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Entropy-mode-driven gas optics
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We propose a class of gaseous diffractive optical elements created by imprinting an entropy mode in
a gas. Previous approaches to gaseous diffractive optics have relied on the simultaneous excitation of a
standing acoustic wave and an entropy mode to produce one-dimensional periodic structures. However,
the presence of acoustic oscillations in the gas imposes stringent constraints on some of the operational
parameters of these optical elements, such as their lifetime and diffraction angle. In this work, we introduce
an approach that eliminates the acoustic mode, relying solely on the entropy mode. This enables control
of the lifetime and temporal profile of gaseous optical elements, and also allows the creation of arbitrary
structures with greater contrast, including nonperiodic patterns such as chirped gratings or lenses. This
approach should allow operation over a wider parameter space, including larger diffraction angles and
compatibility with laser pulse durations ranging from femtoseconds to microseconds.
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I. INTRODUCTION

Laser-induced transient gratings have long been used as
a diagnostic tool. The concept relies on imprinting an index
modulation in a medium, such as a gas, via the absorption
of a spatially modulated laser and then probing the result-
ing grating using another laser beam incident at the Bragg
angle. The temporal oscillations and frequency shift of the
diffracted signal provide a direct in sifu measurement of the
gas temperature and flow velocity [1-5].

It has recently been demonstrated that such gas gratings
can be optimized and reach high diffraction efficiencies
(>90%), comparable to those of traditional solid-state
optics such as dielectric mirrors [6—10]. The very high
optical damage threshold of gases (above 1 kJ/cm?, sev-
eral orders of magnitude beyond the damage threshold
of solid optical elements) and their transient nature make
these optical elements attractive for a wide range of appli-
cations, including laser machining, welding, lithography,
and as final optics for future inertial-fusion-energy (IFE)
facilities, where the survivability of solid optics poses a
significant challenge [11,12].
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Two methods have now been demonstrated for the gen-
eration of high-diffraction-efficiency gas gratings: (i) via
the absorption of modulated ultraviolet (UV) light in a gas
containing a small fraction of ozone, which launches high-
amplitude waves with an index modulation proportional to
the density modulation from the wave [6-9]; and, more
recently, (ii) via the absorption of approximately 4-pm
light in CO, gas and the subsequent excitation of vibra-
tionally excited states of CO,, relying on the variation of
the refractive index with the vibrational energy of the CO,
molecules [10]. For the former method, which is the con-
text of this paper, the absorption of the spatially modulated
UV light (with wavelength Ayy € 200300 nm and mod-
ulation period A typically of tens of micrometers, leads
to localized gas heating. The acoustic period 7, = A/C;,
where C; is the speed of sound, is typically tens to hun-
dreds of nanoseconds at room temperature, which is much
longer than the duration of the UV imprint beam (a few
nanoseconds). This results in the impulselike excitation of
a standing acoustic wave, which repeats itself in time at
the acoustic period, as well as a stationary entropy mode,
which forms a static imprint of the intensity-modulation
pattern of the UV beam at A. The acoustic and entropy
modes each contribute half of the maximum amplitude of
the density modulation [7].

© 2026 American Physical Society
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Although this method has demonstrated remarkable
results in the laboratory, including gratings with diffraction
efficiencies nearing 100% and damage thresholds exceed-
ing 1 kJ/cm?, it also imposes significant constraints on the
design and applicability of these optical elements. First,
because the density modulation oscillates in time between
zero and its maximum amplitude, the lifetime of the grat-
ing is directly tied to the acoustic period: diffraction is
only possible when the density modulation has reached its
peak, which only lasts for a fraction of 7,.. Consequently,
achieving a sufficiently long grating lifetime to manipulate
arbitrary pulse durations (e.g., nanosecond pulses for IFE
applications) requires a large grating period A = 7,.Cs.
This, in turn, limits the application of the grating to very
small diffraction angles 14, as dictated by the Bragg condi-
tion y; = 2arcsin(Ay/2A), where X, is the wavelength of
the diffracted light. The temporal oscillations of the grating
may also be undesirable for some potential applications,
such as pulse gating. Second, for a gas with uniform tem-
perature (and thus speed of sound), the standing acoustic
wave can only reproduce the initial intensity pattern of
the imprint beam if the pattern is purely one-dimensional
(1D) periodic, i.e., a 1D diffraction grating. For nonpe-
riodic structures, the acoustic period 7, varies spatially,
preventing the recreation of the initial intensity pattern
with 100% contrast. This limitation could reduce the per-
formance of more complex diffractive structures, such as
diffractive lenses.

