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By means of spatially resolved high-resolution X-ray spectroscopy, we have investigated the generation
of fast ions at various laser installations with different flux densities and laser wavelengths. It is demon-
strated that the fast ion generation in laser-produced plasma can be achieved for a very low level of the
averaged laser intensity onto the target. The time-of-flight mass spectrometry ion diagnostics and X-ray
spectrographs give very close results for the energy distribution of the thermal ion component. For higher
energies, however, we found significant differences: the spatially resolved high-resolution spectrographs
expose the presence of supra-thermal ions, while the time-of-flight method does not. Supra-thermal ion
energies Fion plotted as a function of the g\?> parameter show a large scatter far above the experimental
errors. The cause of these large scatters is attributed to a strong non-uniformity of the laser intensity
distribution in the focal spot. The analyses by means of hydrodynamic and spectral simulations show that
the X-ray emission spectrum is a complex convolution from different parts of plasma with strongly differ-
ent electron density and temperature. It is shown that the highly resolved Li-like satellite spectrum near
He, contains significant distortions even for very low hot electron fractions. Non-Maxwellian spectroscopy
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allows determinating both the hot electron fraction and the bulk electron temperature.

1. INTRODUCTION

The interaction of intense laser radiation with mat-
ter leads to the creation of plasma in which the ab-
sorbed energy is not completely thermalized. This gives
rise to the familiar phenomena of fast ion emission, un-
derstanding which is important for both the laser fusion
and the development of fast ion sources [1-3].

Until now, the main part of the experimental in-
formation on the fast ion production in laser plasmas
was obtained with the help of mass spectrometry meth-
ods (see, e.g., review [4] and the special issue [5]).
These methods are based on the direct observation of
ions over large distances, usually performed by charged
particle detectors (e.g., Faraday detector) several me-
ters away from the place of plasma creation. In this
case, the results strongly depend on the recombination
processes that occur during the plasma expansion to
large distances. Thus, although these methods are suit-
able to investigate laser-produced plasmas as possible
sources of multi-charged fast ions for some practical
applications, they have serious limitations for studies
of the fast ion production mechanisms inside the laser-
produced plasma. More suitable for this purpose are
the indirect spectroscopic methods — the observation
of photons emitted by fast ions rather than the direct
observation of fast ions. At present, such spectroscopic
methods are not widely used for the investigations of
fast ions. There are only several papers where these
methods have been used in nanosecond [6-8] and fem-
tosecond [9, 10] laser-produced plasmas.

In this paper, we present results for the fast ion pro-
duction in plasmas created by nanosecond laser pulses
with different wavelengths (0.308 ym, 0.8 ym, 1.06 pm,
and 10.6 ym). The results of X-ray spectroscopic meth-

ods show that the parameter ¢\?,, (where ¢ is the laser
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flux density and A\, is the laser wavelength) is impor-
tant for the processes of fast ion generation but it does
not completely determine these processes. It is also
shown that using laser radiation with the wavelength
~ 1 pum, one can generate multicharged ions with the
MeV energy (the so-called MeV-ions) even for moderate
values of laser flux density at about 103 W/cm?.

2. EXPERIMENTAL SETUP

The experimental investigations were carried out
at four different research centers: GSI-Darmstadt and
the Technical University Darmstadt (Germany), Fras-
cati (Ttaly), Saclay (France), and TRINITI (Rus-
sia). At GSI, the experiments were carried out at
the «nhelix-laser» installation (nanosecond high en-
ergy laser for heavy ion experiments). «nhelix» is a
Nd-Glass/Nd-Yag laser (A\jqs = 1.06 um) with the pulse
duration 15 ns and the energy up to 100 J. The present
experiments, however, were performed with the energy
17 J. The laser radiation is focused with a plane-convex
lens (diameter 100 mm, focal length f = 130 mm) onto
a solid teflon target (CF3). With the spot size about
500 pm, we obtain the flux density about 10'> W /cm?
onto the target and an extremely extended plasma
source where the radiation emission of the He-like ions
extends up to 1.5 cm [8]. In order to obtain different
laser fluxes onto the target, the distance between the
lens and the target was changed.

