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Thomson scattering measurements have been used to determine the electron energy distribution in UV
optically ionized He and Ne at pressures up to § bar irradiated at 3x10'7 W/cm?2 in 12 ps. The elec-
trons evolve from a multiphoton ionization spectrum to a thermal distribution with increasing pressure.
The low frequency part of the scattered spectrum clearly shows the “zero-damped” ion acoustic mode
for high values of ZT./T;. Experimental and modeling results indicate that nonlinear inverse brems-

strahlung heating and radial conduction cooling dominate the electron energy balance.

PACS numbers: 52.40.Nk, 52.25.Qt, 52.50.Jm

Optically ionized gases are of considerable interest for
their potential to produce “cold” multiply ionized plas-
mas that may provide suitable media for extreme ultra-
violet (XUV) recombination lasers [1-3]. A key require-
ment for the feasibility of such schemes is that the elec-
tron temperature be much lower than the ionization po-
tential in order to maximize the population inversion in
the recombination cascade. At the high laser intensities
required for optical ionization schemes (e.g., Li-like Ne
or H-like B), however, some electron heating will be una-
voidable. It is therefore important to determine experi-
mentally the role and consequences of heating mecha-
nisms such as above threshold ionization (ATI), non-
linear inverse bremsstrahlung (IB) absorption, and stimu-
lated Raman scattering (SRS) in optically ionized gases
[1,3-6]. For the required laser intensities (10'7-10'®
W/cm?), calculations show that short wavelength lasers
and ultrashort pulses will be needed to minimize heating.

We have made a study of these phenomena using 268
nm laser radiation at a focused intensity of 3x10'7
W/cm? to meet the theoretical requirements identified
above but in a pulse of 12 ps duration which is longer
than optimal but which enhances the role of IB and SRS
heating relative to ATI and introduces significant cooling
during the pulse through radial thermal conduction.
Here we report electron temperature measurements in
helium and neon with the particular objective of deter-
mining the relative roles of the mechanisms identified
above.

Since it is important to determine the temperature 7,
during the laser pulse and within the laser beam, we have
used 90° Thomson scattering of the incident beam to
measure directly the electron distribution function. This
technique is better suited to temperature measurements
than using XUV emission [7] which, as a consequence of
time and volume integration, tends to underestimate T,.
Importantly, for the conditions of the present experiment,
optical ionization occurs in a time short compared to the

12 ps (FWHM) laser pulse duration; consequently,
Thomson scattering of the incident beam enables a mea-
surement of the electron distribution during the bulk of
the heating period following ionization. Calculations we
have made [8] show that T, increases roughly linearly
with time during the 12 ps pulse; consequently, time in-
tegrated Thomson scattering measurements will give re-
sults characteristic of conditions at the midpoint of the
pulse. Simultaneous measurements at 180° showed
enhanced scattering due to the onset of stimulated Bril-
louin and stimulated Raman scattering (SBS and SRS)
and provided independent temperature and density infor-
mation, details of which will be reported in a separate
publication.

The experiments used the SPRITE KrF laser facility
operating as a KrF laser pumped Raman laser [9], gen-
erating 0.25 TW power at 268 nm wavelength with less
than 10 ~'° prepulse. The 8 cm laser beam with typical
energy of 3 J in a pulse of 12 ps (FWHM) duration was
focused by a 33 cm focal length parabolic mirror into gas
at the center of an 80 cm diameter vacuum chamber.
The vertically polarized laser beam contained 3 of the
energy in a 3x diffraction limited focal spot (diameter
6.5 um) and the remainder in a 9 x diffraction limited fo-
cal spot (diameter 20 um), giving peak intensity in the
central region up to 7x10!7 W/cm?2 Data recorded at
static gas pressures up to 400 Torr in He and Ne will be
reported here. Other data (and analysis) for H, and Kr
with static and gas jet targets up to 10 bars pressure to-
gether with measurements of SBS and SRS will be re-
ported elsewhere.

Thomson scattered light was collected at 90° to both
the incident beam and polarization directions; thus the
wave number of the density fluctuations probed is given
by k=2kosin(6/2) =v2wo/c. The scattered light from
the focused high intensity beam was optically imaged us-
ing chromatically corrected lenses with magnifications of
either 3% (two lenses) or 10x (single lens) onto the en-
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trance slit of a Czerny Turner monochromator (0.3 m,
f/4, 1200 g/mm grating) coupled to a streak cam-
era-intensified charge coupled device system. The 1 cm
spectrometer input slit was oriented parallel to the laser
beam axis and the streak direction was perpendicular to
the dispersion direction. The streak camera was used to
discriminate the relatively weak prompt Thomson scat-
tered light from the delayed stray light. For the 50-100
ps/mm streak speeds used, the axially resolved spectrum
was recorded with negligible blur due to streaking. Since
the 100 um input slit was wider than the image of the
focus over the central =500 um length of the focused
beam, the scattered light gave a radially integrated
(=40 um resolution) but axially resolved measurement
of plasma conditions.

