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We demonstrate efficient diffraction of intense ultrashort laser pulses using optical-field-ionization-
induced plasma-neutral gratings formed by spatially structured ionization of a neutral molecular gas in the
interference field of two femtosecond pump pulses. The transient refractive index modulation of the
plasma structure persists for at least 10 ps and is used to diffract intense femtosecond signal pulses into
the first order of diffraction with an average efficiency of up to 35%. Plasma gratings are shown to provide
stable diffraction at signal laser intensities greater than 1014 W=cm2, exceeding the damage thresholds of
conventional solid-state optics by more than two orders of magnitude, continuously for at least one hour at
a 10-Hz repetition rate. The experimental diffraction efficiency scales with the grating aperture allowing
for a larger millimeter-scale plasma optic, increases with the pump energy and electron density, and
reaches a maximum at a specific grating length in agreement with the coupled-mode theory for periodic
media. These results demonstrate the scalability, tunability, and high damage threshold of transmissive
plasma-based photonic structures, opening new prospects for controlling multi-petawatt laser beams.
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I. INTRODUCTION

Ultraintense lasers reaching multi-petawatt peak powers
are driving laser-based particle acceleration, high-energy
photon sources, inertial fusion energy, and new regimes of
nonlinear quantum electrodynamics [1–12]. However,
further increases in peak laser power and intensity are
constrained by laser-induced damage of solid-state optical
components, which is difficult to mitigate due to the
inherently stochastic spatial and temporal structure of
high-power laser beams [13,14].
In contrast to conventional solid-state transmissive

optics, where discrete quantum resonances of bound
charges dominate the optical response and functionality,
and the optical damage by pulsed lasers at high laser
fluences is primarily due to ionization of the optical
material, transient plasma-based optics make use of the
collective response of already ionized free electrons

created by laser-induced ionization in gases, liquids, or
solids. Plasma structures can withstand higher intensities
without degradation, allowing plasma-based optical com-
ponents to be reduced in size from meters to millimeters
for petawatt beams. The optical response of plasma
electrons is intrinsically ultrafast and broadband [15], as
it is largely determined by the plasma frequency, which
depends on the free electron density and is therefore not
restricted to specific wavelengths defined by quantum
resonances [16]. By tailoring the electron density,
plasma-based optical components can be engineered for
high-power lasers across a wide spectral range from near-
infrared petawatt [1–6,8] to mid-infrared multi-terawatt
systems [17], ultrabroadband multicolor waveforms [7,18],
and extreme-ultraviolet and x-ray sources [19–22]. In
addition, the plasma-optic medium renews with each laser
pulse; therefore, damage does not accumulate even at high
repetition rates.
Recent advances in plasma optics include ultrafast

optical switches for temporal contrast cleaning [23,24],
relativistic plasma mirrors for high-energy photon sources
[25–39] and for on-target diagnostics of intense ultrashort
pulses [40], plasma waveplates [41,42], optical-field-
ionization waveguides for laser wakefield acceleration
[43–47], compressor gratings for chirped-pulse amplifica-
tion [48–52], and holographic diffractive lenses [53,54],
highlighting plasma optics as a rapidly developing area in
high-power laser science and technology.
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The formation of transient laser-induced plasma struc-
tures can be governed by either ponderomotive density
modulation in ionized plasmas [49,55,56] or spatially
varying ionization in a neutral gas [24,57–61]. Here, we
focus on the latter mechanism, where spatially periodic
optical field ionization creates a refractive index modulation
between plasma and neutral gas regions. In our experiments,
thick plasma-neutral gratings operate in the Bragg regime,
where most of the incident energy is diffracted into the first
order at the Bragg angle, defined by the criterion ρ ≫ 1,
with ρ ¼ λ2=ðΛ2n0n1Þ, where λ is the incident wavelength,
Λ is the grating period, n0 is the mean refractive index, and
n1 is the amplitude of the fundamental refractive index
modulation for a sinusoidal grating [62].
The highest reported diffraction efficiency from femto-

