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A one-dimensional model in cylindrical geometry which incorporates tunnel ionization, nonlinear in-
verse bremsstrahlung, and radial heat conduction is used to predict the spatial and temporal temperature
distribution in an undercritical plasma irradiated axially by a short-pulse laser. Results from the calcu-
lation are compared to available experimental data using a 12 ps KrF laser and to previous work in a re-
gime relevant to proposed recombination optical-field ionized xuv lasers in the transient regime, e.g., Li-
like neon. The calculated temperature is too high for lasing to the ground state because of the large con-
tribution from inverse bremsstrahlung for pulse lengths greater than 100 fs. It is shown that for small
filaments, additional cooling by supersonic heat conduction on a few picosecond time scale could be used
efficiently to generate inversion between excited states in the quasi-steady-state regime.

PACS number(s): 52.50.Jm, 52.65.+z, 42.55.Vc

I. INTRODUCTION

High power short-pulse lasers have opened up possibil-
ities in high electric field interaction with matter. At in-
tensities of about 10'7 W/cm? it is possible to produce
He-like neon, for example, through direct field induced
ionization. It has been suggested that for short pulses
(~100 fs) a plasma far from collisional equilibrium (with
an electron thermal temperature much smaller than the
ionization temperature) can be produced [1] by optical
field ionization (OFI). Three-body recombination (prefer-
entially into higher levels) following the short laser pulse
can result in population inversion between excited states
and between an excited and ground state of the ion. The
transient inversion to the ground state can only last for a
time determined by the filling of the ground state as a re-
sult of the radiative decay of the upper state (~ 1 ps) and
is of current interest for short-pulse xuv lasers at short
wavelengths. xuv lasing in plasmas produced by OFI is
also potentially more efficient [2] than the conventional
collisional and recombination x-ray lasers which rely on
collisional ionization for the production of the appropri-
ate ions [3]: in collisional ionization the bulk of the elec-
tron distribution is heated to the required temperature,
but only a small fraction of these electrons (with energies
of the order of the ionization and excitation energies)
contribute to the ionization and excitation of the ions.
As a consequence of their high efficiency xuv lasers based
on OFI could be implemented on relatively small tabletop
installations.

The transient x-ray laser scheme imposes severe re-
quirements on plasma conditions and is not possible if the
electron temperature is much higher than about one-
tenth of the ionization energy of the recombining ions.
For the Li-like neon scheme [2] the plasma must be al-
most completely ionized to the He-like stage following
the passage of the optical laser pulse and the electron
temperature no more than about 30 eV. Inversion be-
tween excited levels is also of current interest because ad-

1063-651X/94/50(6)/4961(8)/$06.00 50

ditional cooling (by heat conduction) of a plasma filament
allows less stringent requirements on the electron temper-
ature. Processes that contribute to plasma heating in-
clude above threshold ionization (ATI) energy and non-
linear inverse bremsstrahlung (IB) [1]. Under special
conditions stimulated Raman scattering [2], space charge
effects associated with the laser ponderomotive force [4]
and other collective mechanisms may be important. A
consensus on the electron temperature of an optically
ionized plasma has not been achieved: one study [4] pre-
dicted that a He-like neon plasma at an electron density
of 10 cm™3 irradiated with a 0.248 pm, 200 fs laser
pulse at an intensity of 10'®* W/cm? would have a residual
temperature of about 10 eV, while another study [5] pre-
dicts a temperature of at least 200 eV. The validity of
these calculations is difficult to assess without compar-
ison to experimental measurements. Measurements of
temperature in an OFI neon plasma have been reported
recently [6]. These used Thomson scattering of the beam
itself to infer the electron temperature during the laser
pulse. The purpose of this paper is to present a detailed
time dependent simulation of the ionization and heating
of these gas targets. Nonlinear inverse bremsstrahlung
and ATI heating as well thermal conduction cooling are
taken into account. The densities covered in the experi-
ment range from 1 to 100 Torr (N;=3.3X10' to
3.3X 10" cm™3). For the densities and laser intensities
of interest in these experiments the heating contribution
from stimulated processes is negligible. Ionization in-
duced defocusing of the laser beam can also be neglected
for the conditions of these experiments. The model is
then extended to densities of interest to the xuv laser
scheme (N;=10"-10%° cm™3) and shorter pulse length
(~100 fs). Since our calculations do not include the con-
tribution of stimulated processes to the heating, they only
provide a lower limit to the electron temperatures.