Here, we propose a concept for gas optics that relies
solely on the excitation of an entropy mode, without the
involvement of acoustic modes. Using theory, simulations,
and experiments, we demonstrate that if the duration of
the imprint UV beam is long compared to a character-
istic acoustic period, it is possible to excite an entropy
mode with no acoustic oscillations. This technique pro-
vides much greater control of the temporal profile and
lifetime of the optical elements, without residual tempo-
ral oscillations. In particular, we have identified a regime
in which the temporal profile (and thus the lifetime) of
the optical elements can mimic that of the UV imprint
beam, allowing arbitrary shaping of the temporal profile
of the optics. Furthermore, since the entropy mode does
not propagate, this method allows the imprinting of arbi-
trary structures in the gas, either through the interference
of UV light waves or by applying an amplitude mask. This
technique should enable the creation of arbitrary-volume
holographic elements, such as chirped gratings, lenses,
and beam shapers, with higher contrast and efficiency
compared to when acoustic waves are present.

The remainder of the paper is organized as follows. In
Sec. I, we present the linear fluid theory of the acoustic
versus entropy modes, and derive criteria for eliminating
the acoustic mode as well as the two different regimes
(weakly versus strongly damped) for the entropy mode. In
Sec. III, we summarize the different regimes of operation

of gas gratings. In Sec. IV, we present experiments that
demonstrate that the entropy mode can be isolated without
acoustic modes and that the lifetime of the resulting grating
can be controlled via the imprint-beam duration. Integrated
simulations are presented in Sec. V; these show excel-
lent agreement with the experiments and demonstrate the
benefits of entropy modes for exciting nonperiodic struc-
tures, such as chirped gratings. We conclude the paper in
Section VI.

II. THEORY

A. Linearized fluid equations

Our theoretical model of entropy-mode-driven gas
optics is based on the Navier-Stokes fluid equations, the
linearized expression of which in 1D is as follows:

001 + podruy =0, (1)
4 5

Loy = —0dp1 + gllax”h (2)

poTodis1 = kd2Ti + O, 3)

where p, u, p, T, and s are the mass density, velocity,
pressure, temperature, and entropy, respectively. Quanti-
ties have been linearized to first order, e.g., p = po + pi
with | p;| < po. The term Q(x, #) represents the heat source
provided by the UV beam absorption, and p and « are the
dynamic viscosity and thermal conductivity. Note that the
contribution of ozone to the gas dynamics is neglected,
since it is only present in very small amounts in typ-
ical experiments (approximately 1%—5%) to absorb the
UV-imprint-beam energy and convert it to heat (Q) [7].
The fluid described here represents the buffer gas used in
experiments, typically oxygen. Some of the experiments
presented later involve gas mixtures (O,-CO, mixture, cf.
Sec. 1V), but for simplicity we present the theory for a
single species. The refractive index n is directly related
to the density via n — 1 o p; defining ny as the back-
ground index such that ny — 1 & pg and én = n — ng leads
to p1/po = dn/(ng —1).