second optical field ionization gratings in a neutral gas was
approximately 19%, achieved with 100 fs ultraviolet
(267 nm) pulses producing peak electron densities of
approximately 1019 cm−3 in air [58]. Plasma-neutral gra-
tings have also been generated through collisional ioniza-
tion with longer picosecond pulses, yielding average
efficiencies up to 36% using 1064 nm, 120 ps,
< 250 mJ pump pulses that produced plasma densities
approaching 1.5 × 1019 cm−3 in an argon-cluster jet to
diffract a 3.9 μm signal beam [63]. Higher diffraction
efficiency is expected for longer signal wavelengths due to
the inverse-square scaling of the critical plasma density
with the signal beam wavelength. The plasma refractive
index is nplasma ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − Ne=Nc

p
, where Ne is the electron

density and Nc ¼ ϵ0meω
2
0=e

2 ∝ 1=λ20 is the critical plasma
density. The resulting increase in refractive index contrast
between plasma and neutral regions, combined with an
optimal grating length, can enhance the diffraction effi-
ciency for longer signal wavelengths.
Here, we demonstrate high diffraction efficiency of field-

ionized plasma-neutral gratings over a range of grating
parameters. Using near-IR (800 nm), 29 fs pump pulses
with mJ-level energies, we generate ionization gratings
with peak electron densities of only approximately
4 × 1017 cm−3, which is more than an order of magnitude
lower than in previous studies [58,63], while achieving a
maximum average diffraction efficiency of 35%. We
systematically investigate how the diffraction efficiency
scales with key grating parameters including transverse size,
length, and electron density. Millimeter-scale gratings are
shown to sustain diffracted signal intensities up to
2.4 × 1014 W=cm2, demonstrating potential for scalable
beam control in multi-petawatt laser systems.

II. EXPERIMENTAL SETUP

A plasma-neutral grating is generated by spatially and
temporally overlapping two femtosecond pump beams in a
neutral gas. A schematic of the experimental setup at
Princeton is shown in Fig. 1(a). The pump and signal

beams are obtained from a 20-TW Ti:Sapphire laser
(Princeton Pulsar 20 TW, Amplitude; central wavelength
λ0 ¼ 800 nm, pulse duration τ ¼ 25 fs, 10-Hz repetition
rate). Two s-polarized pump beams (pump A and pump B)
propagate in the xz plane and intersect at a full crossing
angle of θp ¼ 3° at the center of a CO2 filled gas cell inside
a vacuum chamber, forming a grating with period
Λ ¼ 15.3 μm. The pump pulse duration was measured
after compression and used to estimate the pulse durations
of pumps A and B at the gas cell, taking into account the
dispersion introduced by transmissive optics along the
pump-beam paths. Optical pulse dispersion was fine tuned
by a programmable dispersive filter (acousto-optic modu-
lator Dazzler, Fastlite). This yielded an average FWHM
intensity duration of τp ¼ 29� 4 fs for pumps A and B at
the gas cell. Laser input and output apertures in the cell are

FIG. 1. (a) Schematic of the plasma grating experimental setup.
Key components: iris (IS), beamsplitter (BS), D-shaped pick-off
mirror for a plasma diagnostic probe (D), automated beam
shutter (AS), motorized delay stage (DS), neutral density filter
(ND), periscope (PS1, PS2, PS3), lens (L), gas cell (GC),
vacuum chamber (VC), linear polarizer (Pol), and Teflon
scattering screen (TS). Camera P images the pump and signal
beam scattering from the Teflon screen to measure the diffraction
efficiency, camera S is used for plasma grating shadowgraphy,
and camera G for interferometric measurements of the electron
density. (b–g) Beam profiles at the gas cell: small-aperture
grating—(b) signal, (c) pump A, (d) pump B; large-aperture
grating—(e) signal, (f) pump A, and (g) pump B.
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formed by ablating 50-μm-thick steel foils mounted on the
gas cell walls, while maintaining a residual CO2 pressure
of 1–6 mbar. After the grating is formed, a high-power
signal beam is focused onto the grating at the Bragg angle
of incidence:

