon at 5 bar and ambient temperature. In Fig. 4b a cw-probe
beam has been employed to perform a single-shot measure-
ment of the temporal evolution of the electrostrictive LIG.
Comparison of the signals depicted in Fig. 4a and in Fig. 4b
shows that the modulation depth of the oscillation of the sig-
nal is more pronounced for a cw read-out of the grating. The
higher modulation depth is an advantage for the fitting of the
results, especially in the case of small oscillation periods of
the LIG diffraction efficiency (which are comparable to the
duration of the excitation pulses). Figure 5 shows plots of the
calculated signals for two different width t; of the read out
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FIGURE 4 Temporal behavior of an electrostrictive laser-induced grating
generated in argon at 5 bar and ambient temperature. A planar geometry with
unfocused beams and an excitation beams intersection angle of about 3° is
used. a: probe beam from a pulsed Nd: YAG laser, every measurement is
averaged over 100 laser shots. b: probe beam from an Ar* laser, signal is
averaged over ten laser shots
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FIGURE 5 Calculated temporal behavior of a pure electrostrictive LIG
signal for different widths 7| of the Gaussian readout pulse obtained using
Egs. (14) and (15). t; = 3.5 ns (solid), t; = 8 ns (dashed)

pulse. The signals were obtained convoluting the diffraction
efficiency for a pure electrostrictive grating (see Egs. (14) and
(15)) and a Gaussian which has been assumed to describe
the temporal behavior of the read out pulse. Comparison of
the traces in Fig. 5 shows that the modulation decreases with
increasing width of the read out pulse as expected. For this

example the acoustic frequency w has been set to 1 x 108 s~!
corresponding to a grating oscillation period T, = 31 ns and
Bris 1.5x10° s7 1.

34 Sound propagation effects made visible by the
alignment of the beams and their spatial

intensity profiles

Since the LIG diffraction efficiency scales with the
intensity of the pump beams, the signal intensity is expected
to increase for a tighter focusing of the beams. Additionally,
the size of the probe volume represents another important
feature of any optical diagnostics approach since it defines the
spatial resolution which is achievable. The latter is particularly
important for experiments in inhomogeneous media or in the
presence of turbulences. The size of the interaction volume
is determined by the overlap of the excitation and the probe
beams [8]. Focusing the beams reduces the interaction volume
and may increase the signal intensity. On the other hand, it
causes an increase of the decay rate of signal amplitude since
the sound wave packet leaves the probed volume more rapidly.
Sometimes the decay of the signal is predominantly due to
the latter effect. In the following the issue on the different
mechanisms causing the decay of the LIG signal is addressed.

Figure 6 shows the temporal evolution of two electrostric-
tive laser-induced grating signals generated with different in-
tensity cross sections of the excitation beams. For these ex-
periments, the excitations beams are obtained from the fun-
damental output of a pulsed Nd: YAG laser while the probe
beam is generated by using a cw Art laser. The two excita-
tion beams are crossed by a 750 mm focal length lens and the
phase matching condition of the three beams is realized in a
planar backward geometry.

Figure 6a shows the temporal evolution of a grating
generated by using excitation beams with a Gaussian
intensity profile of about 6 mm diameter (at 1/e? level of the
maximal intensity) at the focusing lens. The measurement
depicted in Fig. 6b is obtained using excitation beams having
a strip shaped intensity profile. To obtain such an intensity
cross section the Nd: YAG beam passed through a cylindrical
Galilean telescope before being split into two beams. In this
way two excitation beams with very tight elliptical intensity
profiles (stripes) of about 6 mm height and 1 mm width are
obtained at the focusing lens. Due to diffraction the heights
of the stripes are focused tighter than their widths by the lens
and result in a strip-shaped focus of approximately 1 mm
width and 160 um height. The orientation of the strip-shaped
cross sections has been chosen such that the direction of their
larger extension coincides with the propagation direction of
the induced acoustic waves. The signal in Fig. 6b displays
a remarkable number of additional oscillations and a longer
grating lifetime compared to the signal in Fig. 6a obtained
without shaping intensity cross section of the excitation
beams. Using v = 347 m/s for the sound velocity in air at 1
bar and room temperature, the acoustic waves would require
about 3 ps to completely leave the interaction volume. On the
other hand, the grating lifetime is also limited by the damping
of the acoustic wave which is characterized by a decay time
of the order of 1 us for these experimental conditions, see
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FIGURE 6 Temporal behavior of an electrostrictive laser-induced grating
in air at room temperature and atmospheric pressure, generated with Aexe =
1064 nm and Ay = 514.5 nm. The excitation beams are crossed by using
a 750 mm focal length lens at an angle 6 = 1.5°. a: the intensity profile of
the excitation beams is Gaussian, with a diameter of 6 mm (l/e2 FWHM);
b: signal generated with excitation beams exhibiting strip shaped intensity
profiles