In Sec. IT we discuss the heating mechanisms and the
heat conduction models used. The relative importance of
the different processes as a function of electron density
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and laser pulse length are pointed out. The simulation of
the neon experiments using the 12 ps KrF laser [6] are
presented in Sec. III. Electron temperatures for shorter
pulses and higher densities relevant to xuv laser schemes
are calculated in Sec. IV. A discussion of the results is
presented in Sec. V.

II. DESCRIPTION OF PHYSICAL MODEL

The model is based on a one-dimensional Lagrangian
hydrodynamic code coupled to a time dependent atomic
model [7]. The atomic model was modified to include
tunnel ionization and irradiation in the axial direction.
At high laser intensities the rates for collisional processes
are much smaller than OFI rates and only sequential tun-
nel ionization needs to be considered. In this situation
ATI heating, nonlinear inverse bremsstrahlung, and a
choice of flux limited diffusion and nonlocal heat conduc-
tion are also included in the model. The laser beam is as-
sumed to have a Gaussian temporal profile and a Gauss-
ian radial profile and is incident axially. Only radial gra-
dients are taken into account as they are much more im-
portant than axial gradients within a distance of the or-
der of a Rayleigh range (zz =4xr3 /A) from the position
of the focus where the measurements are made. A is the
laser wavelength and r; the beam radius (at 1/e of peak
intensity).

A. Tunnel ionization rate and ATI heating

The most important ionization process for short-pulse
high intensity laser-matter interaction is tunnel ioniza-
tion. This is a very nonlinear process for which the rate
rises very rapidly above a threshold intensity, which can
be defined as the intensity for which the electric field
depression of the atomic potential is equal to the binding
energy of the electron [4,8]. Numerically this threshold
intensity is approximately given by
u, |*

i 2
3.6 W/cm* , (D

[ = 1.4Xx 10"
thr — Z2

where U, is the ionization potential in eV and Z the re-
sidual charge of the ion seen by the photoelectron. Ex-
periments [9] have shown good agreement with the gen-
eralized formula for the rate of tunnel ionization due to
Ammosov, Delone, and Krainov [8]. The static field ion-

ization rate is given by [4]

Z2 VA ks
- z° VARZIYS
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where w, , is the atomic unit of frequency (=4.1X10'°
s~ 1), E is the instantaneous laser electric field, E, ,, is the
atomic field strength (=5.1X 10° V/cm), and
n=2Z(13.6/U,)'"2

The ATI heating can be attributed to the mismatch be-
tween the peak and the point in the laser cycle at which
ionization occurs [10]. For a linearly polarized sinusoidal
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field an electron ionized at some arbitrary phase
mismatch ¢ will acquire an average kinetic energy

E,(¢)=2U, cos’(¢) , (3)

where U, =e2E3 /4mw? is the ponderomotive potential, e
and m are the electronic charge and mass, respectively,
E, is the amplitude of the laser electric field, and w is the
laser angular frequency. The average ATI energy is ob-
tained by multiplying by the rate of ionization and in-
tegrating over a laser cycle

_ [W(PIE($)d¢
Ean= [wi(g)ds

The ATI energy is dependent on the laser wavelength
(proportional to A?) as well as the intensity at which the
ionization occurs. For short-pulse lasers ionization
occurs approximately at the threshold intensity (the exact
value depends on the rise time of the pulse). The ATI en-
ergy is also strongly dependent on the polarization of the
laser field and varies from approximately 0.1U, for
linearly polarization to 2U, for circular polarization.

(4)

B. Nonlinear inverse bremsstrahlung

At low intensities the most important mechanism for
heating plasmas with lasers is inverse bremsstrahlung or
collisional absorption. The absorption is proportional to
the electron ion collision frequency and to the laser inten-
sity. At high laser intensities the electron velocity distri-
bution is severely modified as a result of the oscillatory
motion in the laser electric field. Consequently the elec-
tron ion collision frequency is reduced and the absorption
becomes nonlinear and decreases with intensity. There is
therefore an optimum intensity for efficient heating of a
plasma by a laser when the thermal velocity
[vy =(kT,/m)'?]is of the order of the oscillatory veloc-
ity (v,,=eE,/mw) and is given approximately by

I, =2.68X10T,/A* W/cm?®, (5

where T, is in eV and A in um. The low intensity expres-
sion for the inverse bremsstrahlung absorption rate is
given by the usual expression [11]

