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Abstract

®

CrossMark

Optical-field ionization (OFI) is often used to produce plasmas for myriad laboratory
applications. OFI of gases is known to generate electrons that have anisotropic distributions. In
this paper we show that at the time of plasma formation the electron velocity distribution
functions can be controlled by changing the wavelength and polarization of the pump laser and
ionization state of the plasma. Thomson scattering is used to measure the distinct electron
velocity distributions of helium plasmas produced by linearly and circularly polarized laser
pulses within a few inverse plasma periods after the plasma formation. In both cases, non-
thermal and highly anisotropic initial electron distributions are observed that are consistent with

expectations from OFI of both He electrons.
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1. Introduction

With the advent of ultra-short pulse lasers, optical-field
ionized (OFI) dense plasmas are readily generated in the
laboratory. The knowledge of the initial velocity distribution
of electrons is important for understanding the evolution of
such plasmas. Velocity map imaging [1] has been used to
directly map the momentum distribution of emitted photo-
electrons or ions but this technique is limited to extremely low
densities where collisional and collisionless interaction
between electrons is negligible. However, for relatively dense
OFI plasmas (n, > 10'" cm ™), there is surprisingly a lack of
comprehensive measurements of their initial electron velocity
distribution functions (EVDF). In this paper, we show that by
changing polarization, wavelength of the ionizing laser and
the ionization state of the plasma, the initial EVDF of an OFI
plasma can be manipulated. These distributions are generally
non-thermal and highly anisotropic. Kinetic theory predicts
that such plasmas are unstable to kinetic instabilities [2—6].
OFI plasmas are relevant to plasma-based acceleration [7],
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plasma channel formation [8, 9] and recombination x-ray
lasers [10]. For instance, in experiments that use PW-class
laser pulses, the prepulse could easily produce a plasma with
a distribution function that is susceptible to rapidly develop-
ing magnetic fields induced by kinetic instabilities [11]. In
this paper we experimentally demonstrate two examples of
nonthermal and anisotropic distribution functions by ionizing
both electrons of He using fs-class linearly and circularly
polarized laser pulses.

Optical-field ionization of gases becomes dominant over
multi-photon ionization when the Keldysh parameter is in the
tunnel ionization regime, i.e. v = (U;/2U,)"/? < 1 where U; is
the ionization potential and U, is the ponderomotive potential
of the laser [12]. The energy and the direction of the ionized
electron in OFI depends upon the details of the laser pulse(s)
and the ionization state of the gas [13—16]. The electrons are
ejected transverse to the wave vector of the laser pulse along
the direction of its polarization in the non-relativistic limit
(ap < 1), producing strongly non-thermal and/or anisotropic
EVDF in the resulting plasma. Here ay = eA/mc* = eE/mwe
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is the normalized laser strength parameter, where A is the
magnetic vector potential, E is the laser electric field, and w is
the laser frequency. The EVDF of highly charged states pro-
duced by relativistic pulses (ag > 1) in a dense plasma are
rather complicated because they can be affected by numerous
other physical effects such as wakefields/parametric instabil-
ities [7, 17], direct energy exchange with the laser field [18]
and therefore will not be considered here. The polarization
dependence of OFI produced electrons has been tested in
previous work in either the long-wavelength [13] or the barrier
suppression limit using very low-pressure gases [19, 20].
Leemans et al [21] showed that it was possible to control the
Raman instability by varying the polarization of a 200 ps CO,
laser produced OFI plasma. Moore et al [22] showed that when
intense (ao ~ O(1)), longer laser pulses are used, the electrons
gain additional energy from the ponderomotive potential of the
laser envelope. Glover et al [23] used Thomson scattering
diagnostic to fit the scattered light spectrum from an OFI He
plasma produced using a linearly polarized 800 nm pulse but
they did not observe scattering from each of the two ionic
species of He. Thus, no experimental confirmation of the
nonthermal and/or highly anisotropic initial EVDF character-
istic of OFI plasmas has been made to-date even though the
kinetic instabilities that follow the creation of such plasmas
have been predicted [3-5].

2. Simulations of initial distribution functions

In figure 1 we show four examples of such EVDF in velocity
space (v, versus v,) using the 3D particle-in-cell code OSIRIS
[24] where the formation of a fully ionized, dense
(5 x 10'"® cm ™) He plasma is modeled using the ADK the-
ory [25]. The dimensions of the simulation box are
63.6 x 35.6 x 35.6 um in the z, x and y directions. In all
cases the simulations consider tunnel ionization of electrons
[12] (yye+ = 0.38 and ~yy.2+ = 0.23) and self-consistently
include other physical effects such as the ponderomotive
force of the optical pulse, plasma kinetic effects, and wake
formation. We shall refer to the electron that ionizes first as
the He'™ electron and second as the He”" electron. Here the
x—y plane is perpendicular to the direction of propagation of
the laser, z. The electrons used to generate the EVDF shown
in figure 1 are those within a Az = 2 um slab right after the
laser pulse. In these cases the He' ™ electrons are ionized early
during the risetime of the laser pulse within a few laser cycles
and the He*" electrons are ionized approximately 10 fs after
the first He electron. These electrons have both transverse (x
and y) and longitudinal (z) oscillating energy of a few eV due
to a weak linear wake formed by the laser pulse [7] and the
ions are essentially cold in all directions.