θB ¼ arcsin
�
λ0
2Λ

�
; (1)

where Λ ¼ λ1=ð2 sin ðθp=2ÞÞ is the plasma grating period,
λ0 is the central wavelength of the signal beam, and λ1 is the
central wavelength of the pumps. For λ0 ¼ λ1 ¼ 800 nm,
the Bragg angle is θB ¼ 1.5°, equal to half the pump
crossing angle. The signal beam is p-polarized to avoid
interference with the pump beams. The signal duration at
the gas cell is τs ¼ 41� 8 fs, derived from pulse duration
measurements at the compressor taking into account the
dispersion in transmissive optics. Signal and pump-beam
profiles at the gas cell are shown in Figs. 1(b)–1(d) for the
small-aperture grating and Figs. 1(e)–1(g) for the large-
aperture grating. After propagation through the gas cell, the
undiffracted signal, diffracted signal, and residual pump
beams are incident on a Teflon scattering screen (TS), which
is imaged with a high dynamic range camera P [Fig. 1(a)].
Beam profiles recorded with camera P are used to determine
the absolute diffraction efficiency η, defined as the ratio of
the diffracted signal counts to the total transmitted signal
counts through the gas cell. Absorption of the signal beam
in the grating is negligible at studied laser intensities and
does not significantly affect the transmission. The diffrac-
tion efficiency of the signal beam is measured as a function
of the grating dimensions, pump-beam energy, electron
density Ne, and signal beam energy.

A. Beam geometry for small- and
large-aperture gratings

Experimental configurations used for grating scalability
studies are shown in Fig. 2. Two plasma gratings of different
transverse apertures D were generated and characterized:
(1) a small-aperture grating [Figs. 2(a) and 2(c)] with D ¼
23 μm generated at the pump focal plane (zf;pumps ¼ 0), and
(2) a large-aperture grating [Figs. 2(b) and 2(d)] with D ¼
98 μm (4.3 × larger) generated 2 cm before the pump focus
(zf;pumps ¼ 2 cm), beyond the pump Rayleigh length. The
apertureDwas defined as the distance between sharp edges
of the transverse electron density profiles, shown by the
gray shaded regions in Figs. 3(c) and 3(d). The parameter
zf;pumps in Fig. 2 denotes the position of the pump-beam
focus relative to the center of the gas cell (z ¼ 0).
For the small-aperture configuration [Fig. 2(a)], pump A

and pump B propagate in the x − z plane and intersect at
their waists at zf;pumps ¼ 0 with a residual CO2 pressure of
approximately 6.0 mbar. The signal beam (15-mm diam-
eter before focusing) is collinear with pump A and diffracts

in the xz plane. After the gas cell, the beams are incident
onto a Teflon scattering screen (TS) imaged by camera P
[Fig. 1(a)]. For the small-aperture grating setup with in-
plane diffraction, a linear polarizer labeled Pol in Fig. 1(a)
was placed before the Teflon scattering screen to filter out
the residual pump beams since the signal beam was not
spatially separated in this configuration. The polarizer was
omitted in the large-aperture configuration because the
diffracted signal beam was spatially separated as a result of
the signal beam being directed out of the horizontal xz
plane. The undiffracted and diffracted signal beam profiles
on TS are shown in Fig. 2(a), with the diffracted beam
highlighted by the black box after subtraction of the
residual pump-beam background.
For the large-aperture configuration [Fig. 2(b)], the

pump beams intersect 2 cm upstream of their foci
(zf;pumps ¼ 2 cm). The signal beam is directed out of the
xz plane by the first periscope [PS1 in Fig. 1(a)] and
aligned vertically co-planar with Pump A in the yz plane
with azimuthal angle θB. It is incident with a downward
angle of approximately 2° introduced by a second peri-
scope [PS2 in Fig. 1(a)] to spatially separate the undif-
fracted and diffracted signal beams after interaction with
the grating. The residual CO2 pressure was maintained at
approximately 1.4 mbar. This lower pressure was selected
to minimize laser filamentation and supercontinuum gen-
eration at higher beam energies while maintaining electron
densities comparable to those obtained with the small-
aperature configuration. The diffracted signal beam is
outlined by a black box on the Teflon scattering screen
behind the gas cell in Fig. 2(b). The signal beam diameter
is increased to 19 mm before focusing to enable higher
signal energies for damage-threshold measurements. The
pump interference pattern at z ¼ 0 is recorded on a camera
placed directly at the pumps intersection at alignment
power and is shown in the left corner of Figs. 2(a) and 2(b).
A weaker diagnostic probe beam propagating along the y
axis transversely through the plasma grating is used for
shadowgraphy using camera S [Fig. 1(a)], and interfero-
metric electron density measurements via plasma-induced
phase shifts using a folded Mach-Zehnder interferometer
[64] with the grating located outside of the interferometer
arms. Plasma grating shadowgraphs and top-view sche-
matics of the pump beam crossing inside the gas cell for
the two configurations are shown in Figs. 2(c) and 2(d).
Fourier transform analysis of the interferogram recorded
by camera G [Fig. 1(a)] is used to extract the electron
density profiles of the grating, shown in Fig. 3.

