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Slow and fast light, or large changes in the group velocity of light, have been observed in a range
of optical media, but the fine optical control necessary to induce an observable effect has not been
achieved in a plasma. Here, we describe how the ion-acoustic response in a fully-ionized plasma can
produce large and measurable changes in the group velocity of light. We show the first experimental
demonstration of slow and fast light in a plasma, measuring group velocities between 0.12c and
-0.34c.

Extreme manipulation of the group velocity of light in
optical media produces “fast” and “slow” light, where
pulses propagate superluminally or slow to an almost
complete stop [1, 2]. Both phenomena have been found
in a variety of media, including atomic gases [3, 4], pho-
torefractive crystals [5], and optical fibers [6, 7]. The
nonlinear optical properties of plasma are important
for high-energy laser experiments in high-energy den-
sity physics and inertial confinement fusion, where, for
example, plasma-mediated energy transfer predicted by
linear theory is used to tune implosion symmetry [8, 9].
Additionally, plasma-based replacements for a range of
standard optical components allowed the manipulation
of light at extreme fluences[10]. Plasma optics include
plasma mirrors, now a standard method for improving
temporal contrast[11, 12]; plasma gratings, which redi-
rect light or combine multiple laser beams[13–15]; para-
metric plasma amplifiers for reaching extreme laser in-
tensities [16–18]; and plasma-based manipulation of po-
larization at high flux[19–22]. Efforts have also been
made to manipulate the phase [23] and group [24] ve-
locity of light in plasma, including focusing-driven focal-
spot control [25–27], but experimental demonstrations of
plasma-driven group-velocity modification have been lim-
ited to small variations (0.005c), achieved in photon de-
celeration studies[28, 29]. The fine control over laser and
plasma properties required for significant modification of
the group velocity via optical wave mixing has kept mea-
surement of fast and slow light in plasma elusive.
In this letter, we report the first experimental demon-

stration of slow and fast light in plasma with order of
magnitude changes in the group velocity. We used wave-
length detuning between a pump and a probe laser to
control the ion-acoustic plasma response and tailor the
refractive index experienced by the probe beam. The lin-
ear theory of optical wave mixing in plasma predicts mea-
surable changes in group velocity near the ion-acoustic
resonances. The group velocity is sensitive to devia-
tions of the plasma distribution function from an ide-
alized Maxwellian, and our experimental confirmation of
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FIG. 1. Group velocity modification in plasma. a,

Schematic of the wave-mixing arrangement, with inset graph
showing ion-wave response. b, The real and imaginary com-
ponents of the nonlinear refractive index as a function of
the frequency separation between pump and probe: ∆ω =
ω1 − ω0. c, The corresponding group index and group veloc-
ity.

the presence of slow light is a more stringent test of the
linear theory than would be possible by measuring only
gain. Our results characterize the accuracy of linear the-
ory while showing that the measurement of slow light
could be used to characterize distribution functions in-
side plasmas and study kinetic effects.
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FIG. 2. Experiment schematic. The probe and pump beams interact in a plasma formed by the pump. a, Thomson
scattering of pump beam used to measure density and temperature. b, CCD measures probe focal spot and spatial distribution
of gain. c, Streak camera gives relative timing between probe polarization components and gain. d, Incident probe is linearly
polarized with H and V components. e, Plasma introduces delay in probe H component. f, Wollaston prism separates the
polarization components. g, Pump beam is polarized in the horizontal plane.

The theory of slow and fast light is well-established
for gases, crystals and fibers[2]. To derive an equivalent
theory for plasma, we note that for small probe amplitude
the pump (frequency ω0, wavenumber k0) is unaffected
by the probe (ω1, k1) and that the refractive index (n)
experienced by the probe is the sum of linear (n0) and
nonlinear (nnl) contributions:

n = n0 + nnl, (1)

where n0 =
√

1− ω2
pe/ω

2
1 for electron plasma frequency

ωpe. The nonlinear component results from the steady-
state plasma response to ponderomotive forcing by the
pump-probe interference beat wave (ωb = ω0 − ω1, kb =
k0 − k1), as illustrated in Fig. 1a. The non-linear con-
tribution can be expressed in terms of electron and ion
susceptibilities (χe and χi) [19, 30]:

nnl = n0

[

χe(1 + χi)