Combining these fluid equations with the expression for
the entropy,

s1 = cy[T1/To + (1 = y)pi/pol, “4)

and the ideal gas law p = R;pT, which in the linearized
form is simply

p_m T

, Q)
po po  To

provides a set of five equations for the five unknowns py,
ui, p1, s1,and Ty (y = ¢, /c, is the adiabatic index, with ¢,
and ¢, the specific heat capacities at constant pressure and
volume, and R; = ¢, — ¢, is the specific gas constant).
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Eliminating variables to keep only p; and s in the sys-
tem of equations above and solving the system in Fourier
space leads to a system of two independent equations
(wave and diffusion equations) for the pressure and the
entropy [13]:

(3[2 + Zvacat - Cga)g)pl = (V - l)atQ’ (6)

Q%—-f—x)sl=—gl, )
Cp o 0Ty

where C is the speed of sound, given by Cf = vpo/Po,
and the acoustic wave damping v,. for a spatial mode
proportional to e is

Vae = K2/ 2po)[41/3 + (v — Dic/cp]. ®)

Equations (6) and (7) represent the acoustic mode (pres-
sure perturbation at constant entropy) and the entropy
mode (entropy perturbation at constant pressure), which
constitute the two fundamental solutions of the linearized
fluid equations in 1D (in higher dimensions, a third funda-
mental mode is also present, the vorticity mode [13]). The
three remaining hydrodynamics quantities, p;, #;, and 77,
can be derived from p; and s; via Egs. (1), (4), and (5).
In particular, the total density perturbation resulting from
the heat source is obtained by combining Eqgs. (4) and (5),
leading to

po_ e st ©)

£0 Y Do Cp
where the first term on the right-hand side is associated
with the acoustic mode and the second with the entropy
mode.

The concept of entropy-mode gas optics relies on heat-
ing the gas slowly compared to the acoustic timescale,
thereby suppressing the acoustic transient and isolating
the entropy mode. In other words, we want to make the
right-hand side of Eq. (6) negligible, while still exciting an
entropy mode via the right-hand side of Eq. (7). In the next
subsections, we present analytical solutions to the wave
and diffusion equations in order to quantify this concept
and describe the different regimes of the entropy mode.
The solutions are derived for a heat-source term with the
following simplified form:

0, 1) = -1 4+ cos(kn)]e 27, (10)

V2

with K = 27/ A. This is a reasonable approximation of the
heating from a UV imprint beam with a Gaussian tem-
poral profile of duration 7, spatially modulated in space
with the period A. The separability of time and space is
not rigorously satisfied in experiments due to the nonlinear

depletion of ozone and heating from secondary chemi-
cal reactions over timescales longer than the imprint-beam
duration [7]. However, the approximation is sufficient to
derive the main regimes of interest, as will be confirmed by
experiments and integrated simulations that include these
nonlinear effects.

B. Solution for the acoustic mode

For this discussion, we will ignore the acoustic damp-
ing, which will be irrelevant for the regime of interest. The
Green’s function for the wave equation given in Eq. (6)
in the absence of damping is G(x, 1) = H(t — |x|/C;)/2Cs,
where H is the Heaviside step function. Convoluting this
function with the heat source from Eq. (10) gives the
following result for the pressure perturbation:

PI;X’ ) _ %{% [erf(t/«/zr) + l] + cos(Kx)
0 0

X /00 @H(r— u) cos [, (f — u)]du}
- (1)

where erf is the error function, Q. = 27/Ta, A(f) =
127 1 27, AT = qot/(pocy) is the total time- and
space-averaged temperature increase in the gas without
dissipation, and 7Ty is the initial background temperature.
The first term in square brackets in Eq. (11) corresponds to
the spatially averaged pressure increase due to the rise in
the gas temperature; the second term in the curly brackets
[ox cos(Kx)] is the standing wave.

1. Fast heating (2,.t < 1)

When the heating time t is very small compared
to the acoustic period, such that A(u) — té(u) and
[erf(t/~/27) + 1]/2 — H(f), the expression for the pres-
sure perturbation becomes

t AT
P&, 0 ~ H(f) 22 [1 + cos(Kx) cos(Quch)] .
Po ol Ty
(12)

The rapid heating launches a standing acoustic wave,
as has already been discussed in Ref. [7] and observed in
previous experiments [6,8,9].