We manipulate the EVDF in figure 1 by changing the
polarization of the laser pulse to ionize He atoms from linear (a),
to elliptical (b) to circular (c), (d). Figure 1(a) shows that the
initial electron distribution along the laser polarization direction
(y) in the linear polarization (LP) case can be well described by a
sum of two 1D (near) Maxwellian distributions with
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Figure 1. (a)—(c) Examples of simulated electron velocity distribu-
tions using OSIRIS of He plasmas produced by 50 fs, 800 nm laser
pulses with peak intensity of 1.6 x 10'” W cm 2 and different
polarizations (linear, elliptical, circular respectively). (d) Circular,
800 nm, 3 x 10'® Wem ™2 + circular, 400 nm, 1 x 10'® W cm ™2
with the same initial phase. Also shown below each v,—v, image is
the v, distribution (the sum of the number of particles at each v,) for
He!" electrons (dashed green curve), He*" electrons (dotted black
curve) and their sum (solid blue line).

temperatures of 60eV (He'") and 210eV (He*") respectively.
In the elliptical polarization case (degree of ellipticity av = 0.5,
(figure 1(b)) the EVDF shows four lobes with the distribution in
x much wider than that in y. Once again the He*" electrons
(gray) are more energetic than He'" electrons. In the circular
polarization (CP) case (figure 1(c)), electron distributions are
donut-shaped in the x—y velocity space. The distributions of
He'" and He*" electrons correspond to the inner and the outer
ring of the distribution in figure 1(c). Although this specific type
of EVDF has not been treated in rigorous theoretical analysis, a
single ring distribution has been studied analytically using kin-
etic theory and it is shown to be susceptible to developing
kinetic instabilities [5, 6, 26]. The existence of electrons close to
zero transverse velocity suggests that the plasma has already
evolved by the end of the laser pulse, due to collective effects.
The overall initial electron distribution in the circular case is also
shown in figure 1(c), blue curve. It indicates a highly non-
Maxwellian distribution with much hotter root mean square
(rms) temperature of ~470 eV (220 eV and 910 eV for the He'"
and the He®" electrons respectively). In case 1(d) a two fre-
quency CP laser pulse with different intensities generates a
bump-on-tail distribution that would lead to spontaneous gen-
eration of plasma waves via inverse Landau damping. From the
above examples, it is clear that numerous other ‘designer’ EVDF
are possible by optimization of laser and choice of the ionizing
medium.
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Figure 2. Schematic of the experiment. The 800 nm pump beam generates OFI plasmas that are probed by a collinear 400 nm Thomson
scattering beam using a fixed delay: linear polarization perpendicular to the scattering plane (L, ), parallel to the scattering plane (L)) and
circular polarization (C). Also shown is the k-matching diagram where the vector Ky is probed in Thomson scattering. KDP: KDP crystal;
WP: half-wave plate for linear polarization or quarter-wave plate for CP.

3. Experiments

As mentioned earlier, the measurement of the EVDF is dif-
ficult because plasmas begin to isotropize very quickly
because of kinetic instabilities. These collisionless processes
tend to isotropize the initially produced EVDF on a timescale
far shorter than electron—electron or electron—ion collisions
alone, estimated to be tens of ps for typical value of 7\,/T,
expected here. We therefore use the Thomson scattering
diagnostic with ~90 fs (FWHM) probe pulses to interrogate
the EVDF of the OFI helium plasma just ~300 fs after
ionization is completed. During such a short time period
plasma density evolution due to expansion or recombination
can be neglected.