Egs. (15) and (19). In this case, the damping of the acoustic
wave is dominating over the decay of the generated grating.
The situation is different for excitation beams having a
circular intensity profile of about 6 mm diameter, which are
focused by a 750 mm focal length lens. The acoustic waves
leave the overlap volume completely, exhibiting a dimension
of about 170 pum, after roughly 500 ns, rendering the damping
of the acoustic wave unimportant. Therefore, in this case
the propagation of the acoustic waves out of the interaction
region is the dominant factor limiting the grating lifetime.
To account for the faster decay of the standing acoustic wave
one can phenomenologically include an additional factor, fy,
in the temporal evolution of the diffraction efficiency [9, 18]

40212 cos? 6/2 212
fa=exp| ————5—— | =exp| ——
w T,

tr

(29)

where w denotes the beam waist (1/e level) of the excitation
beams at their focus. The acoustic transit time, denoted by Ty,
describes the decay of the LIG diffraction efficiency due to
the relative displacement of the counter-propagating acoustic
waves.

In summary, using excitation beams with a strip shaped
intensity profile enables to achieve a good spatial resolution,

5 bar argon

signal intensity / arb. units

1 bar argon

0 100 200 400

time / ns
FIGURE 7 Temporal behavior of an electrostrictive grating generated in
argon at room temperature a: at 5 bar and b: at 1 bar. Both measurements
are performed using a 3D-forward phase matching geometry with excitation
beams at 532 nm of 6 mm diameter focused by a 400 mm focal length lens
at an angle of about 3° and a probe beam from a cw Ar" laser at 514.5 nm.
Both signals are averaged over 100 laser shots

high intensity signal and reduces the effect of acoustic waves
propagating beyond the limits of the probed volume.

In the following, a description of further situations is given
where the effect of sound propagation is visible. An acoustic
wave causes a non-oscillating contribution to the LIG sig-
nal intensity, which grows and decays concomitantly with
the oscillatory part. The temporal growth of this contribution
leads to a reflectivity that is increasingly less modulated. A
comparison between the traces obtained in Ar at 5 and 1 bar
shown in Fig. 7a and b, respectively, clearly illustrates this
behavior. Even though the dissipation of the acoustic wave
is considerably smaller at 5 bar, the number of visible peaks
remains roughly the same as compared to the 1 bar exam-
ple. The non-oscillating part of the LIG diffraction efficiency,
however, decays much slower at 5 bar.

The accuracy of the geometrical alignment of the three
beams represents an additional parameter which affects the
modulation depth of the signal. If the three beams are perfectly
aligned in order to satisfy the Bragg condition, the probe beam
scatters mainly from the center of the overlap volume of the
three beams where the standing acoustic wave is pervasive.
A slight misalignment of the beams, however, results in poor
interference of the counter-propagating acoustic waves and,
therefore, to the presence of additional propagating acoustic
waves in the center of the overlap region. As a consequence,
the signal generated in this region displays a slowly varying
background resulting from the scattering of the probe beam
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FIGURE 8 Electrostrictive grating signals obtained with a: carefully
aligned beams and b: with slightly misaligned beams, respectively. Both
signal are generated in air at atmospheric pressure and ambient temperature.
The beam geometry is planar with an intersection angle of the excitation
beams of 1.5°. The wavelength of the excitation beams is 1064 nm. The
probe beam arises from a cw Ar™ laser at 514.5 nm. All the beams have a
circular intensity cross section with approximately the same diameter. Both
signals were averaged over 100 laser shots

off the propagating acoustic wave concurrently with the os-
cillating signal from a standing acoustic wave. This effect
is visible when comparing the signal shown in Fig. 8a, ob-
tained with carefully aligned beams, and the signal displayed
in Fig. 8b resulting from slight misalignment of the beams. For
this measurement, the excitation beams have been arranged in
order to intersect prior their focal point while keeping the po-
sition of the probe beam unchanged. For both measurements,
the signal arising from the center of the overlap region has
been recorded by introducing a diaphragm aperture of about
4 mm. The beam geometry is backward planar with excitation
beams intersecting at an angle of the of 1.5°, an excitation
wavelength at 1064 nm, a probe beam from a cw Ar*-laser
at 514.5 nm and a circular intensity cross section of approxi-
mately the same diameter for all the beams. Both signals have
been averaged over 100 laser shots and have been generated
in air at atmospheric pressure and ambient temperature.
Furthermore, a contribution to the signal temporal evo-
lution caused by sound propagation might also occur due to
size effects of the probe beam. The signal oscillations mirror
the oscillations of the standing acoustic wave resulting from
the superposition of the counter-propagating acoustic waves.

