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Reduction of the Coherence Time of an Intense Laser Pulse Propagating through a Plasma
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We present direct measurements of the coherence time of a laser beam after propagation through an
underdense plasma. At an intensity of 10'* W/cm?, a large decrease of the coherence time is observed,
from 300 ps to a few picoseconds. This decrease is larger as the plasma density is increased or as the
light is scattered at larger angles. The amount of temporal decorrelation as well as the effect of the
plasma density, laser intensity, and scattering angle all coincide with trends observed in recent numerical

simulations.
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The control of coherence is a critical issue for the high-
power lasers used in inertial confinement fusion (ICF).
Speckled focal patterns commonly produced by these
lasers induce detrimental effects for ICF such as the
degradation of the required irradiation uniformity [1] or
the growth of laser-plasma instabilities (LPI) [2]. Signifi-
cant control of the focal spot properties has been gained
over the last two decades using techniques that modify the
lasers’ coherence such as random phase plates (RPP) [3]
or smoothing by spectral dispersion (SSD) [4]. However,
recent theoretical [S—11] and experimental [12—-15] stud-
ies have shown that coherence could also be altered by the
coupling of the laser beams with an underdense plasma.
As a result, such plasma-induced incoherence (PII) can
lead to uncontrolled significant modifications of the focal
spot intensity distribution inside the plasma and therefore
can affect the expected LPI growth.

PII proceeds from several mechanisms which include
self-focusing [2] and filament [6] instabilities and non-
linear coupling between self-focusing and forward stimu-
lated Brillouin scattering (FSBS) [5,9,11]. This effect
could be a major issue in the prospect of achieving ig-
nition in the future mega-Joule scale ICF facilities, par-
ticularly for the indirect drive where long path lengths of
underdense plasma are involved [1] since, on the one hand,
it may angularly redistribute the energy, but on the other
hand, by reducing the coherence of the beam, it may lower
the growth of LPL

Reports of PII have relied so far on indirect signatures,
such as spectral bandwidth or angular divergence [12—15].
In this Letter, we present the first direct measurements,
using a Michelson interferometer, of the coherence time
of an initially RPP-smoothed laser beam, propagating in
a well-characterized, long, underdense plasma. We ob-
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serve a strong reduction of the coherence time from ~300
to ~4-20 ps, depending on the laser beam intensity, the
plasma density, and the forward scattering angle. These
results, well correlated with the spectral bandwidth of the
forward scattered light, show quantitatively that (i) PII
outreaches present SSD in reducing the coherence time
[4,8,16] and that (ii) PII is therefore likely to have a sig-
nificant impact on the growth of SBS. They are in good
agreement with recent numerical simulations [8,9].

The experiment is performed using four beams of the
LULI (Laboratoire pour 1’Utilisation des Lasers Intenses)
laser facility. All beams are in the horizontal plane with
600 ps FWHM (full width at half maximum) Gaussian
pulses. The plasma is formed by two counterpropagat-
ing, 526 nm wavelength laser beams incident on 380 um
diameter freestanding CH (parylene N) disks of thickness
1.2 um, and heated by a third, identical beam, delayed
by 0.6 ns with respect to the first two. These beams are
propagated through RPPs that produce a focal spot larger
than the target. The A = 1.053 pum wavelength interac-
tion beam is focused, through a 2 mm element RPP, with
a f/6 optic along the principal axis of plasma expansion
and delayed by 1.6 ns with respect to the plasma forma-
tion pulses. The speckle distribution in the focal spot [17]
has a diameter (at FWHM) of 320 um, producing a peak
average intensity of (I14) ~ 1 in units of 10'* W/cm?.

The resulting plasma has well-known characteristics
[18].  Electron temperatures range between 0.5 and
0.7 keV during the interaction pulse. The electron density
at the top of the plasma profile decreases exponentially
in time np(7)/ne. ~ 0.13 exp(—1[ps]/530), where n, =
1.1 X 10*' cm™3 is the critical electron density at Ay and
t = 0 corresponds to the peak of the interaction pulse.
The typical scale length of the plasma’s parabolic profile is
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700 um. By lowering the energy of the plasma-formation
beams, higher plasma densities, namely, nyp(r = 0) ~
0.6n., are also used in our experiments.