2. Slow heating (R,.t > 1)

We now turn to the slow-heating regime, to eliminate
the standing acoustic wave. For times well past the end of
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the heating pulse, ¢ > 7, Eq. (11) yields [14]

A>T AT
p—l (x p0>> ) ~ TO [1 + 679§CT2/2 COS(]OC)X

cos(R2,:0)] . (13)

The “1” in the square brackets represents the final
spatially averaged pressure increase from gas heating
and the rest is the standing wave, the amplitude scales
as exp[—Q2.72/2]. Therefore, the contribution from the
standing acoustic wave can be made negligible if 7 >
1/ Q. (the “slow-heating” criterion mentioned earlier),
which is the intended outcome. This can be achieved by
increasing the duration of the imprint pulse and/or reduc-
ing the acoustic period, as will be discussed in Secs. III
and IV. In this limit, the oscillations in the integral in
Eq. (11) make that integral become infinitely small (as
can be shown by integrating by parts) and the pressure
perturbation simply becomes

P

> ~ % [erf(t/«/zr) + 1], (14)
0

Qact>1 0

i.e., a spatially uniform pressure increase due to the gas
heating without acoustic oscillations.

C. Solution for the entropy mode

Eliminating the standing acoustic wave by setting t >
1/, can be achieved while still obtaining a strong
density modulation from the entropy mode in the gas.
The solution for the entropy mode can be obtained via the
Green’s function for the diffusion equation [Eq. (7)]. The
Green’s function G(x,f) = H (t)e’xz/ At /4w Dt, where
D = k/cppo is the diffusion coefficient, can be convolved
with the heat source from Eq. (10) to give the solution:

L AT
S1 :%T {erf(t/x/zt) 41 4 vt 2mvet cos(Kx)
0

X [erf(t/\/z‘c — vet/«/z> + 1]} , (15)

where v, = K2D is the entropy-mode damping rate. Two
different regimes can be identified for the entropy mode,
depending on the ratio of the damping time to the UV-
imprint-beam duration, as described below.

1. Weakly damped entropy mode (v.t < 1)

The expression for the density modulation of the weakly
damped entropy mode for slow heating (2,.t > 1) is
obtained by taking the limit of v,7 < 1 in Eq. (15), as
well as p;/po from Eq. (14), and inserting the resulting

expressions for p; and s; in Eq. (9), leading to

—AT
[} ~ [erf(z/«/ir) + 1] e~ cos(Kx). (16)
00 |yt <1 vTo

In this regime, the grating forms over a time of approx-
imately 7 (the term in the square brackets) and stays on
for a time of approximately 1/v, > t (exponential term).
In other words, the grating lifetime is dictated by ther-
mal diffusion and is on the order of the damping time
1/v,. Isolating the entropy mode in this regime (without
the acoustic mode) thus requires 1/ 2, < 7 < 1/v,.

2. Strongly damped entropy mode (v,t > 1)

Taking the opposite limit of v,z > 1 in Eq. (15) and
combining with Egs. (14) and (9) gives the expression for
the density perturbation from the strongly damped regime
of the entropy mode [15]:

AT (21
- JE— cos(kn)e . (17)
2yTo ¥V m vt

Now, the temporal behavior of the grating—and thus its
lifetime—is exactly the same as that of the imprint pulse
(o< exp[—#2/272]). The entropy-mode damping due to dif-
fusion occurs faster than the duration of the UV imprint
beam; the mode can still exist in a “forced” state but
quickly vanishes once the imprint beam is turned off.

The maximum density modulation between the weakly
versus strongly damped regimes differs by a factor pro-
portional to v.t. This means that achieving the same
diffraction efficiency in the strongly damped regime as
in the weakly damped regime requires increasing the gas
heating AT (by adjusting the ozone fraction or the imprint-
beam fluence) and/or increasing the grating thickness (as
the diffraction efficiency depends on the factor dnlg/Ag,
where L, is the grating thickness and én = (ng — 1)1/ p0
is the index modulation, with ny the average background
index).