With increasing time the acoustic wave packets propagate out
of the overlap volume in directions perpendicular to the grat-
ing planes. Thus, the resulting standing acoustic wave will be
more and more confined to the center of the overlap volume.

Eventually, the standing acoustic wave disappears com-
pletely when the propagating acoustic waves no longer over-
lap. Subsequently, only propagating acoustic waves will be
present in the overlap region. One can distinguish between
two situations: either the probe beam waist wy, is smaller or
larger than the spot size of the overlap region weyc, see. [8]. Us-
ing excitation beams exhibiting a strip-shaped intensity profile
corresponds to the situation when wy,; < Wexc. Explicitly, the
waist of such excitation beams in the overlap region (i.e., in
their focus) is approximately 1 mm in the direction of the prop-
agation of the acoustic waves while the Art beam’s waist is
about 100 pm. Therefore, the signal obtained with such beams
comprises contributions generated at both, the center and the
periphery of the overlap region. For a selective observation
of these contributions an iris diaphragm with a variable aper-
ture has been placed in front of the photo-multiplier tube. Its
position is arbitrarily shifted in height and in width perpen-
dicularly to the direction of propagation of the signal beam.
For the measurement shown in Fig. 9a, the iris diaphragm
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FIGURE 9 Temporal behavior of a laser induced electrostrictive grating
generated in air at ambient conditions. Signal arising from a: the center of
the overlap volume and b: 3 mm apart from the center. The measurements
were performed using excitation beams from a Nd:YAG laser at 1064 nm
intersecting at an angle of about 1.5° and a probe beam from an Ar™ laser
at 514.5 nm arranged in a planar backward beam geometry. Every measured
point is averaged over 100 laser shots
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with an aperture of about 4 mm has been placed at the center
of the scattered beam. Alternatively the diaphragm has been
shifted 3 mm aside keeping the height and all other experi-
mental parameter unchanged. The result of this measurement
is shown in Fig. 9b. Besides a reduction of the signal intensity
a contribution from the propagating wave is visible as a slowly
varying background leading to a reduction of the oscillation
modulation.

In summary, the presence of a slowly varying background
in the temporal evolution of the LIG diffraction efficiency
may be caused by a misalignment of the beams or by the
small dimensions of their interaction volume. Tight focusing
of the beams combined with high pressure of the gas renders
this effect even more visible.

4 Summary and conclusions

The present paper is devoted to understanding the
formation mechanisms of transient electrostrictive and ther-
mal LIGs generated in the gas phase. Laser induced gratings
arise from the interaction between matter and the light of an
interference structure of two crossed laser beams. This inter-
action leads to a spatially periodic modulation of the refractive
index of the material in the overlap region of the two crossed
beams. This grating-like structure can be detected by diffract-
ing a third beam off the laser induced refractive index modula-
tions. The characteristics of the diffraction efficiency of such
gratings depend on their formation mechanisms. In Sect. 2,
the explicit calculation of the LIG diffraction efficiency for
the different formation mechanisms is given. For this
purpose, the linearized hydrodynamic equations have been
solved and the following results have been obtained. Elec-
trostriction generates mainly a standing acoustic wave, and in
addition a small amplitude stationary density wave. Since the
grating diffraction efficiency is proportional to the squared
density change, the electrostrictive grating diffraction effi-
ciency oscillates at twice the acoustic frequency. Release of
the absorbed laser radiation in form of heat through collisions
leads to the formation of a thermal grating which comprises
the contribution of both a standing acoustic wave and a station-
ary density modulation. The rate of the heat exchange process
governs the amplitudes of these contributions as well as the
characteristics of the temporal behavior of the induced thermal
grating. Instantaneous heat release forms a standing acoustic
wave and a stationary density modulation of equal ampli-
tude. The diffraction efficiency of a thermal grating displays
an oscillation at the acoustic frequency. When the absorbed
radiation energy is slowly released a stationary density mod-

ulation contribution is dominant and the grating diffraction
efficiency displays a slowly varying hump.

In Sect. 3, the influence of various parameters on the gener-
ated electrostrictive or thermal grating such as the laser beam
size, the characteristics of the LIG read out source (pulsed or
cw), the pressure, the laser intensity, and the coherence length
of the excitation laser have been measured. These data pro-
vide, on one hand, a test of the theoretical model. On the other
hand, they consent to design the optimal experimental config-
uration depending on the specific application of the technique.
Furthermore, these investigations reveal some limitations of
the technique. In this context, the possibility to apply LIG to
investigate optical breakdown in gases has been demonstrated
qualitatively in addition.

All these findings have been experimentally verified in
a series of carefully designed experiments and used for the
analysis of the data obtained for the diagnostics in the gas
phase [1].
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