1 + χe + χi

]

∗

ωb,kb

k2b
8k21

J0 cos
2 ψ, (2)

where J0 = 0.731 × 10−18I0,[W/cm2]λ
2
0,[µm] for vacuum

pump wavelength λ0 = 2π/k0 and ψ is the angle between
k0 and k1. The susceptibilities are given by:

χα =
4πq2α
k2bmα

∫

kb ·
∂fα/∂v

ωb − kb · v
d3v, (3)

where qα, mα and fα(v) are the charge, mass, and ve-
locity distribution function of the electrons (α = e)

or ions (α = i). If the velocity distributions are
Maxwellian, then the susceptibilities can be expressed
in terms of the plasma dispersion function Z,[31] as

χα = − 1
2 (kbλDα)

−2Z ′[ωb/(
√
2kbvTα

)], where λDα is the

Debye length, Z ′ = dZ/dv, and vTα =
√

Tα/mα is the
thermal velocity with Tα the temperature.
The real and imaginary components of nnl—connected

via the Kramers-Kronig relations [32]—are plotted in
Fig. 1b. The imaginary part of nnl corresponds to an ex-
ponential growth or decay of the probe amplitude along
its propagation direction due to energy exchange with
the pump. This is referred to as the gain G,

G = −2L
ω1

c

Im(nnl)

n0
, (4)

where L corresponds to the plasma length over which
the pump and probe beams are overlapping. The real
part of nnl affects the probe’s phase velocity. At the
optical resonances, where ωb,kb satisfy the ion-acoustic
wave dispersion relation, the imaginary part of nnl (and
therefore energy transfer to or from the pump) reaches
extrema, and the real part rapidly varies with ω1 for fixed
ω0. This dependence leads to a strong variation of the
group index, defined as ng = c/vg (where vg = ∂ω/∂k is
the group velocity) and expressed as:

ng = Re

[

n+ ω1
∂n

∂ω1

]

ω1,k1

. (5)

For ωb of order ±kbcs, where cs =
√

ZiTe/mi is the ion
sound speed for which Zi is the ion charge state, the dom-
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inant contribution to ng is the large variation of nnl with
ω1 i.e. ng ≈ 1 + Re[ω1∂nnl/∂ω1], which peaks near the
optical resonances as shown in Fig. 1c. For an interac-
tion length L through the pump-plasma system, the time
delay experienced by the probe compared to its propa-
gation in the absence of interaction (i.e. with nnl = 0)
is:

∆τ =
L

c
(ng − 1) (6)

where ng ≫ 1 or ng ≪ 1 will produce slow or fast light,
respectively. Direct measurement of ∆τ is our primary
diagnostic for determining the plasma group index.
To examine this effect experimentally, two Nd:glass

beamlines at the Jupiter Laser Facility (Lawrence Liv-
ermore National Laboratory) with a tunable wavelength
separation (∆λ) of up to ±4 Å were crossed in a gas jet
at a 27◦ angle. The pump beam provided 300 J at 1053
nm in a rectangular 3 ns pulse spread by a phase plate
to a 600 µm speckled focal spot (∼ 4× 1013 W.cm−2)
and the probe beam gave 3 mJ in a 250 ps (FWHM)
Gaussian pulse focused to an irregular 200 µm-diameter
spot at 1053 nm (∼ 4× 1010 W.cm−2). The timing of
the probe with respect to the pump was controlled to
within 120 ps before each shot using a streak camera and
measured on-shot with photodiodes upstream from the
target chamber.
A 3-mm inner-diameter supersonic gas jet nozzle re-