P1
L0

VeT>1

I1I. PARAMETER SPACE

The parameter space of gas gratings, summarizing the
key results from the theoretical discussion above, is rep-
resented in Fig. 1. The figure shows 1/, and 1/v, (the
acoustic period and the entropy-mode damping time) as a
function of the grating wavelength A for a speed of sound
C, = 302 m/s and a thermal diffusivity of 2 x 107> m?/s
(the value for oxygen at room temperature).

Three different regimes can be identified, labeled 1-3 in
the figure:

(1) T € 1/R4¢, 1/v,: acoustic and entropy modes (fast
heating), weakly damped. The grating density modulation
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FIG. 1. The parameter space for gas gratings, in terms of

the UV-imprint-pulse duration 7 and the modulation period A.
The regions marked 1, 2, and 3 correspond to the regimes of the
acoustic and entropy modes, the weakly damped isolated entropy
mode, and the strongly damped isolated entropy mode, respec-
tively (cf. Table I). The markers represent the parameters for
the experiments and simulations shown in Figs. 3 and 4, respec-
tively; the gray area corresponds to the regime of diffraction into
higher-order modes for p;/pp = 0.4. AO and v, (upper axes)
are the angular bandwidth (also for p; /09 = 0.4) and diffraction
angle of the grating, respectively, assuming 532-nm diffracted
light.

is obtained from Eqgs. (12) and (15) with v, < 1l and T —
0, and Eq. (9), leading to

P AT
— & H(f)— [1 + cos(Kx) (cos(R2,c) — D], (18)
L0 v To

as has previously been derived in Ref. [7].

(2) 1/, < T K 1/v,: isolated entropy mode, weakly
damped. The density perturbation is given by Eq. (16).

(3) > 1/Q4, 1/v,: isolated entropy mode, strongly
damped: the density modulation is given by Eq. (17).

The upper axes show the diffraction angle (the
angle between the incident and diffracted beams) ¥, =
2arcsin(ry/2A) and the angular bandwidth A6 = (ng —
1)(p1/p0) A/ g of the grating (the angular bandwidth is the
maximum angular deviation from the Bragg angle before
the diffraction efficiency starts to drop [16]), shown here

for p;/po = 0.4. Both ¢; and AO have been calculated
for a diffracted wavelength of 532 nm. The bandwidth
increases as the diffraction angle decreases, which can be
controlled via A. At some point, the bandwidth becomes
as large as the diffraction angle: this is where the transition
from the Bragg (diffraction into the first-order mode only)
to the Raman-Nath (diffraction into higher-order modes)
regimes of diffraction occurs. The criterion that best cap-
tures that transition is the parameter o = A2/(A%ngén),
where §n = (ng — 1)p1/po [17]: @ > 1 corresponds to the
Bragg diffraction regime and o < 1 to the Raman-Nath
regime. The Raman-Nath regime, presumably unwanted
if one aims to use the grating as a dielectric mirror, is
represented by the shaded gray region on the figure for
p1/po = 0.4. At the other limit of small grating period
A, the plot stops at A = 1;/2 (where A; = 532 nm is
the diffracted-light wavelength), which represents the min-
imum grating period for which v; = 180° (reflection at
normal incidence).

Another important parameter for applications is the
lifetime of the grating, which depends on the gas-optics
regime, as summarized in Table I. In region 1, the grat-
ing lifetime is dictated by the acoustic oscillations and is
approximately t,./4, as described in Ref. [7], whereas in
regions 2 and 3, the lifetime is dictated by the entropy-
mode damping time 1/v, and the imprint-beam duration
7, respectively. Designing gas optics with only the entropy
mode allows greater control over their lifetime and tempo-
ral behavior, without residual acoustic oscillations.

We also note that another option for reducing acoustic
oscillations and isolating the entropy mode involves driv-
ing very high-amplitude nonlinear acoustic waves with a
shock formation time shorter than the acoustic damping
time. In this regime, the nonlinear damping of acoustic
oscillations due to wave steepening does not affect the
entropy mode, since the entropy mode does not prop-
agate. As a result, the acoustic oscillations are rapidly
damped, while the density modulation from the entropy
mode remains, as discussed in Ref. [18] and demonstrated
in Ref. [9]. Although both approaches have now been
shown to be effective, the method presented here (operat-
ing in the Q,.7 > 1 regime) should offer greater flexibility
in terms of experimental parameters.

