VOLUME 68, NUMBER 3

PHYSICAL REVIEW LETTERS

20 JANUARY 1992

Plasma Physics Aspects of Tunnel-Ionized Gases
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Tunnel-ionized plasmas have been studied through experiments and particle simulations. Experimen-
tally, x-ray measurements show that the plasma temperature is higher for a circularly polarized laser-
produced plasma compared to when linear polarization is used. A higher parallel temperature than ex-
pected from the single-particle tunneling model was observed through Compton scattering fluctuation
spectra. Simulations indicate that stochastic heating and the Weibel instability play an important role in

plasma heating in all directions and isotropization.

PACS numbers: 52.40.Nk, 52.50.Jm

The ionization of atoms by strong electromagnetic
fields can in the high-intensity and/or long-wavelength
limit be modeled as a process in which an electron tunnels
through the Coulomb barrier suppressed by the electric
field [1]. This model is valid when y=(Eon/2®)) 2«1,
where E;on is the ionization potential of the charge state
under consideration and &, is the ponderomotive poten-
tial of the laser. Although tunneling ionization of single
atoms has been studied with both 10- and 1-um laser
pulses [2,3], no detailed study of macroscopic plasmas
produced using this mechanism has been made. These
plasmas may be unique because the laser intensity profile
I(r,t) and polarization could be used to determine the in-
itial parallel and perpendicular temperatures (7,7 ,) of
the electrons, density n, and ionization state Z. Such
plasmas have applications in the areas of recombination
x-ray lasers [4] and various collective accelerator schemes
[5]. Moreover, the possibility of tailoring the initial 3D
distribution functions may allow the study of basic kinetic
and parametric instability theory issues in plasma phys-
ics. In this Letter we explore the plasma physics aspects
of gases ionized via tunneling ionization through experi-
ments and supporting particle-in-cell computer simula-
tions. Our experimental work shows that in the “plasma
regime” T is higher than expected from the single-
particle tunneling model and that ionization-induced re-
fraction clamps the density to n < 10 ~3n,. Here n, is the
critical density. Simulations indicate that stochastic
heating [6] and the Weibel [7] instability play a crucial
role in plasma heating and isotropization.

In the experiment, a CO; laser beam (up to 100 J con-
tained in an approximately triangular pulse having a
150-ps rise time and a 350-ps fall time) was focused to a
spot size 2wq of 340 ym into a vacuum chamber contain-
ing up to 5 Torr of Ar or H; gas, using an f/9 parabolic
mirror. The peak laser intensity in vacuum was around
3x10'* W/cm?2 At this intensity, an estimate based on
Gauss’ law shows that, for fill pressures P exceeding |
mTorr, the space-charge potential is large enough to
confine most of the electrons against the ponderomotive
potential of the laser. The space-charge-dominated plas-
ma was produced over approximately two Rayleigh
lengths, 2z, and was diagnosed by (a) viewing the for-

ward laser harmonic emission, (b) collective Thomson
scattering of a 0.5-um beam to probe 2kg density fluctua-
tions, and (c) by measuring the x-ray emission from the
plasma. Using the tunneling-ionization rate equation [8]
and neglecting any pump depletion, we find that in Ar
gas full ionization (to Z=1) is attained for our experi-
mental parameters in approximately 25 ps once the
threshold of 6x10'* W/cm? is exceeded [9]. If the laser
intensity rises beyond 10'* W/cm?, further ionization to
Z =2 can occur [3].

In these experiments the laser wavelength is 10 um and
y < 1; ionization occurs via the tunneling process rather
than via multiphoton ionization. We believe that the evi-
dence for plasma formation by tunneling comes from
odd-harmonic emission from the plasma. When linear
polarization is used the ionization proceeds in stepwise
fashion at twice the laser frequency generating a non-
linear current J(lwo,lkg) = —evn, 1=3,5,7,..., which
acts as a source term for odd-harmonic emission [8]. The
frequency spectrum of the transmitted or forward-
scattered laser light was found to contain discrete lines
(AM/A < 10 73) at the second, third, and fifth harmonic of
the laser frequency. As expected from the tunneling
mechanism, the third and the fifth harmonic were found
to decrease in magnitude as the degree of ellipticity a of
the laser polarization was increased. The measured ratio
[10] P3/P, is in reasonable agreement with the expected
theoretical value [8]. Other mechanisms such as relativ-
istic effects [11], the nonlinear susceptibility y of the
media [12], and ionization due to correlated collisions for
generating the odd harmonics are relatively unimportant
[10]. The second-harmonic emission observed in the ex-
periment was found to be nearly independent of polariza-
tion and cannot be explained by any of the above mecha-
nisms. Simulations to be discussed later show that the
second-harmonic emission originates from the edges of
the plasma, where the density gradients are the steepest,
suggesting that the source for the even harmonics is the
nonlinear current J,= —env,= — (e 2/4mw)nVE? [13].