III. SCALABILITY AND PARAMETER
DEPENDENCE OF DIFFRACTION EFFICIENCY

An ideal Bragg grating can reach 100% diffraction
efficiency [62]. However, for focused ultrashort-pulse
beams, the spectral bandwidth of the signal and its angular
divergence reduce the diffraction efficiency. The resulting
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diffraction efficiency (%) can be described using coupled-
mode theory [65] as

ηðLÞ ¼ 100% × κ2

κ2 þ ðΔα
2
Þ2 sin

2

�
κL

�
1þ

�
Δα
2κ

�
2
�1

2

�
; (2)

where κ¼πn1=ðλcosθBÞ and Δα¼2πn0ðcosθ2−cosθ1Þ=λ.
Here, θ1 and θ2 are the signal incidence and diffraction
angles, λ is the wavelength of a spectral component
within the signal’s bandwidth, n0 is the average refractive
index (n0 ≈ 1), L is the grating length, n1 ¼ n0 − nplasma

is the amplitude of the fundamental Fourier component of
the refractive index modulation, and κL is the grating
coupling strength [65]. Single-shot Mach-Zehnder inter-
ferometry measurements yield peak electron densities

between 1 × 1017 and 5 × 1017 cm−3. Single-shot electron
density profiles reconstructed from interferometric phase
maps are shown for the small- and large-aperture gratings in
Figs. 3(a) and 3(b), with corresponding vertical lineouts
in Figs. 3(c) and 3(d), demonstrating well-defined
periodic grating structures with apertures D ¼ 23 μm and
D ¼ 98 μm.

A. Dependence of diffraction
efficiency on grating length

The diffraction efficiency η was first characterized as a
function of the grating length L, controlled by varying the
distance between the walls of the gas cell. The measured
efficiencies for the small-aperture grating are shown in
Fig. 4(a) (gray circles denote single shots, red circles

FIG. 2. (a) The beam geometry inside the gas cell is shown for the small-aperture grating with pump beams focused at the center of
the gas cell at zf;pumps ¼ 0 and the signal beam co-linear with pump A. The transverse interference pattern is shown to the left of the GC.
The image of the Teflon scattering screen after the gas cell is shown after subtracting out the residual pump beams with the diffracted
beam outlined by the black square. (b) The beam geometry for the large-aperture grating with pump beams focused at zf;pumps ¼ 2 cm
after the center of the gas cell with the signal beam directly above pump A angled downward onto the grating. The diffracted signal
beam is outlined by the black square. The red arrows indicate the beams’ propagation after the gas cell (optics after the gas cell are not
depicted). The interference pattern of the pump beams is shown in both (a),(b) at z ¼ 0. The top-down view of the pump beams crossing
inside the gas cell is shown for the (c) small- and (d) large-aperture grating. Blue arrow denotes direction of gas flow from nozzle. Insets
above (c),(d) show corresponding shadowgraphs.
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denote averages), reaching a maximum average efficiency
of 35% and a maximum single-shot efficiency of 48% at
L ¼ 1.78 mm. For the large-aperture grating, [Fig. 4(b)]
the maximum average efficiency is 28% and the maximum
single-shot efficiency is 34% at L ¼ 2.41 mm. In both
configurations, the efficiency peaks at an optimal grating
length and decreases for both shorter and longer gratings.
The solid lines in Figs. 4(a) and 4(b) show theoretical