In the Saclay laser center, the experiments were
performed with the UHI10, a Ti:Sapphire laser with
A =0.8 pym. It was designed to generate 10 TW ultra-
short pulses with a 10 Hz repetition rate. In the experi-
ments reported here, the oscillator was switched off and
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the amplified pulse was provided by a regenerative am-
plifier used as a free-running @-switched nanosecond
oscillator. The pulse had a nearly Gaussian temporal
profile with the full width at half maximum equal to
8 ns. The available energy in the experimental cham-
ber was between 0.6 and 0.8 J. The 80 mm diameter
p-polarized laser beam was focused with an f/2.35 off-
axis parabolic mirror onto a CF, target with the inci-
dence angle ¢y,s = 45° (Fig. 1). The 1/e* focal spot
radius was between 10 to 20 pum, giving the flux density
about 5 - 103 W /cm?.

The excimer laser HERCULES used in Frascati is
a discharge pumped XeCl system (A5 = 0.308 pm)
designed and built by ENEA, INN FIS Department of
Frascati [11]. The capacitor bank of HERCULES is
directly connected with the laser electrodes. Just be-
fore the rising voltage reaches the self-breakdown level,
an X-ray pulse is injected into the Ne-based XeCl gas
mixture providing an avalanche process. This photo
triggering technique allows circumventing the typical
problem of a reliable switching in the main discharge
circuit. In this way, HERCULES can be easily operated
in the repetition rate mode without limitations because
of both the high charge transfer (~ 30 mC) and the
high current rate (~ 10! A/s). In the present exper-
iments, we used an injected PBUR (positive branch
unstable resonator) configuration, which means that
HERCULES was used as a laser amplifier amplifying
the beam generated by a commercial laser (Spectra
Physics) with a 10 ns pulse duration. The energy thus
obtained was 2 J per pulse with the 10 Hz repetition
rate. The laser beam was focused by a triplet lens (with
the f-number F = 3) to a spot with the diameter 50—
80 pum onto a plane solid target, giving the intensity
about 6 - 102 W /cm?.

In TRINITI, the experiments were carried out us-
ing the TIR-1 facility, which was thoroughly described
in [12]. The TIR-1 scheme can be used to generate
COs laser pulses with stable parameters and duration
that can be varied in the range from 2 to 30 ns. Gas-
phase saturable absorbers eliminated the feedback be-
tween the target under study and the laser system. The
wave front of the radiation was shaped by spatial filters
and matched irises. The output beam with the diam-
eter 200 mm had a divergence close to the diffraction
limit. The laser system characteristics ensured good
repeatability and optimization of the laser pulse pa-
rameters from the start. In the experiments described
below, the laser source was a single-mode CO» oscil-
lator built around the amplifier module of the TIR-1
facility with the active volume ~ 17 liters. The radi-
ation was produced in an unstable resonator with the
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length 2.7 m and the amplification ~ 3. The energy of
the output beam with the diameter 150 mm was about
60 J, and the laser pulse duration was 20 ns. The laser
radiation is focused with a lens (with the focal length
/ = 600 mm) onto a solid magnesium target with the
spot diameter about 500 um. In this case, the laser
flux density was about 10! W/cm?. In order to ob-
tain different laser fluxes onto the target, the distance
between the lens and the target was varied.

In all experiments, soft X-ray radiation was simul-
taneously recorded by two spectrographs with spheri-
cally bent mica crystals. The angle between the target
normal and the laser beam was ¢;,5, and the angle
between the target surface and the central ray of the
second (b) spectrograph was ¢,. The curvature radii of
the crystals were 150 mm and 100 mm. Both spectro-
graphs were installed in the FSSR-2D scheme [13, 14].
This allowed observing spectra with the spectral resolu-
tion A\/0A = 3000-5000 and spatial resolution dx = 25—
45 pm. In the TRINITI experiments, we simultane-
ously used both the X-ray spectroscopy and traditional
mass spectrometry (described in detail in [12]) diagnos-
tics.