172
Z**N,N;e%?2 InA L
S 172 ergs  cm -, (6)
%
)

mvl,
where Z* is the average ionization state, N, and N; are
the electron and ion density, respectively,
w,=(4wN,e?/m)'/? is the plasma frequency, and the
Coulomb logarithm term is defined in Ref. [11]. There is
still no agreement on the high intensity expression. The
first derivation of inverse bremsstrahlung at v, >v,, was
given by Silin [12] and incorporates a correction to the
logarithmic term proportional to In(v,, /2v +1). A lim-
ited amount of tabular data was also given for intermedi-
ate intensities when v ~v,,. A simple expression that
interpolates between the low and high intensity cases and
consists of replacing v by v3 +vZ /6 is given in Refs.

4
3

™

===
2




50 HEATING OF UNDERDENSE PLASMAS BY INTENSE SHORT-. ..

[13] and [14]. In Ref. [5), v} is replaced by v} +v2 /3,
while the Ref. [1] v3 is replaced by v} +vZ and no
changes to the logarithmic term are included. Some
more recent work [15], which is used in our calculations,
incorporates changes to the logarithmic term at high in-
tensity and interpolates between the low and high intensi-
ty limits by effectively replacing v by v3 +v2. The
high intensity expression is obtained by replacing InA /v A
in Eq. (6) by

2 2
v v
1in? |14+ |+ In |-+ exp(1V7/2) | InA
Uth Uth
Wr/200k +v3 )2

Figure 1 shows the inverse bremsstrahlung heating rate
per electron in He-like neon for a range of electron densi-
ties (10'"-10% cm™3) and a temperature of 30 eV as a
function of laser intensity. The cycle averaged ATI ener-
gies for all ten-electrons of neon are also shown. It can
be seen that the ATI energy increases with the ionization
potential of the electron as a result of the increases in
threshold intensity. For laser pulses with a duration of
the order of 1 ps ATI heating is only significant com-
pared to IB at the lowest electron densities. As the densi-
ty increases, inverse bremsstrahlung increases (propor-
tional to the electron density), while ATI remains con-
stant. Above a few times 10'° W/cm? the ATI energy
from the two last electrons in neon is much larger than
the inverse bremsstrahlung heating rate even at the
highest electron density shown. The intensity needed to
remove these two last electrons in neon is, however,
beyond the range considered in this work. The exact
magnitude of each heating process depends not just on
density, but also on intensity and pulse rise time and
duration. A time dependent calculation of the ionization
taking into account the temporal and spatial profiles of
the laser beam is therefore necessary.
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FIG. 1. Inverse bremsstrahlung (IB) heating rate per electron
per picosecond as a function of intensity in He-like neon for a
range of electron densities (full curves), at an electron tempera-
ture of 30 eV and a laser wavelength of 0.25 um. The cycle
averaged ATI energies for all ten electrons of neon are also
shown (dotted curves). The ATI curves are labeled with the
ionization stage under consideration (1+,8+,...). The full
squares mark the value of the ATI energy at the threshold in-
tensity as given by Eq. (1).
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C. Electron heat conduction

For small laser focal spots and long pulses, thermal
conduction cooling plays an important role in determin-
ing the electron temperature. In the diffusive limit,
Spitzer and Harm [16] derive an expression for the
thermal conductivity under the assumption that the elec-
tron mean free path is much smaller than the scale length
of the temperature gradient (L =T/|VT]) and that the
electron distribution is locally a Maxwellian. When the
gradient is so steep that L becomes smaller than the aver-
age mean free path or when the electron distribution de-
viates significantly from a Maxwellian, the Spitzer-Harm
heat flux might exceed its physical upper limit, the free
streaming limit given by Q,=fN kT, vy, where f is of
the order of unity. A full solution for the electron distri-
bution function is complicated and a common remedy is
to simply impose an upper limit on the local heat flux in
order to avoid such nonphysical behavior. We will see
that the calculated temperature will depend strongly on
the value of the flux limiter used. It is therefore desirable
to have a heat conduction formulation that does not rely
on a flux limiter. Such a formulation, which also ac-
counts for nonlocal effects, is the convolution integral
[17-19] formula. The use of convolution formulas is
computationally simpler than the solution of the
Boltzmann equation and is easily implemented in a hy-
drodynamic code. The usual convolution integral [17]
for heat conduction is given by