efficiencies obtained by numerically integrating Eq. (2) for
plasma densities between 1 × 1017 and 5 × 1017 cm−3,
accounting for deviations from the ideal Bragg condition
due to the signal beam divergence (Δθ1 ¼ �0.43° and
�0.54° for the small- and large-aperture gratings, respec-
tively) and pulse spectral bandwidthΔλ ¼ 0.1λ0 ¼ 80 nm.
The dotted lines represent fits of Eq. (2) to the exper-
imental data with the electron density Ne as a free
parameter, yielding 4.9 × 1017 and 3.9 × 1017 cm−3 for
the small- and large-aperture gratings, respectively.
The lower efficiency of the large-aperture grating can be

attributed to several factors. First, the larger diameter of
the signal beam (19 vs 15 mm), used to increase the signal
energy for damage-threshold measurements of the large-
aperture configuration, increases the angular spread at
focus (f-number f=53 vs f=67 for f ¼ 1000 mm lens),
leading to greater deviation from the Bragg condition.
Second, transverse nonuniformities in the spatial profiles
of the pump beams, which, for the large-aperture grating,

intersect in their near-field regions before their waists,
introduce spatial variations in the interference pattern. To
quantify this effect, we estimate the transverse variation in
the peak electron density at the interference fringes from
the measured pump-beam interference intensity profile.
These variations produce localized regions of higher and
lower electron density in the fringes across the grating
aperture, resulting in a spatially varying grating strength
and phase-matching condition. For example, for a propa-
gation length of L ¼ 3 mm, a uniform grating with a
consistent peak electron density at the interference fringes
of 4.2 × 1017 cm−3 yields a calculated diffraction effi-
ciency of 26%, whereas a grating with consistent peak
electron density of 1.6 × 1017 cm−3 yields an efficiency of
9%. Both electron density values were obtained from the
estimated peak fringe electron densities previously men-
tioned and is shown in Appendix. Thus, the transverse
variation in peak electron density across the large-aperture
configuration can locally reduce the grating strength,

FIG. 3. Spatial distributions of electron density in the (a) small-
and (b) large-aperture plasma grating retrieved by two-
dimensional Fourier transform analysis of the plasma-induced
phase shift in the interferogram obtained with the folded Mach-
Zehnder interferometer. Lineouts of the electron density at
z ¼ 0.09 mm (small-aperture) and z ¼ 0.14 mm (large-aperture)
are shown in (c),(d), respectively. The gray shaded regions
indicate the grating apertures, D ¼ 23 μm and D ¼ 98 μm.

FIG. 4. Experimental (circles) and theoretical (lines) diffrac-
tion efficiency versus grating length for the (a) small- and
(b) large-aperture gratings. Red circles show measured average
efficiency with black error bars indicating the standard deviation
(SD), and gray circles show single-shot efficiencies. The dotted
black line is a best-fit obtained by numerical integration of
Eq. (2), including Bragg condition mismatch from angular and
spectral bandwidths, with the electron density as a free param-
eter. The fit yields average electron densities of 4.9 × 1017 and
3.9 × 1017 cm−3 for the small- and large-aperture gratings,
respectively.
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contributing to the lower measured diffraction efficiency.
Lastly, the average peak plasma density is lower for the
large-aperture grating, further reducing the overall grating
strength.

B. Dependence of diffraction efficiency on pump
intensity and electron density

The dependence of the diffraction efficiency η on the
pump intensity and corresponding electron density Ne,
measured with interferometry, was investigated by vary-
ing the pump energy for the large-aperture grating. The
pump intensity is defined as the average intensity of
the interference pattern formed by the two pump beams.
The individual pump intensities are estimated as
IA;B ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4 ln 2=π
p