The experiments at GSI, Frascati and Saclay were
performed with flat solid teflon targets. In these cases,
spectrographs were tuned to the spectral region 13.7—
17 A containing the resonance line Ly, of H-like F IX
and the lines He,, Heg, and He, of He-like F VIII. In
the TRINITT experiments, flat solid magnesium targets
were used. In this case, we observed (in the second or-
der of crystal reflection) the spectral regions 9.0-9.5 A
and 7.8-8.6 A, which contain the Ly, line of Mg XII
and the He, and Heg lines of Mg XI. Examples of the
spectrograms and densitograms obtained are presented
in Figs. 1-2.

3. RESULTS AND DISCUSSION

The main idea to use the X-ray spectroscopy for
the observation of fast ions is as follows. Suppose that
a plasma expansion predominantly occurs in the di-
rection normal to the target surface (the z axis). The
observed emission spectra then depend on the angle be-
tween the direction of observation and z axis because of
the Doppler effect. Using several spectrographs simul-
taneously, it is possible to derive the direction of the
predominant plasma expansion and its velocity distri-
bution from the observed spectra. For example, if the
plasma is cylindrically symmetric (the usual case for
the interaction of a laser pulse with a flat target) the
use of two spectrographs already provides the necessary
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Fig.1. The X-ray images of fluorine (@) and densitograms (b) obtained from the teflon plasma radiation for different observa-
tion directions: 1 — parallel to the target surface, 2 — at the angle ¢, = 45° to the target surface (¢1os = 0). The XeCl laser
pulse parameters are \jo; = 0.308 um, 7145 = 12 ns, Ejas =2 J, ¢ = 6 - 102 W/cm2, and g\, = 6-10"! W-/,LmQ/cm2

information. In this case, spectrograph (a) observes the
plasma in the direction perpendicular to the z axis and
the line profiles are expected to be essentially symmet-
ric. The width of the lines (apart from the random
walk characterized by the ion temperature T3) is deter-
mined by the transverse component V, , of the plasma
expansion velocity,

Ala \%
)\( ) ~ T,y . (1)
c
For the second spectrograph (b), the situation is dif-
ferent: the plasma motion is not symmetric, because
the plasma moves only in the positive z direction. The
spectral line is then shifted to shorter wavelengths by
V.
AN = \g—= sin ¢, (2)
c
Because different ions can have different expansion ve-
locities, the observed spectra show corresponding wings
on the blue side of all spectral lines. The line profile is
strongly asymmetric. Using the relation
V. .
IT{ )Xo+ N—sing, | x N(V2), (3)
c
it is possible to determine the number N (V) of fast
ions for a given velocity, i.e., the velocity distribution.
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We note that usually V, > V,,, and consequently,
the asymmetry observed by spectrograph (b) must be
much more pronounced than the broadening observed
by spectrograph (a). Exceptions from the symmetri-
cal line shape for spectrograph (a) can be caused by
radiation transport effects in transverse differentially
moving (z-, y-direction) plasmas. Differential plasma
motion results in a relative shift of the emission and
absorption profiles and the emission profiles are asym-
metric [2].

The first X-ray spectroscopic observations of fast
ions in a laser-produced plasma from solid targets were
made many years ago [6, 7]. The spectral distribution of
the Doppler-shifted radiation from fast He-like ions was
detected using flat or cylindrically bent crystal spec-
trographs. This technique has the serious drawback
of spatial integration (we note that although the in-
troduction of slits in principle also provides a spatial
resolution with flat crystals, the intensity considerably
drops and the signal-to-noise ratio becomes insufficient
for a detailed analysis of spectra). However, the use of
focusing spectrographs with spherically bent crystals
allows obtaining a high spatial resolution while main-
taining high luminosity. The high spectral and spatial
resolution as well as the high luminosity allow measure-
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Fig. 2.