On(1)= [ G(r,r")Qgu(r)dr’ ()

where G is a kernel defined below. The physical basis
behind Eq. (7) is that when the electron mean free path is
long compared to the temperature gradient scale length,
the heat flux at a position r is determined by the classical
fluxes from other points ' up to a distance which corre-
sponds to the mean free path of electrons having a veloci-
ty equal to 2.4y T,/m, which is characteristic of elec-
trons dominating the heat flow [18]. Despite the fact that
the above formula was not derived from first principles, it
gives flux inhibition under sharp temperature gradients as
well as preheat ahead of the main heat front and it leads
to the classical Spitzer-Harm result in the diffusive limit.
The kernel G in geometries other than planar would in-
volve a complicated integral in three dimensions. For cy-
lindrical geometry, an expression similar to the planar
case is obtained by restricting the integral in Eq. (7) to a
line through the central axis. A kernel for cylindrical
geometry that takes into account the curvature and has
the desirable property of giving a zero heat flux on axis
and reduces to the planar case for large radii is given by

’ =—-—1
G(r,r') 2ah.(7)
1 ® ”n "
X exp \ aN,(r")A (r') f—wN"(r dr ]
Xmax[1,r'/r], (8)

where A, =(kT,)?/4wN,e*(Z*+1)"’InA is the electron
mean free path [17,18] and the numerical constant a =32
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FIG. 2. Electron temperature on axis of a 100 Torr neon cy-
lindrical target irradiated axially with a 0.268 um, 12 ps
(FWHM), 4X 10" W/cm? Gaussian (radially and temporally)
laser pulse at the time of peak intensity as a function of beam
radius (corresponding to 1/e of peak intensity). The curves
given by the nonlocal (NL) heat conduction formula, flux limit-
ed diffusion (with £ =0.01, 0.1, and 1), and diffusion with no
flux limiter, as given by Spitzer and Harm (SH) are shown.

was chosen by Luciani, Mora, and Pellat [17] by compar-
ison with more detailed calculations. The importance of
heat conduction in determining the temperature at the
center of the focus at the time of peak intensity of a
4X 107 W/cm?, 12 ps full width at half maximum
(FWHM) laser beam can be seen in Fig. 2. The target
consists of 100 Torr neon and the laser has a Gaussian in-
tensity profile in the radial direction. As the beam radius
is reduced the temperature on axis decreases as a result of
heat conduction. For very large radii the curves will
merge together to a value given by zero heat conduction.
For small radii the calculated temperature is very sensi-
tive to the value of the flux limiter used. The nonlocal
heat conduction model predicts a temperature intermedi-

800 T T T T T T T T T

B [o2]
o [=]
o o

Temperature on axis (eV)
N
[=]
o

0 1 R 1 N L
2

Pulse length (ps)

FIG. 3. Electron temperature on axis of a 100 Torr neon cy-
lindrical target irradiated axially with a 5 um radius, 0.268 pm
wavelength, 4X10'7 W/cm? peak intensity Gaussian (radially
and temporally) laser pulse at the time of peak intensity as a
function of pulse length (FWHM). The curves given by the non-
local heat conduction (NL HC) formula and without heat con-
duction (NO HC) are shown.
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ate between a flux limiter of 1 and 0.1 approximately.
Heat conduction is only effective over time scales of the
order of the electron diffusion time across the tempera-
ture gradient. This can be seen in Fig. 3, where the tem-
perature on axis at the peak of the laser as calculated
with and without heat conduction is shown as a function
of pulse length for a 5 um radius target. As the pulse
length is reduced to about 1 ps, heat conduction becomes
negligible on time scales of the order of the laser pulse
length.