WA;B=ðAA;B · τpÞ, where WA;B and AA;B

are the pulse energies and beam cross-sectional areas,

respectively. The spatial profiles and cross-sectional
areas of the pump beams and their interference pattern
at the position of the plasma grating were estimated from
low-energy beam profiles recorded directly on a CCD, as
shown in Figs. 1(f), 1(g), and 2(b). Figure 5(a) shows
monotonic increase of diffraction efficiency and electron
density with increasing pump intensity, and Fig. 5(b)
shows the measured diffraction efficiency as a function of
the measured electron density along with the calculated
efficiency (dotted line) using Eq. (2) for a grating length
L ¼ 2.67 mm, taking into account the Bragg condition
mismatch due to finite spectral bandwidth, Δλ ¼ 80 nm,
and angular divergence (Δθ1 ¼ �0.54° about θB ¼ 1.5°),
corresponding to a signal beam of 19 mm diameter
incident on an f ¼ 1000 mm lens. These results indicate
that higher diffraction efficiencies can be achieved at
higher electron densities, corresponding to larger refrac-
tive index modulation amplitudes.

C. Intensity tolerance of plasma gratings

To study the signal-intensity tolerance of the plasma-
neutral grating, the signal beam energy was varied from
0.92 to 8.5 mJ using neutral density filters (ND in Fig. 1).
The signal intensity is estimated as I ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4 ln 2=π
p

Ws=
ðAsτsÞ, where Ws is the signal beam energy and As is the
cross-sectional area of the signal beam. The spatial profile
[Fig. 1(e)] and cross-sectional area of the signal beam were
recorded directly on a CCD placed at the position of the
plasma grating with an attenuated signal beam. The peak
signal intensities at the plasma grating varied from approx-
imately 3.2 × 1013 to 2.4 × 1014 W=cm2 (Fig. 6). Across

FIG. 5. (a) Average diffraction efficiency (blue circles) and
electron density (red triangles) as a function of pump intensity
for grating length L ¼ 2.67 mm. Blue and red shaded regions
indicate the standard deviation (SD) over 400 single shots
(efficiency) and 100 single shots (electron density), respectively.
Horizontal error bars show the standard deviation of the average
intensity of the interference pattern formed by the two pump
beams. (b) Average diffraction efficiency as a function of
electron density, controlled by varying the pump energy. Red
circles show the average experimental η for L ¼ 2.67 mm with
error bars corresponding to one standard deviation over 100
single shots. The red dotted line shows the theoretical prediction
calculated using Δλ ¼ 80 nm and Δθ1 ¼ �0.54° in Eq. (2).

FIG. 6. (a) Diffraction efficiency and (b) electron density
dependence on signal beam intensity for grating length L ¼
2.67 mm averaged over 100 single shots. The blue circles show
average diffraction efficiency, and red triangles show average
electron density. Shaded area indicates the standard deviation
over 100 single shots, and horizontal error bars indicate the
standard deviation of signal intensity.
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this range of signal intensities, the diffraction efficiency
decreased by less than 1% [Fig. 6(a)], indicating no
measurable degradation of the grating on the interaction
timescale. The average peak electron density increased by
38%, from 2.6 × 1017 to 3.6 × 1017 cm−3 [Fig. 6(b)]. These
results indicate weak signal-induced ionization without
measurable degradation of grating performance. Long-term
stability was further evaluated by continuous operation for
1 hour at 10-Hz pulse repetition rate, during which the
diffraction efficiency fluctuated by 2% (standard deviation)
with no systematic decrease.

IV. PLASMA GRATING LIFETIMES

The lifetime of the ionization-induced refractive index
modulation sets the operational time window of plasma-
neutral gratings for high-intensity and multi-petawatt laser
applications. The evolution and lifetime of the transient
plasma-neutral grating were characterized by scanning a
temporal delay of the signal pulse relative to the pump
pulses, denoted by Δtsignal, and monitoring the diffraction
efficiency of the signal. In molecular gases, such as CO2

used in this work, both collisional electron recombination
and diffusion contribute to the degradation of the grating
structure [57,59,66]. In collisional electron recombination,
the electron recombines with the parent carbon dioxide ion
with the assistance of a second CO2 molecule, which acts
as a third body to carry away excess energy and momen-
tum: e− þ COþ