Two optics are used to collect the light of the interac-
tion beam that is forward scattered. The first one is on axis
with an aperture twice the one of the incident interaction
beam. It collects light scattered at 0° = 10° with respect
to the interaction beam axis. The second one is placed off
axis to collect light scattered at 22.5° = 5°. A diagnostic
station measures the time-resolved spectra of the forward
scattered light, using a spectrometer-streak camera com-
bination, with spectral and temporal resolutions of 2 A
and 150 ps, respectively. For the direct measurement of
the coherence time, the near field in the collecting optics’
plane is image relayed onto the mirrors of a Michelson in-
terferometer that is set in an air-wedge configuration. The
produced pattern of straight parallel fringes is imaged onto
a streak camera having a temporal resolution of ~30 ps.
The relative positioning of the streak camera’s slit within
the near-field plane of the collecting optics that is imaged
up to the streak camera provides angular resolution for the
coherence measurement: since the slit (placed perpendicu-
lar to the fringes) sees only a well-defined part of the near
field, it defines the angular range of the forward scattered
light over which the measurement is made. When the two
replicas of the pulse produced by the interferometer su-
perimpose in time, perfect fringes are observed during the
whole pulse evolution. However, when a delay Az between
the two replicas is introduced, the fringes are blurred if],
during the pulse evolution, there is temporal incoherence
between the times ¢ and ¢+ + Af. By scanning the delays,
and by streaking the interference pattern for each delay, we
are able to measure the time dependence of the coherence
time within the temporal evolution of the pulse. Experi-
mentally, we define the coherence time (7) as the delay
At for which the fringes’ visibility, V = [Inax — Iminl/
[Imax + Imin), is below 0.1. With this diagnostic used
through vacuum, we measure the initial laser’s coherence
time as ~300 ps.

When the interaction beam is propagated at high inten-
sity ({(/14) ~ 1) through the ~0.1n., ~1 mm long plasma,
its coherence time is greatly reduced, as shown in Fig. 1.
The selected light is collected, at 7°, outside the incident
cone. For At = 0 (*2) ps (see Fig. 1a), we observe, as
expected, fringes with a good constant visibility. How-
ever, as soon as At = 8 ps (see Fig. 1b), the fringes, which
are clear at the beginning and at the end of the pulse, are
blurred (V ~ 0.15) between ¢ = 100 and 300 ps after the
peak of the pulse. This means that, for this part of the
pulse, the coherence time has been reduced to near 8 ps.
If we further increase Az to 18 ps (see Fig. 1c), we see that
the blurring is complete (V = 0.1) from r = —100 ps to
the end of the pulse. For all this temporal range, the co-
herence time is therefore =18 ps.

The varying visibility of the fringes over time shows that
the coherence time varies within the output laser pulse.
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FIG. 1. (a) Time-resolved fringe pattern in the output of the

Michelson interferometer for light scattered at 7° from the in-
cident axis (outside the incident cone) after propagation at high
intensity ((I;4) ~ 1) through a ~0.1n./1 mm plasma and with
a delay Ar = 0 = 2 ps between the two replicas. Time O cor-
responds to the peak of the incident pulse. (b) The same with
At = 8 ps. (c) The same with Ar = 18 ps. The fine structure
within the dark fringes corresponds to spatial structures within
the near-field scattered light and not to an interference effect.

This may be seen as an intensity effect since the pulse
has a Gaussian temporal dependence in intensity. Such in-
tensity dependence of the output coherence time is con-
firmed by repeating the same experiment with varying
laser intensities as shown in Fig. 2. The visibility of the
fringes improves as the laser intensity is lowered down
to 10" W/cm? at which value clear constant fringes are
observed (see Fig. 2c). These results also show that the
reduction of the temporal coherence of the laser beam
appears at a low intensity threshold.

For light scattered further outside the incident aperture,
the coherence time is even more reduced. As shown in
Fig. 3, for light scattered at four times the incident aper-
ture (22°), the fringes are already blurred, at all times, for
At = 4 ps, meaning that 7 =< 4 ps. This coherence time
is lower than the one observed at 7° and indeed the pattern
produced, at the same delay, by light scattered at 7° ex-
hibits no decrease of visibility. Conversely, within the in-
cident cone, the coherence time is longer (~17 ps). This is
shown in Fig. 3¢ where we plot, for light scattered at three
different angles inside and outside the incident cone, the
minimum recorded visibility (i.e., around the peak of the
pulse) as a function of the delay Ar in the interferometer.