In the absence of plasma effects, the evolution of the
electron energy distribution can be calculated assuming
classical interaction of the newly born electrons with the
ionizing electromagnetic fields [2]. 1D calculations show
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that upon reaching full ionization an anisotropic quasi-
Maxwellian distribution with 7, =150 eV and T, <1
eV is produced for linearly polarized light. For circularly
polarized light, a ring distribution with a major radius
(transverse to the incident laser beam wave vector ko) of
2.5 keV and a minor radius of 1 keV with T of only 4 eV
is generated. Therefore, one might expect that fully ion-
ized plasmas with controllable T, and negligible 7'y can
be produced by tunneling ionization. This possibility has
been experimentally investigated.

Our main density and T diagnostic is based on the
detection of electron-density fluctuations with k,=2kg
excited by the laser beam through either stimulated Ra-
man (SRS) [14] or Compton (SCS) [15] scattering. If
the tunnel plasmas have very low values of T as the
single-particle model suggests, then k,Ap <1 and SRS
should have a very large growth rate, whereas for large
Ty and k,Ap on the order of 1, SCS may occur. Here A
is the Debye length. The scattered light from 2k density
fluctuations was wavelength (0.2 A resolution) and time
resolved (10 ps resolution) with a spectrograph-streak-
camera combination. However, it is not possible to follow
the time evolution of the ionization process using this
technique since the ionization rate is comparable to the
homogeneous, time-independent growth rate for the
Raman-Compton instability [10,16]. Thus the instabili-
ties are suppressed until the ionization process is saturat-
ed by depletion of the neutrals or ionization-induced re-
fraction.

Experiments show that the high-frequency density fluc-
tuations have a broad frequency spectrum consistent with
Compton rather than Raman scattering. The evolution of
one such spectrum from a plasma produced in a static fill
of 1.1 Torr of H, is depicted in Fig. 1(a). At early times
[Fig. 1(b)], the spectrum can be fitted quite well applying
the usual Compton theory [15] to give n = 6x10'% cm ~*
and Ty=75 eV. This temperature is already much
higher and the density much lower than that predicted by
the single-particle model. At later times the spectrum de-
velops structure and broadens to both higher and lower
frequencies. About 140 ps after the onset of SCS, the
spectrum resembles incoherent Thomson scattering from
a thermal plasma rather than from a collective mode.
These are still driven fluctuations (albeit in the strongly
driven regime) as evidenced from the absence of scattered
light on the blue side. The most probable cause of the
frequency broadening of the spectrum is a continued in-
crease of T of the plasma. As will be seen later, this is
believed to be due to the Weibel instability, which is an
electromagnetic plasma instability driven by an aniso-
tropic electron distribution. Even at higher fill pressures,
the SCS spectra indicated very low peak densities with
n =10 "3n.. To independently bracket the range of plas-
ma density, resonant optical mixing was carried out using
various combinations of lines of the CO, laser [10]. A
resonant plasma response was observed at fill pressures
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FIG. 1. (a) Streak-camera image of the Thomson-scattered
probe beam in a H> plasma (P=1.1 Torr). Although not
shown here, there was no blueshifted spectral feature visible in
the original data. The white bar at the top indicates the loca-
tion of a 100x attenuator for SBS. The peak intensity is
1.5%x10" W/cm?. (b) Line outs of streak data taken along the

direction of the arrows in (a). (c) Time-integrated streak-
camera images of the Thomson-scattered probe beam in H»
plasmas (P =1 Torr) for different degrees of ellipticity « of the
laser polarization (tan ~'a =45 for circular polarization).

corresponding to a plasma density around 8x10'* ¢cm ~*

but not 1.2x10' ¢cm ™3 [17]. Also, at the higher pres-
sures a significant amount of the laser energy was found
to be refracted out of the original cone angle of the laser
beam. This is shown in Fig. 2(a). The onset of refraction
in H; is more gradual than in Ar because the lighter H +
ions can radially move during the laser pulse and thereby
relax the radial density gradients. These gradients are in-
itialized by the ionization process since the ionization rate
has a strong nonlinear dependence on the laser field. This
onset of refraction over a narrow range of pressures is
taken as evidence for density clamping due to ionization-
induced refraction. The effect of this refraction is to
prevent the laser intensity from being significantly above
the ionization threshold for a sufficient duration to fully
ionize the gas [17]. At these low densities, collisional
processes should be relatively unimportant on the time
scales of the laser pulse.