III. SIMULATION OF 12 ps EXPERIMENTS

The model is used in this section to simulate the exper-
iments on neon reported in Ref. [6]. The experiments
were performed using the KrF laser facility at the Ruth-
erford Appleton Laboratory. A 12 ps (FWHM) beam
was focused to a spot of about 3.25 um radius to give a
peak intensity at the focus of about 4X 10'7 W/cm?. The
electron temperature was inferred from 90° Thomson
scattering spectra of the laser beam and is therefore an
average over the spatial region observed by the detector
and also over the duration of the pulse. Since the laser
pulse is approximately Gaussian in space and time the
measurements are representative of conditions near the
axis at the time of peak laser intensity because the
scattering signal is proportional to the laser intensity and
the electron density, which have their maxima on the axis
of propagation of the laser beam at the time of peak in-
tensity. In Fig. 4 we compare the experimental results
for neon (from 1 to 100 Torr) with calculations employ-
ing different heat conduction models. Since the uncer-
tainty on the experimental measurement is estimated to
be about a factor of 2, there is good agreement with the
nonlocal heat conduction model as well as a flux limited
diffusion with f~1. The comparison is complicated by
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FIG. 4. Electron temperature on axis of a neon cylindrical
target irradiated axially with a 3.25 pm radius, 0.268 um wave-
length, 4X 107 W/cm? peak intensity Gaussian (radially and
temporally) laser pulse at the time of peak intensity as a func-
tion of gas pressure. Results from the nonlocal (NL) heat con-
duction, the Spitzer-Harm and flux limited diffusion (with
f£=0.01, 0.1, and 1), and diffusion with no flux limiter as given
by Spitzer and Harm (SH) are shown. The squares show the ex-
perimentally measured data.
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the temporal and spatial averaging of the detection sys-
tem, as shown in the remainder of this section.

The time variation of the electron, ion temperature,
and average ionization on axis is shown in Fig. 5. The
ionization to the He-like stage is reached about 5 ps be-
fore the peak of the pulse since the peak intensity used in
the calculation is approximately a factor of 2 higher than
required to reach Z*=8. Around the time of the peak of
the laser intensity, the electron temperature is rising al-
most linearly, while the ionization is constant. The time
averaged temperature should therefore be well approxi-
mated by the value at the time of peak intensity. The ion
temperature is less than 1 eV since electron ion exchange
is not effective at these low electron densities, high laser
intensities, and short time scales.

The contributions to the electron temperature from
ATI and IB are better seen in Fig. 6. For these long
pulses and intensities ATI heating is negligible compared
to IB. The plasma is heated by IB and cooled by thermal
conduction. The electron temperature increases until 10
ps past the peak of the laser pulse, when thermal conduc-
tion cooling dominates the energy balance.

Another factor that can influence the averaging effect
of the detection system is the radial distribution of the
plasma parameters. The electron temperature and aver-
age ionization at the time of peak intensity as a function
of radius are shown in Fig. 7. The use of a nonlocal heat
conduction model results in a preheat front extending to
about 80 um. Flux limited diffusion with f =0.5 (chosen
to give the same temperature on axis) shows a much
sharper drop at a radius of about 20 um. The He-like
ionization region extends to a radius of 3 um, where the
electron temperature, as predicted by the two models, is
constant. This flattening of the temperature on axis re-
sults from clamping of the central peak by efficient heat
conduction.

Finally we investigate the effect of the ponderomotive
force (f,=—N,VU,) [20] on the hydrodynamic motion
of the plasma in the radial direction. This force is pro-
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FIG. 5. Electron temperature from the nonlocal heat con-
duction model, ion temperature, and ionization state Z* on the
axis of a 100 Torr neon cylindrical target irradiated axially with
a 3.25 um radius, 0.268 um wavelength, 4 X 10'” W/cm? peak in-
tensity Gaussian (radially and temporally) laser pulse, as a func-
tion of time relative to peak of intensity.
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FIG. 6. Contribution to electron temperature in a 100 Torr
neon cylindrical target from ATI (T,a1p)), IB (T,3)), and the
resulting temperature as calculated by the nonlocal heat con-
duction model (T, )) as a function of time relative to peak of

_intensity. The target is irradiated by a 3.25 um radius, 0.268 um

wavelength, 4X10'7 W/cm? peak intensity Gaussian (radially
and temporally) laser pulse.

portional to the radial gradients of the laser intensity and
results in a force on the fluid (electrons plus ions) away
from the central region. Figure 8 shows the electron den-
sity at the time of peak intensity with and without the
ponderomotive force effects. The intensity profile is also
shown. The effect of the ponderomotive force on the hy-
drodynamic motion is to reduce the density by up to a
factor of 2 in the 3 um radius region near the axis. As
noted in Ref. [6], volume and time averaging effects of ra-
dially varying density will influence the scattered spectra,
even though the temperature and laser intensity varia-
tions are small (see Fig. 7).
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FIG. 7. Electron temperature in a 100 Torr neon cylindrical
target as calculated from the nonlocal heat conduction model
(Tyn1y) and the flux limited diffusion (T, ;¢ 5)) at the time of
peak intensity of a 3.25 um radius, 0.268 um wavelength,
4X 10" W/cm? peak intensity Gaussian (radially and temporal-
ly) laser pulse as a function of radius. Also shown is the average
ionization Z *.
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FIG. 8. Electron density in a 100 Torr neon gas target as cal-
culated with the ponderomotive force (dashed curve) and
without (full curve) at the time of the peak intensity of a 3.25
wm radius, 0.268 um wavelength, 4 X 10'7 W/cm? peak intensity
Gaussian (radially and temporally) laser pulse as a function of
radius. Also shown is the intensity profile (dotted curve).