2 þ CO2 → CO2 þ CO2 [57]. The plasma
can also decay through ambipolar diffusion, in which the
higher mobility of free electrons causes them to diffuse
from the ionized regions toward the surrounding neutral
regions due to the thermal pressure [59]. This initial charge
separation generates an electric field that couples the
electron and ion motion, driving the heavier ions in the
same direction. Consequently, both electrons and ions
diffuse away from the initially ionized regions toward the
adjacent neutral regions, progressively smoothing the
spatial electron density modulation. As this diffusion
continues, the amplitude of the density modulation
decreases until the plasma grating is effectively washed
out [59]. The plasma structure decay also depends on
the grating period. Smaller periods accelerate washout
of the refractive index modulation, and the grating life-
time becomes shorter than the characteristic electron
recombination time and is therefore primarily diffusion-
limited [66].
In this work, the plasma grating structure remained

stable without significant degradation for tens of pico-
seconds in both small- and large-aperture configurations,
as is demonstrated by the pump-signal delay scans of the
diffraction efficiency shown in Figs. 7(a) and 7(b), where
gray circles denote 100 single-shot measurements at each
delay and red circles show the averages. Zero delay
corresponds to the maximum temporal overlap between
the signal and pump pulses. Positive signal delay indicates

the signal pulse arriving later in time relative to the pump
pulses. Exponential fits to the data yield 1=e lifetimes of
τ1=e ¼ 17 ps and τ1=e ¼ 68 ps for the small- and large-
aperture gratings, respectively. The longer lifetime and
slower switch-on time of the large-aperture grating may
arise from spatial-temporal coupling where the interfer-
ence, produced by the pump beams in their near-fields, has
a larger effective interaction region. In contrast, the
interference pattern for the small-aperture grating is more
tightly confined in space and time, resulting in faster
switch-on and decay outside the temporal overlap. The
observed picosecond-scale lifetimes of the refractive index
modulation in the plasma grating structures support
efficient diffraction of ultrashort pulses.

V. CONCLUSION

To summarize, we used the basic physics of strong-field
light-matter interaction to create reconfigurable plasma-
based photonic structures in a neutral gas for controllable
diffraction of high-intensity ultrashort laser pulses and
characterized their performance and scalability. The dif-
fraction efficiency of the plasma gratings was measured as

FIG. 7. Diffraction efficiency as a function of the pump-signal
delay Δtsignal for the (a) small- and (b) large-aperture grating.
Gray circles show each of the 100 single shots taken at each
signal delay, and red circles show the average of each burst of
100 individual shots. The shaded blue region indicates one
standard deviation. Maximum single-shot diffraction efficiency
for the small- and large-aperture gratings is 33% and 16%,
respectively. Inset plots show grating switch-on behavior
immediately after Δtsignal ¼ 0.

EXPERIMENTAL SCALING OF DIFFRACTION... PHYS. REV. APPLIED 26, 054022 (2026)

054022-7



a function of grating dimensions, pump laser intensity,
electron density, and diffracted signal intensity. Two
configurations were under study: a small-aperture grating,
formed by the focused pump beams crossing at their
waists, achieving up to 35% average diffraction efficiency,
and a larger aperture grating formed by the pump beams
crossing before their waists, capable of diffracting higher-
energy signal pulses with average efficiencies up to 28%.
For both configurations, the diffraction efficiency was
optimal at a specific grating length in agreement with the
coupled-mode theory for Bragg diffraction. The grating
lifetime, measured by scanning the pump-signal delay, is
on the order of 10 ps, which is long enough to control
ultrashort pulses. We observed stable continuous operation
of plasma gratings at signal laser intensities of up to
2.4 × 1014W=cm2 (fluence ≈ 10.3 J=cm2), substantially
exceeding the damage threshold of solid-state optics.
The efficiency and stability of large-aperture gratings
demonstrate the scalability of plasma gratings for appli-
cations requiring larger plasma optic sizes such as a
diffractive plasma lens or plasma grating for higher-energy
lasers. Further improvements in diffraction efficiency can
be achieved through laser beam pointing stabilization,
correction of pump wavefront aberrations using adaptive
optics, reduction of Bragg condition mismatch, and opti-
mization of the grating coupling strength κL. These results
demonstrate the feasibility of transient plasma photonic
structures as scalable optical components for integration
into multi-petawatt laser facilities. In particular, their
millimeter-scale size, high damage tolerance, regenerative
operation, and ultrafast switch-on dynamics make them
promising candidates for final-stage or near-final-stage
beam manipulation including plasma-based compressor
gratings, optical gating for temporal contrast cleaning, and
robust beam steering. The use of a gaseous, transient
medium further allows the optical structure to be regen-
erated on each shot, offering a potential pathway toward
high-intensity optical components that can operate beyond
the limitations of conventional solid-state optics.
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APPENDIX: EFFECT OF ELECTRON DENSITY
NONUNIFORMITIES ON DIFFRACTION