The X-ray images of fluorine (a) and densitograms (b) obtained from the teflon plasma radiation for different

observation directions: 1 — parallel to the target surface, 2 — at the angle ¢, = 90° to the target surface (¢ias = 45°).
The Ti:Sapphire laser pulse parameters are \jus = 0.8 um, 755 = 8 ns, Ejus = 0.7 J, ¢ = 5 - 1013 W/cm2, and
Al =3-10" W-um?/em?

ments for low intensity sources (and less intense lines,
which are extremely important for diagnostic purposes)
with higher spectral line densities.

The spectrograms shown in Figs. 1 and 2 were ob-
tained using the various laser facilities described above.
Figure 1 presents the plasma production by a rela-
tively low-intensity and short-wavelength laser pulse.
Figure 1la shows the images and Fig. 1b shows the
corresponding traces (spectra). The lines from highly
charged fluorine detected by the spectrometer aligned
perpendicularly to the plasma expansion axis, i.e.,
along the target surface (images 1 in Fig. 1a) exhibit
a symmetrical shape. The width of the He, and Heg
lines are approximately equal to each other, indicating
that Stark broadening does not dominate in the line
wings. Images 2 in Fig. 1la correspond to aligning the
spectrograph at the angle ¢, = 45° to the target sur-
face. More details are seen from the spectra obtained
by tracing the corresponding images, Fig. 1b, spectra
1 and 2. The width of the lines is determined by the
Doppler broadening due to the expansion at thermal
velocities and by the plasma optical thickness.
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In contrast, the results obtained for the teflon
plasma using the GSI and Saclay laser facilities (see,
e.g., Fig. 2) show that the line shape detected in the
direction at 55° to the target surface exhibits a strong
asymmetry in the blue wings (e.g., for each line He,,
Heg, He,, Ly,). This asymmetry occurs because of the
expansion dynamics and corresponds to large Doppler
shifts (which cannot be explained by thermal expan-
sion) and manifests the existence of a considerable
amount of fast ions. The arrow near the curve in Fig. 2b
shows the value of the Doppler shift that corresponds to
the relative velocity 5-10% cm/s. We note that although
the laser wavelengths and pulse durations were rather
similar, the pulse energies and focusing conditions were
quite different.

Similar results were obtained for the Mg plasma
produced by the long-wavelength CO»-laser pulse for
the observation angle ¢, = 45°. In this case, the line
asymmetry is pronounced for the optically thick reso-
nance line (He,;) and for the spectrally resolved opti-
cally thin intercombination line (Hegs).

The extraction of the average energy of fast ions



F. B. Rosmej, D. H. H. Hoffmann, W. Siik et al.

MWKITD, Tom 121, Bem. 1, 2002

from the measured spectra is based on the analysis of
the blue wings of the spectral lines. Because the mo-
tion of ions is directed towards the spectrograph, the
radiation emitted by fast ions must not pass through
dense absorbing plasma regions. We now estimate pos-
sible absorption effects. The frequency-dependent op-
tical thickness is given by

L
7ji(w) =/

where \j; is the wavelength for the transition j — ¢,
g; and g; are the statistical weights of the upper/lower
states, Aj; is the spontaneous transition probability, n;
is the absorbing ground state, ¢;; is the line profile, and
L is the relevant plasma size. The line center optical
thickness 7y can be estimated from

1 .
—/\z»g—]Aﬂni@ji(w)dw,

4
o @

70,5i ~ 1.25 - 10*1°A§7i[m] X

XA]'Z' A

N [cm ] Legy [pml],

(5)

where A/A\ is the relative line width. For a Doppler
profile, the relative line width is given by

A . [TV

= =769-107° | ———= .

= 709107 [T (6)
For n, = 10! em™® (the critical density of the
Nd-Glass laser), kT; = 200 ¢V, M = 24, and

L.y = 100 pum, we obtain 79 ~ 40 for the He-like reso-
nance line He,; of Mg (A = 1.95-10'3 s71) and 7y ~ 0.1
for the intercombination line Hens (A = 3.40-1019 s71).
The optical thickness of the intercombination line can
therefore be neglected even in the line center and for the
resonance line, the optical thickness is negligible about
one FWHM out of the line center. Therefore, the spec-
tral dependence of the intensities is directly related to
the ion velocity distribution function.