The induced incoherence is also favored by an increase
in the plasma density. When the density at the peak of the

(b) <1,,> ~ 10"

(c) <I>~ 103

FIG. 2. Fringe pattern, recorded in the same conditions as in
Fig. 1b, for varying incident intensity: (I14) ~ 1 in (a), 107! in
(b), and 1073 in (c).
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FIG. 3. (a) Fringe pattern recorded in the same conditions as

in Fig. 1 but for light scattered at 22°, far outside the incident
beam aperture and for Az = 0 ps, (b) the same with Az = 4 ps,
and (c) variation of the fringes” minimum visibility as a function
of Ar and for three different scattering angles.

pulse goes from ~0.1n, to ~0.6n,, the fringe pattern at
At = 8 ps starts blurring sooner and has a lower visibility
than what can be seen in Fig. 1b. At this density, the
decrease of the coherence time is also larger as the light
sprays at wider angles.

The spectral features of the forward scattered light are
in excellent agreement with the direct measurement of
the coherence time. The spectrum of the light, shown in
Fig. 4a, recorded in the same conditions as in Fig. 1 ex-
hibits two components: (i) one that, within the resolution,
is in agreement with the shift predicted by classical SBS
[2] (~0.5 A at this angle) and (ii) a redshifted (up to 10 A)
wing that appears around the peak of the laser pulse with
a shift slowly decreasing in time to reduce to the incident
linewidth by the end of the pulse. The connection with
the coherence measurements is done through the Wiener-
Khintchine theorem [19] which states that the Fourier

(a) Spectrum

(b) Visibility

1 0.5 0

(c) Lineouts

§-400 N o020 EECT T :I TTTT I T LT IT |:
() - C ]
£ C C ]
ook i
i 400 | + -
| K BTN AN
R : 0 02 04 06 08
o 10 0 10 20 30 Visibility
As=ho (A) At (ps)
FIG. 4. (a) Time-resolved spectrum of the light scattered in

the same conditions as in Fig. 1. (b) Time-resolved visibility, as
calculated by Fourier transform of the spectrum displayed in (a),
as a function of the delay Ar. Contours at V = 0.6 and 0.1 are
superimposed. (c) Plots, for At = 8 ps (black) and 18 ps (gray),
of the visibility temporal evolution obtained (i) following the
dashed lines in (b) (lines) and (ii) from Figs. 1b and 1c (dots).
The same vertical time scale applies for the three figures.
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transform of the power spectrum is equal to the variation
of the visibility as a function of At¢, ie., V(¢,At) «
[S(t,v)exp(—2imvAt)dv, where S is the measured
time-resolved spectrum. In Fig. 4b, V is computed from
the spectrum of Fig. 4a. At early times, V(A7) is a slowly
decreasing function of At since the spectrum of the light
is narrow whereas from ¢ ~ 0 to the end of the pulse,
V(At) decreases much more rapidly due to the occurrence
of spectral broadening. More precisely, following the con-
tour at V = 0.1 of Fig. 4b, we see that, in the second half
part of the pulse, 7 is reduced between 18 ps (at t = 0
and ¢ = 450 ps) and 10 ps (at t = 170 ps).

In order to better compare the Michelson and the spec-
tral measurements, we plot for each method the visibility
as a function of time for two delays (8 and 18 ps). The
black and gray dots in Fig. 4c are the visibility measured
from the fringes of Fig. 1b and Fig. lc, respectively. The
black and gray lines in Fig. 4c are the visibility calculated
from the spectrum of Fig. 4a following the dashed lines of
Fig. 4b. The good agreement between the results of both
methods demonstrates that the complementary interfero-
metric and spectral measurements are well correlated.

Using both, we can thus determine the coherence time
of the output interaction beam for a wide range of laser
and plasma conditions, as shown in Fig. 5. The two plots
of Fig. 5 summarize the trends observed in Figs. 2 and 3:
the coherence time decreases (i) as the scattering angle
increases, although less steeply at high plasma density, and
(ii) as the beam intensity increases, although more rapidly
at high plasma density. The minimum coherence time that
we observe is ~4 ps at high density and/or wide angle.