3.1. Experimental setup

The experimental setup is shown schematically in figure 2.
The plasma was formed by ionizing a static fill of He gas at
various pressures by focusing a 800 nm, ~50 fs (FWHM)
duration laser pulse containing ~10 mJ energy. The laser was
focused by an off-axis parabolic mirror (OAP) to a spot size
2w, of 16 um giving a peak intensity of ~1 x 10" Wcem ™2
The ~1 mJ, ~90 fs (FWHM), 400 nm probe pulse is gener-
ated by a 1.5 mmthick KDP crystal. The probe beam was
focused by the same OAP and focused to a even smaller spot
size within the fully ionized plasma. Thomson scattered light
was collected at 60° with respect to (w.r.t.) the incident pulse
by a one-to-one imaging system that relays image of the
central part of the plasma to the entrance slit of the spectro-
graph. The spectrometer consists of a Czerny—Turner
spectrograph (ISA HR320) coupled with a time-gated inten-
sified CCD (Princeton Instrument PI-MAX4). The gate width

and the gate delay of the intensified CCD were set to optimize
the Thomson scattered signal and minimize the stray light
from plasma recombination emission and from other objects
inside the chamber. The experimental spectra were corrected
for the spectral transmission of the system as well as sub-
tracting the stray light from the vacuum chamber. The effects
of the second harmonic generation, the dispersion and the
group delay between the pump and the probe pulses were
calculated using a simulation software SNLO. The simulation
shows there is nearly no change of the pulse shape for the
pump beam in the case of a 12 mJ, 50 fs (FWHM), 800 nm
input. The group delay between the 800 nm pump beam and
the 400 nm probe beam is estimated to be 300 fs.

The plane containing the incident probe wave vector
(k;r) and the scattered light wave vector (lgs) is referred to as
the scattering plane. Two polarization configurations for lin-
early (L) polarized pump beams are the polarization direction
parallel (L)) or perpendicular (L, ) to the scattering plane. The
Ly(L,) polarization allows us to independently probe the
EVDF essentially along the v, (v,) directions as shown in
figure 1(a). There is only one configuration for CP (C) since
the ‘double donut’” EVDF generated is transversely isotropic
(figure 1(c)). The control of polarization was achieved by
inserting waveplates (half-wave plate for LP and quarter-
wave plate for CP) between the KDP crystal and the OAP.
The half-wave plate which is designed for 800 nm light has
no effect on the polarization of the 400 nm probe beam, but
the quarter waveplate will rotate the probe beam polarization
by 90° (parallel to the scattering plane). While the polariza-
tion of the probe pulse has no influence on the spectral
shapes, it affects the scattered power collected in the experi-
ment, and the signal strength for CP is reduced by a factor
of 2.
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Figure 3. Thomson scattering spectra for linear polarization (blue curves—experimental spectra; dotted red curves—calculated spectra).
Polarization direction is out of the scattering plane for (a) and (b) and parallel to the scattering plane for (c) and (d). The L cases can be fit by
a single temperature of 18 eV whereas the L) cases require a two-temperature fit as shown.
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Figure 4. The measured spectral peak shifts of the electron feature
for different plasma densities and different laser polarization (L, Lj,
C). The error bars show the standard deviation of the shifts for 100
shots. The plasma densities plotted correspond to fully ionized He at
25, 50, 75, and 100 Torr. The dashed lines show the variation of
frequency shift equal to the plasma frequency, Aw = wj,(n.).

3.2. Spectral fittings

The measured scattered spectra are used to infer the near
instantaneous status of OFI plasmas by comparing them with
the Thomson scattering theory [27]. All the data shown in this

paper are the average of 200 consecutive shots to improve the
signal-to-noise ratio. For a non-relativistic, non-magnetized
plasma with an electron distribution function f, (v) and an ion
distribution function f(i'), Thomson scattering spectral
power density (SPD) function can be written as

[46:)
)

where Z is the atomic number of the atom, e = 1 + x. + X;
is the dielectric function, x, and y; are the electron and ion
susceptibilities. We can apply arbitrary distribution functions
f. and f; to calculate S(E , w) and get the spectral shape of the
Thomson scattered light. Due to the broad bandwidth of the
probe beam (~3.4 nm) and the limiting wavelength resolution
(~1nm) of the spectrograph, the ion feature spectrum is not
resolved in our experiment and thus information about the
plasma comes from the first term in equation (1) convolved
with both spectral distribution of the probe beam and
instrument function of the spectrograph. The 60’ scattering
angle determines the measured k, in this experiment as
depicted in figure 2. It should be noted that the temperatures
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Figure 5. Thomson scattering spectra for circular polarization averaged over 200 shots: (a) the measured spectrum at 10 Torr He pressure and
a fit that is the sum of the Doppler shifted spectrum (dotted pink curve) expected from the electron distribution shown in figure 1(c) and stray
light spectrum of the probe beam (dotted blue curve). (b) The measured Thomson scattered spectrum at 75 Torr (blue curve) and the
calculated spectrum (dotted red curve) using a distribution with two pairs of drifting Maxwellian counter streams (drift velocities of +0.015¢
and £0.046¢, widths of 87 and 79 eV, and a density ratio of ~4:1) deduced from the EVDF shown in figure 1(c).

of the two-Maxwellian distributions in the experiments are
expected to be different than those from the simulations since
we observe the plasma along k,, which has a 30’ angle with
respect to the transverse plane used in simulations. The
observable temperatures, which are evaluated from the pro-
jection of the distribution onto the measured wavevector [28],
are about 45 and 160 eV for polarization L.