We explored the possibility of laser plasma instability
control by varying the polarization of the laser beam.
The main effect of changing the laser polarization is to
drastically alter the initial transverse distribution of elec-
tron energies. If these distributions isotropize rapidly,
then k,Ap, and therefore the damping rate for high-
frequency electron fluctuations, can be varied. As we in-
creased a the fluctuations due to stimulated Brillouin
scattering (SBS) were unaffected whereas the high-
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FIG. 2. (a) Ratio of the laser energy refracted outside of the
original cone angle of the beam to the incident laser energy as a
function of neutral gas fill pressure. The energies are measured
by two cross-calibrated detectors. The saturation of the refract-
ed energy at 30% of the incident energy is due to the limited
solid angle viewed by the calorimeter measuring the refracted
beam energy. (b) The x-ray emission from argon plasmas (fill
pressure of 280 mTorr), as a function of laser energy for
different polarizations.

frequency fluctuations became weaker and were eventual-
ly completely suppressed for = 0.6 [Fig. 1(c)]l. These
observations are consistent with an increase in T in go-
ing from linear to circularly polarized light. However,
the inferred values for 7T are still anomalously higher
than the single-particle predictions.

To obtain an independent estimate of the plasma tem-
perature and to explore the possibility of plasma tempera-
ture control through polarization of the ionizing laser
light, soft-x-ray emission above 800 eV was measured us-
ing a calibrated silicon surface-barrier detector with Be
and Mylar filters. Figure 2(b) shows three sets of data:
linear polarization with the detector looking (i) along and
(ii) transverse to the electric field, and (iii) circular po-
larization. A significant difference in x-ray flux was seen
between linear and circular polarization, as expected
from the tunnel-ionization model. However, no signifi-
cant difference was seen between looking transverse and
along the electric field for the linear polarization. The in-
crease of x-ray flux with laser energy can simply be at-
tributed to the increase of plasma volume at higher laser
intensity. A temperature estimate was obtained by
measuring the relative x-ray yield through two different
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FIG. 3. Transverse (vy,c:) and longitudinal (vy,0\) velocity
space without [(a) and (b)] and with “plasma™ effects [(c) and
(d)]. In (a) and (b) the simulation was done on a 1D grid. The
maximum density was n/n. =10 . The laser rise and fall time
was 500wo '. The major (minor) radius of the ring corresponds
to a “temperature” of 1 keV (20 eV). In (c) and (d) the simu-
lation was done on a 2D grid (200c/wo% 125¢/wo). The peak
density was 4x 10 “*n,.. The laser beam was collimated and had
a Gaussian transverse profile with a beam diameter of 30c¢/wo.
The peak field strength corresponded to 0.1v.s/c for both the
ID and 2D simulations. The transverse (longitudinal) tempera-
ture at T=1200wo ' is = 500 eV (50 eV).

filter combinations for a constant density (fill pressure)
plasma and the same laser energy [18]. Assuming that
the x rays are emitted through bremsstrahlung from an
isotropized Maxwellian distribution, we estimate a plas-
ma temperature of 450+ 150 eV (180 50 eV) for cir-
cular (linear) polarization. These temperatures are
within a factor of 2 of what might be expected from a
laser beam which has its intensity clamped close to the
ionization threshold due to refraction.

To understand the origin of the initial 7'y and its fur-
ther increase with time, simulations were carried out us-
ing the 2D fully relativistic, electromagnetic particle-in-
cell code WAVE which includes collisional and tunneling
ionization [19]. Simulations were designed to isolate the
roles of parametric instabilities, space-charge effects and
refraction, and the Weibel instability. In all cases a cir-
cularly polarized beam was launched from the left-hand
boundary with a peak vosc/c =0.1, where vy is the oscil-
latory velocity of the electron in the laser field. The laser
propagates in the x direction. Time is normalized to wg
and space to c¢/wg. When a new electron and ion are
created they are injected with an isotropic velocity of
10 "3¢. For extremely low densities, n/n.=10"%, the
electron distribution functions obtained were in excellent
agreement with those expected from the single-particle
model [Figs. 3(a) and 3(b)].