IV. APPLICATION TO SHORTER PULSES
AND HIGHER DENSITIES

The highest density used in the experiments described
above corresponds to a He-like neon plasma with an elec-
tron density of 2.6 X 10'° cm 3. This is about an order of
magnitude lower than the densities envisaged for xuv
lasers. Although the wavelength (0.268 um) and intensity
(4X10'7 W/cm?) used are adequate for the Li-like
scheme described in Ref. [2], the pulse length (12 ps) is at
least a factor of 50 longer than what is required. The
effect of increasing the density and reducing the pulse
length on the electron temperature at the end of the laser
pulse (defined as 3 times the FWHM past the peak) is
shown in Fig. 9. As the density increases the heating

1000

Electron temperature (eV)

10 s NP | s P
0.01 0.1 1

Pulse length (ps)

FIG. 9. Electron temperature on axis of a neon cylindrical
target irradiated axially with a 5 um radius, 0.268 um wave-
length, 4X 10" W/cm? peak intensity Gaussian (radially and
temporally) laser pulse at the end of the laser pulse (taken as 3
times the FWHM past the peak of the pulse) as a function of
pulse length (FWHM). Results of calculations using the nonlo-
cal heat conduction model for 100, 300, and 1000 Torr (full
curves) are shown. A calculation for 1000 Torr without any
heat conduction is also shown (dashed curve).
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contribution from IB heating increases and results in a
higher temperature at the end of the laser pulse. As the
pulse length decreases the contribution from IB becomes
negligible and only ATI contributes to the heating. The
slight increase in temperature for the shortest pulse
length is due a small increase in ionization intensity. A
focal spot radius of 5 um is used in these calculations and
the effect of heat conduction can also be seen in Fig. 9,
where the results for 1000 Torr neon without heat con-
duction are also shown. As expected, for subpicosecond
pulses heat conduction is not effective on time scales of
the order of the laser pulse length.

The temperature as calculated by our model for a 200
fs laser pulse at an intensity of 10'® W/cm?, a wavelength
of 0.248 um, in a Ne®' plasma at an electron density of
10%° cm ™3 is shown in Fig. 10. The temperature at the
end of the pulse is about 150 eV with a contribution from
ATI of approximately 25 eV and the rest from inverse
bremsstrahlung. This is in better agreement with Ref.
[5], where a temperature of 200 eV was calculated, than
with Ref. [4], where inverse bremsstrahlung was found to
be negligible and an ATI temperature of 10 eV was calcu-
lated. Our calculated temperature is too high for the
transient xuv laser scheme in Li-like neon proposed in
Ref. [2], which requires a temperature <30 eV. Al-
though this temperature might be achievable for pulse
lengths <50 fs (see Fig. 9), no such pulses with sufficient
energy to ionize the plasma have yet been produced. For
the longer pulses available (> 100 fs) additional cooling
by heat conduction can be used to achieve inversion be-
tween excited states for quasi-steady-state recombination
schemes. The rate of cooling for a cylinder with tempera-
ture T,, electron density N,, and radius  immersed in a
cold background is approximately proportional to
T5/2/(N,r?) and can be much higher than the adiabatic
expansion cooling rate for a cylindrical plasma expanding
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FIG. 10. Contributions to electron temperature in a He-like
neon cylindrical target from ATI (T,a1y)), IB (T,p)), and the
resulting temperature given by the nonlocal heat conduction
model (T, ny)) as a function of time relative to peak of intensity.
The electron density is 10%° cm ™ and the target is irradiated by
a 5 pm radius, 0.248 um wavelength, 200 fs FWHM, 10"
W/cm? peak intensity Gaussian (radially and temporally) laser
pulse.
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FIG. 11. Electron temperature in a He-like neon cylindrical
filament as given by the nonlocal heat conduction model as a
function of time relative to peak of intensity. The electron den-
sity is 10® cm™3 and the target is irradiated by a 0.248 um
wavelength, 200 fs FWHM, 10'® W/cm? peak intensity Gauss-
ian (radially and temporarily) laser pulse. Curves corresponding
to 1, 5, and 25 pm radius are shown.