The table also lists the expressions of the maximum
density modulation for the three regimes. As mentioned

TABLE I. A summary of the different regimes of gas optics, with associated grating lifetimes and maximum density-modulation

amplitudes.

Region 1 (acoustic and 2 (entropy mode, 3 (entropy mode
entropy modes) weakly damped) strongly damped)

Regime T K Tae, 1/ Ve Tae KT K i T3> Tae, 1/,

Grating lifetime R Tpe /4 ~1/v, T

Maximum p; /po (2/y)AT/Ty (1/y)AT/Ty (V2rv,ty) ' AT/T)
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earlier, entropy-mode optics, particularly in the strongly
damped regime, are expected to require more energy in
the UV imprint beam (i.e., a higher temperature increases
AT) or a thicker volume of gas (along the direction of
the diffracted laser beam) to achieve the same diffraction
efficiency.

Designing gas optics in the entropy-mode regime can
also open the design space of these elements to larger
diffraction angles and long pulse durations. On the other
hand, it should be kept in mind that increasing the diffrac-
tion angle reduces the grating bandwidth, which imposes
a stricter angular alignment and may reduce the diffrac-
tion efficiency for broadband lasers, depending on the
exact parameters (the spectral bandwidth of the grating is
Aw/wg = 28n/ng)(A[/ra)?).

IV. EXPERIMENTS

The experiments were performed at Stanford Univer-
sity using a 1 J Nd:YAG (Spectra-Physics PIV-400) Q-
switched laser system. The laser was frequency quadrupled
from 1064 nm to 266 nm to generate a UV beam. The
UV beam was split into a pair of equal-intensity imprint
beams made to overlap with an adjustable crossing angle
at the exit of a gas flow tube. A resin tube with a rectan-
gular cross section directed a flow of O3, generated with
a corona discharge ozone generator. The O3 was buffered
with a mixture of O, and CO, such that the fraction of
O3 was a few percent. This flow had a height of 10 mm,
a thickness of 2.5 mm, and a flow rate ranging from 1.5
to 3.5 1/min. Although CO; can enhance diffraction effi-
ciency by increasing gas heating, its primary role in these
experiments was to adjust the temporal characteristics of
the grating. Increasing the CO, fraction reduces the speed
of sound in the mixture, increasing the gas transit time
across a grating period. The flow tube design also allows
for a co-flow of N, surrounding the gas mixture to limit
shear-driven mixing with air. Both imprint beams were
focused to a 3-mm diameter at the flow tube using an /40
lens, yielding fluences ranging from one to several hundred
mJ/cm?. The experimental setup is illustrated in Fig. 2.

Imprint | |
beams (266 nm)

/—=—" Diffracted
[N
%obe N, ,
530
(532nm) 4 /0,/co. Photodetector

FIG. 2. The experimental setup for the measurement of gas
gratings.

In order to isolate the entropy mode, the grating period
was reduced (to obtain a smaller acoustic period), and the
pulse duration of the UV imprint beam was increased from
6.25 ns Gaussian full width at half maximum (FWHM) to
12.0 ns by detuning the laser Q-switch delay. Reducing
the Q-switch delay lowers the laser output energy, which
leads to a nonlinear drop in conversion efficiency to 266
nm. As a result, the UV fluence was too low in these
experiments to achieve high diffraction efficiency due to
limited heating of the gas mixture. However, the goal was
to investigate the temporal behavior of the diffracted light
and demonstrate the transition from the combined acoustic
mode and entropy-mode regime (2,7 < 1) to the isolated
entropy-mode regime (£2,.7 >> 1) rather than to achieve
high diffraction efficiency.

A 532-nm continuous-wave diode laser was diffracted
to characterize the temporal profile of the grating. An /20
lens was used to focus the beam at the flow tube, thereby
introducing angular spread to ensure that a portion of the
beam would meet the Bragg condition and undergo diffrac-
tion despite the narrow angular bandwidth caused by a
short grating period. The diffracted signal was measured
with a photodetector and an oscilloscope.