leased an H2/He mixture (50% H, 50% He by atomic
fraction) to form a gas column. The mixture ratio was
chosen to control the level of ion wave damping inside
the plasma, which sets the width of the resonance peaks
in Im[nnl] (Fig. 1b). Increasing the fraction of hy-
drogen leads to stronger damping, broadened resonance
peaks, and lower gains. It also shortens the transient
response of the plasma [33] as a larger fraction of the
lighter and faster hydrogen ions are resonant with the
ion acoustic waves, enhancing Landau damping. We
used the Thomson scattered signal from the pump beam
[34, 35] to estimate the electron plasma density and tem-
perature. An achromatic lens imaged a scattering vol-
ume (200× 200× 600 µm3) through a spectrometer onto
a streak camera. The pump entirely ionized the gas,
reaching a temperature Te = 240 ± 50 eV and density
1.1± 0.2× 1019 cm−3 by the time the probe arrived, 1.6
ns after the leading edge of the pump.
The pump beam was horizontally polarized (H) in

the plane of the interaction (Fig. 2g). The probe beam
was linearly polarized near 45◦, allowing decomposition
into horizontal and vertical (V) components (Fig. 2d).
The pump and the horizontal probe component drove
a beat-wave plasma response, modifying the propaga-
tion of the probe beam H-polarization but leaving the
V-polarization unaffected. The collected probe passed
through a Wollaston prism, which split the polarization
components into two distinct beams. These beams were
split in two again by a non-polarizing beamsplitter, with
each component of the probe imaged onto both a charge-
coupled device (CCD) and a streak camera. The relative

FIG. 3. Time-resolved probe envelope. a, Streak cam-
era traces of the incident probe horizontal and vertical polar-
ization components, measured without plasma or pump. b,
Corresponding traces for both components after transmission
through a pump-plasma system with probe detuning near the
gain resonance leading to slowing of the horizontal compo-
nent. A Gaussian curve is fit to all traces.

delay between the probe polarization components im-
parted by the plasma was measured using a single streak
camera, allowing picosecond precision. The exponential
gain resulting from the imaginary component of nnl was
measured by both the streak camera and the CCD.
The relative delay (∆τ) between the two components

was found from the difference in maxima of Gaussian
fits to each component, as shown in Fig. 3, and could
be measured with an uncertainty of 3.4 ps. For each
shot, one or more low-energy probe-only measurements
were taken without plasma to capture the intrinsic delay
of the measurement line and the relative strength of the
probe polarization components; delay and gain were then
found by comparing the full-energy with-plasma data to
the probe-only measurements. The 250-ps Gaussian en-
velope of the probe laser was not strongly distorted under
either high gain or high extinction conditions. The ex-
perimental gains reported in this paper are defined as
the natural logarithm of the change in pulse energy; the
streak camera and CCD values agreed with each other.
The gain (Fig. 4a) and delay (Fig. 4b) curves were

mapped by varying the wavelength detuning between the
pump and probe (∆λ = λ1−λ0); under these plasma and
beam conditions both the slow and fast light interactions
could be captured within the ∆λ = ±4 Å facility capa-
bility. Both slow and fast light were successfully mea-
sured. As anticipated, the delay varies rapidly with ∆λ
near resonance (most positive gain) and anti-resonance
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FIG. 4. Experimental measurement of slow and fast

light compared to theory. a, The measured gain (blue
circles) compared to linear theory calculations with (blue) and
without (black) compensation for the finite f -number of the
pump (f/6.7) and probe (f/10) for both the slow light (∆λ <
0) and fast light (∆λ < 0) sides. b, The measured pulse delay
compared to linear theory calculations with (red) and without
(black) compensation for the finite f -number. For both plots,
the theory curves are calculated for ne = 1.25 × 1019 cm−3,
Te = 256 eV, Ti = 45 eV, and I0 = 3.25× 1013 W/cm2.

(most negative gain). The measured maximum delay of
32 ps corresponds to a group velocity of ∼ 0.12c along
the 1.3 mm plasma length. The minimum delay of -
17 ps corresponds to a group velocity of -0.34c. The neg-
ative group velocity indicates that the peak of the input
pulse appears to travel through the plasma faster than
the speed of light and is sometimes referred to as back-
ward propagation. However, the information contained
in the pulse still propagates slower than c (i.e. an input
square pulse would be distorted by the interaction). [36]

The experimental results show clear variation of the
probe seed group velocity with ∆λ. In Fig. 4a, compar-
isons of the measured gain to two theory curves are made:
i) the gain G of a pump and probe interaction calculated

using ψ = 27◦ (see caption for other parameters) given
by Eq. 4, and ii) the gain Ḡ = ln(〈exp(G)〉) for which the
finite f -numbers of the pump and probe are accounted
for using an approach similar to Ref. 37: 〈. . . 〉 denotes
averaging over all ψ, where the wave vectors are sampled
from a uniform near-field distribution determined by the
f -numbers of the circular apertures. The theory curves
assume that the distribution functions fα of all plasma
species α remain Maxwellian, free of flows, and homoge-
neous across the pump-probe interaction region. As in
prior work[22], the gain measured in experiments is in
excellent agreement with established linear theory.