into vacuum, which is approximately proportional to
T}’2/r [1]. Provided the difficulties associated with the
production of long filaments of ionized plasma are
resolved, it should be possible to control the rate of cool-
ing by varying the radius of the filament. For small radii
the cooling occurs on a time scale much smaller than the
hydrodynamic time scale for expansion (> 10 ps). This
cooling by a supersonic heat wave is favorable for high
gain at high electron densities and low temperatures.
The time evolution of the electron temperature for the
200 fs case discussed above is shown in Fig. 11. The
dependence of the cooling rate on radius is very strong at
early times, but diminishes at later times as the heat front
progresses to larger radii, in agreement with the simple
scaling. Detailed calculations of small signal gain on
4—3 and 5— 3 transitions in Li-like neon are in progress
and will be reported in a forthcoming paper.

V. DISCUSSION

The electron temperature measurements based on
Thomson scattering of the 12 ps KrF laser beam at a
peak intensity of 4 X 10!” W/cm? focused to a 3.25 um ra-
dius spot are well reproduced by a one-dimensional cylin-
drical hydrodynamic model which includes tunnel ioniza-
tion, ATI, and nonlinear inverse bremsstrahlung heating
as well as lateral heat conduction cooling. The electron
temperature increases almost linearly with time before
and after the peak of the laser beam, which provides a
good justification for approximating the time average
temperature by its value at the time of peak intensity.
Heat conduction in the radial direction results in the
clamping and flattening of the temperature profile near
the axis. Heat conduction is only effective on time scales
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greater than a few picoseconds. For the conditions at the
focus of the laser beam, the electron mean free is larger
than the spatial extent of the focus and nonlocal effects
are important. Inverse bremsstrahlung increases with
both electron density and pulse length, but ATI heating
is independent of both (ATI increases slightly for shorter
pulses since ionization occurs at slightly higher intensity).
ATI heating is negligible in the 12 ps experiment and the
temperature is determined by a balance between IB heat-
ing and radial heat conduction cooling. Another impor-
tant aspect of these OFI plasmas is the large difference
between electron and ion temperature. At these densi-
ties, electron-ion energy exchanges are not effective on
time scales of tens of picoseconds.

The application of the model to shorter pulses and
higher densities relevant to the Li-like neon transient xuv
scheme shows that for pulse lengths greater than 100 fs,
inverse bremsstrahlung heating becomes important rela-
tive to ATL. A calculation for a 200 fs laser pulse at an
intensity of 10'® W/cm?, a wavelength of 0.248 pm, ina
Ne®* plasma at an electron density of 10%° cm ™, gives a
temperature of 150 eV at the end of the pulse, in reason-
able agreement with Ref. [5]. The ATI contribution is
only 25 eV and the rest is from IB. The contribution
from IB can be minimized by using shorter pulses with
the shortest pulse being determined by the requirement
that there is enough energy in the pulse to ionize the plas-
ma to the required state. The ATI contribution could
also be minimized by removing the outermost electrons
using a low intensity prepulse to preform a plasma chan-
nel, which is allowed to expand and cool, and then using
a short intense pulse to ionize a filament to the final
desired ionization state. At this stage it might be advan-
tageous to use circularly polarized light so that the elec-
trons ionized by the short pulse acquire a very high ATI
energy and will not interfere with the recombination pro-
cess on a transient recombination time scale ( ~ 1 ps).

Quasi-steady-state xuv schemes based on 4—3 or 5—3
transition in Li-like neon, for example, do not impose
strict requirements on the electron temperature. Super-
sonic heat conduction is effective at cooling a plasma fila-
ment on a short time scale compared to quasi-steady-
state inversion time scale ( > 10 ps) with little sensitivity
to the initial temperature. The only problem in this case
is the creation of a long plasma filament. For the high
densities envisaged for xuv schemes, defocusing caused
by rapid ionization would tend to disrupt the propagation
of the beam over distances much longer than a Rayleigh
distance. Preforming a plasma channel with a suitable
electron density profile (see Fig. 7) to confine the short in-
tense ionizing pulse has been suggested as a possible solu-
tion to the problem [1].
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