Typical Thomson scattered spectral profiles at the focal
point for three different static pressures of He and Ne are
shown in Figs. 1 and 2, respectively. For low pressure He
and Ne (=1 Torr), the spectra are characteristic of a
multiphoton ionized (ATI heated) electron energy distri-
bution [10]. While it is not rigorously possible to define a
temperature at low pressure (since the electron collisional
relaxation time is of the order of the laser pulse dura-
tion), Gaussian distributions with characteristic “temper-
atures” of T, =6.5 and 6.8 eV for He and Ne, respective-
ly, have been convolved with the instrument width of 0.7
nm and overlaid on the data to indicate an upper bound
on the electron energy.

The high pressure (= 10 Torr) experimental spectra of
Figs. 1 and 2 have been fitted (dashed lines) by theoreti-
cal Thomson scattering form factors (discussed below).
Several important characteristics can be observed in these
scattered spectra. In the first place, the high frequency
parts of the spectra are found to be symmetrical and
therefore correspond to scattering from thermal electrons;
in contrast, enhanced redshift signals would be observed
for SRS. Second, the agreement between calculated and
experimental spectra for frequency shift o= & wp,
shows that ponderomotive effects are not important since
nonthermal electron plasma oscillations would otherwise
be observed. Third, these results show that the spectra
evolve from ones characteristic of ATI at low pressure to
thermal electron distributions at moderate pressure. This
behavior is to be expected for higher density where the
electrons have sufficient time to thermalize.

Finally and significantly, in addition to the normal high
frequency “electron” feature, Figs. 1 and 2 show that a
distinct low frequency “‘ion” feature emerges with in-
creasing pressure. The theoretical “ion” feature has a
width less than the experimental 0.7 nm spectral resolu-
tion. From the dynamic form factor for scattering from
thermal density fluctuations [11],

Sk,0)=S.(k,0)+S;(k,w)
_ 1 +xilfe(o/k)
1+ 2o +7:] 2

where f. ;(w/k) are
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FIG. 1. Thomson scattered spectra for He at various pres-
sures. A 6.5 eV Maxwell-Boltzmann distribution (dashed line)
is overlaid on the 2 Torr data to give an upper bound on elec-
tron energy. The electron spectral fits S(k,w) shown as dashed
lines are calculated for 7, =20.6 ¢V and a==0.65 (20 Torr);
T.=36 ¢V and a= 1.1 (100 Torr).

Boltzmann distributions and y.; are the electron (ion)
susceptibilities, it can be shown that the fraction of scat-
tered light arising from the normal ion feature S; is negli-
gible for ZT,/T;> 1. The electron feature .S,, however,
displays an important resonance— the “zero-damped” ion
acoustic mode— for large ZT,/T;, in addition to the nor-
mal electron thermal feature. From the real part of the
dielectric function, it can be shown that the minimum
temperature ratio required for this resonance is given by
1+a?—0.29a2ZT,/T; =0, where a=1/kAp. In this situ-
ation, not normally accessible experimentally, the spec-
trum of scattered light admits the determination of 7,/7T;



VOLUME 71, NUMBER 24

PHYSICAL REVIEW LETTERS

13 DECEMBER 1993

60 -

551 (a) Neon - 1 Torr 4
~ 50+ 4
2
§ 45+ R
E S J
&
L
E  35)
B
§ 30f ]
g
« 251 4

20+

15 r‘nﬂw"w‘ﬂr

-60 40 60
250 S . e
(b)

Neon - 10 Torr

200 p
|

sl f

Scattered Intensity (relative)
-
[=1
(=}
T
‘Kﬁb“

50 Vf}
\’H&“\’}y\n SN DSOS
ol

-30 -20 -10 0 10 20 30
250 T -

©
Neon - 60 Torr
200 1

150 1

(-)30 -20 -10 0 10 20 30

Scattered Intensity (relative)

Wavelength of Scattered Light (nm)

FIG. 2. Thomson scattered spectra for Ne at various pres-
sures. A 6.8 eV Maxwell-Boltzmann distribution (dashed line)
is overlaid on the 1 Torr data to give an upper bound on elec-
tron energy. The electron spectral fits S (k,w) shown as dashed
lines are calculated for T, =28.5 eV and a mixture of a =0 and
a=0.7 (10 Torr); T. =64.2 ¢V and a mixture of a =0 and a=1
(60 Torr). These fits are only approximate since the temporal
and spatial distribution of ionization Z is unknown.