4. Results and discussion

The scattered light spectra from plasmas produced by LP
pump taken at two fill pressures are shown in figure 3. The
central spectral feature at around 400 nm is the ion feature
which is not frequency resolved in this experiment. The fre-
quency shift of the ‘electron feature’, which is associated with
collective scattering from electron plasma waves is symmetric
on either side of the ion feature. The red dashed line in each
plot is the best fit of the calculated SPD function S(w).
Figures 3(a) and (b) show the spectra where the polarization is
perpendicular to the scattering plane (L,). We found that a
single Maxwellian distribution with electron temperature of
18 £ 2eV (room temperature ions) fits spectra obtained at
both low (10 Torr) and high (75 Torr) pressures. The
corresponding temperature in the perpendicular plane after
300 fs is expected to be ~12 eV from simulations. Thus there
is a reasonable agreement between the experiment and the
simulations.

The scattering spectra when the LP is in the scattering plane
L are shown in figures 3(c) and (d) also for helium fill pressures
of 10 and 75 Torr respectively. In this case, the calculated SPD
functions given by a single Maxwellian distribution (not shown)
do not fit with the experimental spectra. The data were therefore
fitted by taking a two-temperature distribution into considera-
tion. Substituting f, = 0.5f, 7 + 0.5f, , into equation (1)
where T} and 7, are fitting parameters (7, > T;) while keeping
the ions as a fixed ultra-cold component, we get a new set of

SPD functions that describe the scattering spectra for the LP
case. The best fits give T = 20 = 2eV and 7, = 180 &+ 20 eV.
The agreement here with the simulations is again reasonable. We
can see that the theoretical plots shown figures 3(c) and (d) fit
less well than those for figures 3(a) and (b) both taken at the
same pressure but in the orthogonal plane.

The frequency shift of the electron feature in the col-
lective scattering regime should increase as the Langmuir
wave frequency, w,.. Figure 4 shows the measured spectral
peak shifts for various plasma densities for different polar-
ization configurations. For both L, and L, the shifts of their
sideband peaks both increase with densities as expected. This
is clearly not the case for CP case which is also shown. The
frequency shift of the electron feature for the CP case was
almost independent of the plasma density, which is indicative
of some other collective phenomena that are relatively
insensitive to the plasma density in this range being the
dominant collective scattering mechanism than the usual
Langmuir waves.

The Thomson scattered spectra for the CP pump pulses
are shown in figure 5. Recall that the electrons in this case
have higher average kinetic energy than those with LP and the
EVDF deviate greatly from Maxwellian. Our fitting attempt
using equation (1) failed with either one-temperature or two-
temperature Maxwellian distributions as expected. At low
enough plasma densities collective effects are not important
and one expects photons to be Doppler up or down shifted
because of the individual electron motion. We found that it is
possible to fit the experimental spectrum taken at this low
plasma density using the distribution function observed in the
simulation (without any assumption made about rms temp-
erature) as shown in figure 1(c). The calculated SPD fits to the
wings of the total measured spectrum at a plasma density of
6.6 x 10" cm™ used in the experiment. When the spectrum
of the stray probe photons is also taken into account the
overall Doppler shifted plus the stray photon spectrum fits the
experimentally measured spectrum extremely well. This
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excellent fit between the experimental scattered light spec-
trum and the calculated Doppler shifted photon spectrum
shows that the EVDF shown in figure 1(c) for the CP case
exists in the plasma. For the higher density case (figure 5(b))
two distinct spectral ‘electron’ peaks with asymmetric shifts
appeared. Their frequency shifts were both <w,. and inde-
pendent of the plasma density in contrast with the case of LP
shown in figure 4. This is expected if the scattering is from the
density fluctuation induced by the electron plasma waves
whose frequency are lower than the plasma frequency. Time-
resolved measurement has confirmed and quantified the
growth of the unstable modes in OFI helium plasmas pro-
duced by both CP and LP laser pulses [29]. The result shows
that a high-frequency mode grows and damps within 1 ps in
the CP case and it takes more than 1 ps for the similar mode to
grow in the LP case.

5. Conclusion

In conclusion, we have demonstrated that OFI is a method for
controlling the initial EVDF in plasmas. We have used
Thomson scattering diagnostic to probe two such EVDF
within 300 fs of their initialization by OFI in He plasmas
using different polarization configurations. The scattered light
spectra are consistent with the expected anisotropic distribu-
tions. Until they are isotropized and thermalized such plasmas
cannot be described by the fluid theory and thus present a
platform for studying kinetic effects and instabilities in
laboratory plasmas.
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