The experimental results are consistent with the mecha-
nisms that are theoretically put forward for PII occurrence
[5—11]. The scenario is the following: from early times
on, where incident intensity is low and further reduced
by absorption within the high density plasma, intensity in-
creases up to the point where critical (threshold) powers for
the self-focusing [2] and the filament [6] instabilities can
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FIG. 5. Coherence time, measured around the peak of the
pulse, for various plasma densities and (a) as a function of the
angle at which the light is scattered forward (here (I14) ~ 1,
constant) and (b) as a function of the incident intensity (here
the light is collected at ~6° from the beam axis, outside the
incident cone).
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be reached for some hot spots. Light then experiences fast
phase changes, due to plasma expulsion within the self-
focused filaments and strong growth of FSBS, that can be
large enough to result in temporal decorrelation of a few
picoseconds. After the peak of the pulse, intensity de-
creases and the rate of plasma digging and FSBS growth
lowers, resulting in smaller phase perturbations (i.e., less
reduction of the coherence time). When the plasma den-
sity is increased, the intensity needed to trigger PII is
lower [10], which means that the coherence time of the
pulse’s low-intensity parts can be reduced much like the
high-intensity parts, as seen in the experiment. Such a
scenario and coherence times, well matched with experi-
mental observations, have been seen in recent numerical
simulations [8,9].

It is interesting to note that in simulations performed
in conditions similar to ours (1 uwm wavelength, 0.1n,
plasma density, 1 keV temperature, f /4 incident aperture)
although at higher intensity ((I;4) ~ 7) [9], the experi-
mental trend of decreasing 7 when the scattering angle
increases is also observed. This trend is attributed to mul-
tiple FSBS (temporal correlation tends to be further re-
duced for scattered waves that are themselves the result of
previous scattering). The discrepancy in intensity between
the experiment and the simulations, according to which
PII should not occur at {(/14) ~ 1, may come from the fact
that thermal effects which lower the critical power for the
self-focusing instability [10,20,21] are not taken into ac-
count in the model of Ref. [9]. This is supported by the
fact that the inclusion of the thermal contribution in the
simulations performed in Ref. [10], which use the same
parameters and the same intensity as ours, lead to an ex-
cellent agreement with our results, in the manifestations of
PII. Thus, these thermal effects are likely to explain the
low intensity threshold that we find in the experiment for
the occurrence of PII.

The observed reduction of the coherence time may sig-
nificantly affect the growth of backward SBS. From 2D
far-field images of the interaction beam, we have observed
that, in parallel with the coherence time reduction, the
transverse size of the speckles is reduced, from ~9 um
(at low intensity) to ~5 um (at high intensity). It is likely
that the speckles have not only their transverse but also
their longitudinal size reduced, as evidenced in the simu-
lations [9]. Thus, shorter speckles will lead to smaller SBS
gains. Moreover, it has been shown recently [22] that SBS
can be dramatically reduced if the speckle pattern decor-
relates in time before saturation occurs, i.e., if Yo7 = 10
where 7y( is the SBS mean growth rate [2]. As we have
vo ~ 1-2 ps~ ! this criterion is fulfilled in our conditions.
Both experiments and simulations support the expected im-
pact of PII on SBS as PII is observed to take place in the
second part of the pulse (see Fig. 1) and seen numerically
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to occur in the rear part of the plasma profile [10]. This
localization is opposite to that of backward SBS, which is
seen to grow in the entrance part of the plasma and in the
first half part of the pulse [18,23].

In summary, we have shown for the first time that the co-
herence time of a high-intensity laser beam after propaga-
tion through a long underdense plasma could be reduced to
levels that are low enough to (i) meet what can be achieved
by SSD and (ii) be likely to hamper significantly the sub-
sequent growth of backward SBS. This also means that a
correct understanding of past and future LPI experiments
cannot be reached if PII is not taken into account. These
observations provide for PII a complete set of quantitative
data that can be used as benchmarks for models in order
to, ultimately, examine the crucial issue of LPI control.
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