(within limits) from the ratio of scattering into low and
high frequency components, as well as 7, from the width
of the high frequency component. This evolution can be
seen for He in Fig. 1 where the measured spectra have
been fitted by theoretical Thomson scattering form fac-
tors (fitting Ne is more difficult because of volume and
time averaging effects over variable Z of the ion states).
The calculated curves are a convolution of the monochro-
mator instrument function (0.7 nm FWHM) and theoret-
ical S(k,w). We conclude that the low frequency feature

-
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FIG. 3. Experimental ratio of scattering in the central “ion’
feature to that in the “electron” feature as a function of He gas
pressure (experimental points, dashed curve). The calculated
ratios for limiting values of T./T;=1 and 100 [from the full
S (k,w) equation], are shown as solid lines. The estimated er-
rors are = 10% in @ and £ 15% in ratio.

results from the zero-damped ion mode resonance in the
electron term of the scattering form factor. The results
are of particular interest because the very high values of
ZT,/T; are responsible for the dominance of the zero-
damped feature which, to our knowledge, has not been re-
ported before.

The experimental ratio of integrated scattering in the
central ‘““ion peak” to that in the outer “electron’ wings is
plotted as a function of scattering parameter a =1/kAp in
Fig. 3. Also shown is the calculated ratio for T./T;
values of 1 and 100 (it can be shown that the ratio varies
as a? and increases with T,/T; reaching a limiting value
when T,/T; exceeds 10-100, depending on a). Thus our
experimental data indicate T./T;> 10 for a=2 and
T./T; > 50 for a==0.5. We conclude that high field opti-
cal ionization results in a large T,/T; ratio; however, the
accuracy of our experimental determination of this ratio
is limited, particularly at low pressure.

The electron temperatures deduced for He and Ne as a
function of pressure are summarized in Fig. 4. For Ne,
however, it is important to note that the experimentally
derived temperatures are an upper bound determined by
an approximate spectral fitting to the measured spectra.
Since the experimental spectra are volume and time in-
tegrated averages over ionization state Z, the actual spa-
tial and temporal variations for Ne preclude analysis
comparable to that for He, which has a known ionization
state Z =2 during the Thomson scattering period. We
have calculated spectra for varying Z and « (i.e., varying
ne, T. with concomitant varying a) which indicate that
mixed a spectral fitting may overestimate 7, by a factor
of up to 2 for Ne.

The experiment was modeled using a one-dimensional
hydrodynamic and time dependent ionization code (de-
tails to be published separately [8]). Above threshold
ionization heating, nonlinear inverse bremsstrahlung ab-
sorption, and lateral electron thermal conduction losses
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FIG. 4. Experimental T, scaling with pressure for He and
Ne (data points and dashed curves). The solid curves are cal-
culated values using a code that includes above threshold ion-
ization heating, nonlinear inverse bremsstrahlung heating, and
radial electron thermal conduction cooling. The experimental
Te for Ne is likely an overestimate, for reasons discussed in the
text.

are included in the model. Figure 4 shows the calculated
temperature on axis at the peak of the laser pulse. Im-
portant points to note are the following: (1) In the ab-
sence of radial electron heat conduction losses, the calcu-
lated T, would be much higher and increase linearly with
pressure, at variance with the measured values and pres-
sure variation for He; (2) the calculated ATI heating is
found to be negligible compared to IB heating for our ex-
perimental parameters; (3) the experimental and calcu-
lated T, values agree quite well for both He and Ne, indi-
cating that classical electron thermal conduction losses
are important for the laser intensity and pulse duration
conditions of this experiment (discrepancies are likely due
to experimental volume and time averaging effects, as dis-
cussed above).

Spatial measurements of the axially resolved Thomson
scattered light were also made to determine the ionization
profile in the focal region. The scattered intensity profile
was observed to increase and decrease monotonically
through the focus over a length of = 1 mm for He and
Ne; moreover, there is no axial modulation in scattering
which would be a signature of self-focusing. For low
pressure (= 1 Torr), the spectrum is broader at the focus
than upstream or downstream whereas for moderate pres-
sure (> 10 Torr), the spectral width is axially uniform
over several hundred microns. For the conditions of this
experiment (A =268 nm, f/4 focusing optics), refraction
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is not expected (or observed) to play an important role
[12].

In conclusion, the Thomson scattering results are con-
sistent with an electron energy distribution evolving from
a collisionless ATI distribution at low density to a
thermal electron distribution at moderate density. The
central feature of the scattered spectrum shows the pres-
ence of the “zero-damped” ion acoustic mode. The wings
of the spectrum (at low to moderate pressure) do not
show any evidence of SRS or of ponderomotive effects
creating significant levels of electron plasma waves.
Comparison with modeling establishes that ATI heating
is unimportant relative to nonlinear inverse bremsstrah-
lung heating and that radial heat conduction broadens
the heated region and reduces the electron temperature.

These results show that it is possible to create columns
of *“cold” plasma (T, <50 eV) by optical ionization and
radial cooling of gases. For 100-200 fs pulses that will
ultimately be employed for any practical XUV recom-
bination scheme, inverse bremsstrahlung heating and ra-
dial conduction effects would be reduced. The agreement
with modeling in this work suggests that predictions of
conditions needed for XUV laser action with sub-ps
pulses are well founded. Experiments to test this will be
completed soon.
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