EFFICIENCY FOR THE LARGE-APERTURE
GRATING

Since the large-aperture grating is formed in the near
field of the pumps, spatial nonuniformities in the pump
intensity can lead to transverse variations in the electron
density and consequently affect the diffraction efficiency.
Although an exact experimental determination of the
transverse electron density uniformity is not possible
because the interferometric measurement provides an
integrated electron density signal and the transverse
pump-beam interference pattern was characterized at
reduced alignment power, we perform an approximate
quantitative analysis to estimate the effect of transverse
electron density nonuniformity on the diffraction effi-
ciency of the large-aperture grating. Specifically, we use
a simplified ADK tunneling ionization model [67] for
single ionization of CO2 to obtain an approximate two-
dimensional transverse electron density distribution from
the measured pump-beam interference intensity distribu-
tion shown in Fig. 2(b). The local ionization rate is
integrated over the pump pulse duration to obtain the
corresponding ionization probability and electron density.
We then extract the electron density maxima from a
transverse lineout of the calculated density distribution
along the center of the interference pattern for a signal
beam incident at the center of the grating. The two-
dimensional spatial distribution of the estimated electron
density is shown in Fig. 8(a), and the transverse lineout is
shown in Fig. 8(b). The lineout contains 9 distinct electron
density peaks with Ne > 1 × 1017 cm−3. Each of these 9
peak electron densities was used to calculate the diffrac-
tion efficiency with the coupled-wave model while main-
taining the experimentally relevant grating period, spectral
and angular bandwidths, and propagation length. This
procedure provides an estimate of the diffraction efficiency
associated with each fringe as if it was part of an otherwise
ideal grating with uniform electron density across the
transverse aperture. A signal beam propagating through
the nonuniform grating would experience a combination of
these electron densities, and its diffraction efficiency
would therefore reflect their cumulative effect. The cor-
responding diffraction efficiencies calculated for the 9
peak electron densities, along with that for the average
experimental electron density, are shown in Fig. 9. Each
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electron density peak in the lineout represents an individ-
ual plasma grating fringe.
The calculation shows that transverse density variations

can substantially reduce the diffraction efficiency over the
full grating length. Localized regions with relatively high
electron density can produce high diffraction efficiency
over short propagation distances, but subsequently lose
phase matching as the signal beam propagates through the
grating, causing the efficiency to decrease. For example,
for a grating length of L ¼ 3 mm, an ideal grating with a
uniform electron density of 4.2 × 1017 cm−3 yields a
calculated diffraction efficiency of 26%, whereas an
electron density of 1.6 × 1017 cm−3 yields an efficiency
of 9%. The range of densities obtained from the transverse
lineout therefore corresponds to substantial variations in
the expected diffraction efficiency. The net effect of the
nonuniform fringe electron densities is expected to pro-
duce a lower diffraction efficiency for some grating
lengths than that predicted for an ideal grating with a

uniform electron density. This estimated reduction is
consistent with the experimental results in Fig. 4(b), where
the measured average diffraction efficiency for the large-
aperture L ¼ 3 mm grating is lower than the value
predicted by the best-fit uniform-density model.
In the actual grating, the signal beam propagates

through multiple fringes with different electron densities
as it traverses the grating. Consequently, the diffracted
signal is determined by the cumulative effect of the
spatially varying plasma density rather than by the effi-
ciency of any single idealized fringe. Thus, the reduced
diffraction efficiency calculated for the range of fringe
densities provides a plausible explanation for the lower
efficiency observed in the large-aperture configuration
compared with the idealized uniform-density model.
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