Simulations with a fully ionized density of 10 ~?x, and
a laser rise time of 750wg ' were done to isolate the
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high-frequency instabilities (SRS and SCS). In 1D, SRS
was seen to grow to large levels (8n/n=0.3) because of a
very low initial Ty (k,Ap < 1), and saturate due to parti-
cle trapping. In 2D, however, where the beam was fo-
cused into the middle of the simulation box, SRS was
suppressed because T at the end of the ionization was al-
ready large. Instead SCS occurred at a reduced level,
consistent with experimental observations. A possible ex-
planation for this high 7, at that time is that the elec-
trons are born at positions where electric fields, for small
f-number focusing and/or strong refraction, have a sub-
stantial longitudinal component. This in turn results in a
significant longitudinal drift velocity component (i.e., 7))
of the electrons. In addition, the electrons, retained by
the ion space charge, continue to interact with both the
applied electromagnetic fields and the space-charge fields.
Their phase-averaged guiding-center energy can increase
in a stochastic fashion [6] leading to hotter plasmas. In a
2D simulation with n/n, =4x10 "4, too low for the para-
metric instabilities or refraction to occur, it was indeed
found that at the end of the laser pulse, the plasma had a
higher than expected 7'y (50 eV vs 2 eV in the 1D compu-
tations) [Figs. 3(c) and 3(d)]. When the density was in-
creased to n/n.=0.1, strong refraction of the beam was
observed with the beam waist moving towards the laser
leading to further stochastic heating. The simulations are
in agreement with a theoretical model [10] which gives a
maximum refraction limited density on axis produced by
a Gaussian beam in a static gas of n/n. < (4r/rz)
x (Ina/2a)'? for @ <7.4 and an effective pulse length
longer than zo. Here A is the wavelength and a the ratio
of peak intensity to ionization threshold intensity. For
our parameters this leads to n < 10 “3n,. This value is
consistent with the maximum density inferred from the
SCS spectra and optical mixing. Furthermore, the onset
of refraction at around 0.2 Torr for Ar also indicates a
similar value for the density. We therefore believe that
ionization-induced refraction explains the observed densi-
ty clamping.

The isotropization of the electron distribution functions
due to the Weibel instability was isolated by running a
1D simulation with n/n.=5x10"2 and a short laser
pulse (1000w ') to suppress parametric instabilities.
The measured growth rate of the  long scale length
magnetic-field characteristic of the Weibel instability was
in reasonable agreement with the theoretical prediction of
y==2x10 3w [10,20]. The saturation value of the elec-
tron cyclotron frequency w. of the magnetic-field mode
with the maximum growth rate [20] was found to be
0.005w¢. However, temperature isotropization occurred
over a slower time scale, r = 2n/w.. Using the theoreti-
cal growth rate for our experimental parameters we find
that the Weibel instability will completely isotropize the
electrons in roughly 75 ps (180 ps) for circular (linear)

324

polarization. This is consistent with the observed broad-
ening of the SCS spectrum [Fig. 1(b)] as discussed ear-
lier. Although the simulations discussed here were car-
ried out with a circularly polarized beam, similar effects
occur with a linearly polarized beam.

In conclusion, the properties of tunnel-ionized plasmas
have been studied through experiments and particle simu-
lations. Odd-harmonic emission characteristic of step-
wise tunnel ionization and density clamping due to
ionization-induced refraction are observed. Experimen-
tally, x-ray measurements show that the plasma tempera-
ture is higher for a circularly polarized laser-produced
plasma compared to when linear polarization is used.
Furthermore, longitudinal temperatures are higher than
those expected from a single-particle model as evidenced
from SCS spectra. Simulations indicate that stochastic
heating and the Weibel instability play an important role
in plasma heating and isotropization.
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FIG. 1. (a) Streak-camera image of the Thomson-scattered
probe beam in a H plasma (P=1.1 Torr). Although not
shown here, there was no blueshifted spectral feature visible in
the original data. The white bar at the top indicates the loca-
tion of a 100x attenuator for SBS. The peak intensity is
1.5%10" W/ecm?. (b) Line outs of streak data taken along the
direction of the arrows in (a). (c) Time-integrated streak-
camera images of the Thomson-scattered probe beam in H:
plasmas (P =1 Torr) for different degrees of ellipticity a of the
laser polarization (tan ~'a =45 for circular polarization).