In Fig. 3(left column), we show experimental mea-
surements of the diffracted-beam temporal profile for the
parameters of the three markers “a,” “b,” and “c” in Fig. 1,
with A =27.4,2.7 and 2.7 wm, respectively, and t =
2.65, 2.65 and 5.1 ns, respectively (FWHM = 6.25, 6.25,
and 12.0 ns). The parameter 2,.7, which measures the
transition from the acoustic or entropy mode to the iso-
lated entropy-mode regime, is equal to 0.2, 1.7, and 3.3
for Figs. 3(a), 3(b) and 3(c), respectively. These values
lead to an “attenuation factor” for the acoustic oscilla-
tions exp[—(a.7)?/2] [cf. Eq. (13)] equal to 0.98, 0.24,
and 0.0043, respectively—i.e., ranging from the regime of
full oscillations in Fig. 3(a) to no oscillations in Fig. 3(c).
While the measurements in Fig. 3(a) used pure O, as the
buffer gas, those in Figs. 3(b) and 3(c) used a buffer of 85%
CO,—15% O, resulting in a lower acoustic speed (302 m/s,
accounting for a 18% increase of the gas temperature due
to the absorption of the imprint beam, versus 318 m/s for
Fig. 3(a); this was estimated by measuring the acoustic
period as it became visible again for shorter imprint-
beam durations). As predicted by theory, for ,.7 = 3.3
[Fig. 3(c)] the UV pulse duration approaches the entropy-
mode damping time, resulting in a grating lifetime and
temporal profile comparable to that of the imprint beam.

V. SIMULATIONS

In this section, we present simulations from the PIAFS
code [18] to validate the theory and help visualize the
dynamics of entropy-mode gas optics. PIAFS is an inte-
grated tool that combines the chemistry of gas heating via
absorption of UV light and the nonlinear gas dynamics
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The experimental measurements (left) and PIAFS simulations (right), showing the power (in arbitrary units) of the imprint

beam (dashed) and the diffracted beam (solid), illustrating the transition from (a) the acoustic or entropy modes to (c) the isolated
entropy-mode regime. Rows (a), (b), and (c) correspond to the markers “a,” “b,” and “c” in Fig. 1, with A = 27.4, 2.7, and 2.7 pm,
respectively, and T = 2.65, 2.65, and 5.1 ns, respectively (FWHM = 6.25, 6.25, and 12.0 ns; the simulations assume perfect Gaussian
pulse shapes). The parameter 2,.7 is equal to 0.2, 1.7, and 3.3 for “a,” “b,” and “c”—i.e., an attenuation factor exp[—(Q..7)%/2] =

0.98, 0.24, and 0.0043 for the acoustic oscillations, per Eq. (13).

by solving the full Navier-Stokes system of equations.
The space- and time-dependent heating source in the fluid
model is calculated self-consistently with the hydrody-
namics by solving coupled rate equations for the various
chemical reactions at play, including the photodissocia-
tion of the ozone molecules (O3) and subsequent chemical
reactions between the dissociation products (O and O,)
and the background gas, as described in Ref. [7]. The
resulting density modulation is then used to compute the
time-dependent diffraction efficiency of a laser incident on
the resulting diffractive element using coupled wave the-
ory or a paraxial propagation model. In the following, the
diffracted laser beam is assumed to be incident at the Bragg
angle.

In Fig. 3(right column), we show the simulated
diffracted signal for the same parameters as the experi-
mental results in the left column (markers “a,” “b,” and
“c” in Fig. 1), revealing excellent agreement between the
experiments and the simulations.