Similarly, in Fig. 4b, comparisons of the measured de-
lay to two theory curves are made: i) the delay ∆τ given
by Eq. 6, calculated using ψ = 27◦, and ii) the gain-
weighted delay ∆τ̄ = 〈exp(G)∆τ〉/〈exp(G)〉. The goal
of the gain-weighting is to account for the multiple an-
gles contained in the finite f -number of each beam. The
higher (or less negative) gain will dominate the experi-
mentally measured delay. For instance, the magnitude of
maximum delay for fast light (lowest gain) is reduced in
the gain-weighted case showing a better agreement with
experimental results.

This work advances our understanding of the limita-
tions and accuracy of the linear theory. Indeed, the dif-
ferences between the predicted and measured locations
and magnitudes of the delay peaks are likely dominated
by the high sensitivity of the group index to the details
of the distribution functions fα for each species α. From
Eq. 4, the gain is dependent on the imaginary part of
nnl . In contrast, ∆τ depends on the real part of the
derivative of nnl , per Eq. 5. Since nnl depends on
∂fα/∂v via the susceptibilities χα (see Eq. 3), ∆τ ul-
timately depends on ∂2fα/∂v

2, so it is more sensitive to
deviations of fα from a Maxwellian than G. The sensi-
tivity of ∆τ to ∂2fα/∂v

2 is somewhat unusual; measur-
able quantities typically depend to a large degree on fα
or ∂fα/∂v, the latter determining Landau damping and
therefore the response of the employed Thomson scatter-
ing diagnostic. A similar dependence to the distribution
function has been exploited to evidence ion-trapping fre-
quency shift[38]. In our case, several mechanisms such as
inter-species drift (including heat transport), bulk flows,
and inhomogeneity may all contribute to the observed
∆τ exceeding theoretical estimates for the magnitude
and the larger than expected shift between the peaks
of G and ∆τ . Indeed, the gain-weighting of the theo-
retical time delay performed here is only a lowest-order
approximation to an interaction that is inherently three-
dimensional. Although beyond the scope of what we
present here, more precise future experiments and large-
scale three-dimensional simulations could provide insight
into these details of the plasma response.

In summary, we have manipulated the group velocity
of light in a plasma using optical wave mixing between
a pump, a probe, and the plasma, leading to demonstra-
tions of both slow and fast light. By varying the wave-
length separation between the pump and probe beams,
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we have adjusted the group velocity of a 250 ps pulse
between 0.12c and -0.34c. Precise manipulation of light
in plasma is challenging but nonetheless necessary for a
rapidly expanding number of applications, from inertial
confinement fusion and laboratory astrophysics to laser-
plasma particle accelerators and plasma optics for high-
power lasers. The measurement of slow and fast light in
plasma is a demonstration of an exquisite degree of con-
trol over a laser-plasma system, but it also suggests that
higher-precision characterization of high-energy-density
light-plasma interactions will require methods outside
the standard toolbox of plasma diagnostics. For ex-
ample, we have shown that despite the close agreement
of gain measurements with expectations, experimental
group velocity measurements differ from theoretical pre-

dictions. These quantitative differences hint at kinetic
effects and additional complexity in the plasma distribu-
tion function. Further experiments focused on quantify-
ing these effects could provide an additional constraint on
the properties of a plasma. Group velocity measurements
might therefore become one component of a suite of new
plasma diagnostics for probing and controlling the sub-
tleties of non-Maxwellian plasma distributions, offering
a future where plasma is available as an optical medium
with the flexibility and precision of crystals or glass.
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