We also simulated another set of parameters in Fig. 4,
corresponding to the marker “d” in Fig. 1, with A =
27.4 pmand T = 42.5 ns (i.e., FWHM = 100 ns). The sim-
ulation illustrates the regime of a weakly damped entropy
mode, in which the lifetime of the grating is dictated by

the damping time of the entropy mode—as opposed to the
strongly damped regime in Fig. 3(c), where the grating life-
time is approximately equal to the imprint-beam duration.
This imprint-pulse duration is not accessible experimen-
tally with our current laser system, the pulse duration of
which is not easily adjustable. However, this regime should
be easily accessible with a longer pulse-laser system and
should enable the formation of gas gratings with lifetimes
of hundreds of nanoseconds.

To illustrate the additional advantage of using entropy
modes to imprint nonperiodic structures, we present simu-
lations of a chirped grating created using both acoustic and
entropy modes versus using an entropy mode alone. The
grating is created via the absorption of a UV imprint beam
with the following intensity profile along x:

Tuy (e, 8) = Te 727 (1 + cos [Kx(1 — 0.05x)]), (19)

where A =27 /K = 30 pm. We only consider the spatial
region x € [—2A,2A].

Such a chirped grating can be generated by overlapping
an imprint beam with a planar wave front (i.e., a colli-
mated beam) and a second imprint beam the wave front
of which is curved along one direction (e.g., after passing
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FIG. 4. PIAFS simulations, showing the power (in arbitrary
units) of the imprint and diffracted signals for the parameters
represented by the marker “d” in Fig. 1 (A =27.4 pm and
T =42.5 ns, longer than the acoustic period but shorter than
the entropy-mode damping time), illustrating the weakly damped
entropy-mode regime.

through a cylindrical lens). A two-dimensional extension
of this concept, in which the second imprint beam passes
through a spherical lens, can be used to generate a gaseous
holographic lens, as has recently been demonstrated by our
team [19].

In Fig. 5(a), we show a simulation for the acoustic
mode or entropy-mode regime (region 1 in Fig. 1), with

() 2 — pilpo
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- -
= — -
T o -
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FIG. 5. PIAFS simulations of a chirped grating, showing the gas
density modulation as a function of space and time. The imprint
beam has the same chirped intensity modulation along x for
both cases, /(x) o< 1 + cos[Kx(1 + 0.05x)] with A =27/K =
30 wm. The acoustic period used for the time-axis normalization
is defined with respect to the modulation period at x = 0, i.e.,
Tae = A/Cs. (@) T = 10 ns, Q,.t = 0.63: acoustic and entropy
modes are both present, leading to reduced contrast at any given
time and rapid washing out of the grating. (b) T = 100 ns,
Q.7 = 6.3: the isolated entropy mode, showing a clean grating
without acoustic transients.

T = 10 ns and 7, = 0.63 (with 2,. defined at x = 0).
Since the acoustic period varies along x, there is no sin-
gle time at which the contrast of the grating is uniform
along x, thereby reducing the diffraction efficiency. While
the imprint-beam pattern is visible at early times (near
t = 0.257,.), it exhibits a nonuniform contrast along x and
becomes rapidly disrupted and washed out at later times as
a broad spectrum of acoustic waves propagate through the
gas.

On the other hand, Fig. 5(b) illustrates the density mod-
ulation of a chirped grating generated while isolating the
entropy mode, with 7 = 100 ns and ,.t = 6.3. This was
achieved by increasing the imprint-beam duration, keeping
all other parameters the same. In this case, a clean uniform
grating is formed that precisely matches the imprint-beam
pattern.

This approach can similarly be applied to other
diffractive-optics elements, particularly holographic lenses,
the index-modulation pattern of which essentially corre-
sponds to a chirped grating along the radial direction [20].

VI. CONCLUSIONS

We have introduced and demonstrated a method for gen-
erating gaseous-diffractive-optics elements by imprinting
a diffraction pattern in the gas density through the excita-
tion of entropy modes, while suppressing transient acoustic
modes. This approach enables the control of the lifetime
and temporal behavior of these optical elements, as shown
via theory, simulations, and experiments. This scheme has
the potential to enable the imprinting of arbitrary structures
in gases with improved contrast, facilitating the devel-
opment of innovative gaseous elements such as chirped
gratings or diffractive lenses.
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