Figure 3 shows the relative intensity in the blue
wings of the Heg line of fluorine versus the Doppler
shift measured in terms of the ion energy (directed
motion). The smooth lines represent Maxwell distri-
bution fits (with the temperature determined by the
angle to the abscissa axis in logarithmic plots). The
results show that the experimental uncertainty is suf-
ficiently small to determine the average energy values
for the fast ions. It should be noted that the differ-
ence between the Saclay (Fig. 3a) and GSI (Fig. 3b)
results can be caused by two reasons. The first is the
higher laser flux density for UHI10 facility. The second
reason can be related to a resonance absorption of the
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Fig.3. lon energy distributions derived from the rela-

tive intensities in the blue wings of the spectral lines

of He, of F VIII and He, of Mg XI. The smooth lines

represent the Maxwell distribution fits: o — Saclay

experiment, b — GSI experiment, ¢ — TRINITI exper-
iment

p-polarized laser pulse [15-17] occurring when the an-
gle @105 # 0. Figure 3¢ shows the results for the TIR-1
CO»-laser installation.

Figure 4a presents the velocity distribution of He-
like ions measured in the TRINITT experiment (CO-
Laser) by the mass spectrometer. Figure 4b shows
the mass spectroscopic measurements together with the
line spectroscopic results obtained from the He-like Mg
lines. The low-velocity part is obtained from the opti-
cally thin He-like intercombination line

Heno = 152p3 P — 15218y + ho,
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the He-like Mg ion velocity distribution in CO2 laser-
produced plasmas; b — comparison of the Mg Xl ion
velocity distribution in the CO; laser plasma derived
from the X-ray spectroscopy (solid line) and mass spec-
trometry (dotted line with symbols) methods

whereas the high-velocity part originates from the
He-like resonance line

Heor = 1s2ptP — 15218y + ho.

It can be seen that for velocities below 1.4 - 10% cm/s
(with 1.4-108 cm /s corresponding to the energy 245 keV
for Mg ions), the agreement is very good, however, only
the line spectroscopic measurements access the higher-
velocity region.

Figure 5 presents the fast ion average energy per
nucleon as a function of the parameter g)\? = as was
proposed in [4]. In Fig. 5, we compare the mea-
surements carried out for flat targets and ns-laser
pulses [6, 7, 18-25]; we note, however, that the measure-
ments indicated with filled squares were obtained for
35 ps-pulses [15,17]. The results of the present mass-
spectrometry measurements (open triangles in Fig. 5)
are also shown. The various results show a large scat-
tering (by orders of magnitude) of the data for both the
X-ray observations and the mass spectroscopy mea-

surements. This indicates that the parameter g\?

79

scription of the fast ion generation.

We note that the mass-spectrometry and the X-ray
spectroscopy methods deal with different registration
areas. In the first method, the ions are detected in the
region far from the laser pulse and the interaction zone,
while in the second method, the interaction region in-
volves the various processes related to the formation of
the spontaneous X -ray radiation. One can therefore ex-
pect a more complicated scaling behavior of the average
energy with the laser pulse parameters than presented
in [4]. At the same time, the direct measurements from
the interaction region provide more information for the
understanding of the fast ion generation mechanisms.

4. SIMULATION TECHNIQUES

To reveal the physical phenomena responsible for
different features of the measured X-ray spectra, we
performed numerical simulations using two computer
codes. The first is the one-dimensional GIDRA-1 code
for the simulation of plasma hydrodynamics and popu-
lation kinetics. Although the real plasma movement is
evidently not one-dimensional, this approach allows ob-
taining a good estimate of the average plasma parame-
ters. The numerical model is described in detail in [26].
Plasma hydrodynamics is described in the one-fluid
two-temperature approximation. The model includes
the electron heat conduction with the heat flux limi-
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tation, electron-ion temperature relaxation, and heat-
ing by laser light taken into account semi-empirically.
The electron energy balance equation also includes
terms corresponding to the ionization and excitation of
plasma ions and to the energy loss due to the plasma
radiation. The energy losses due to the radiation in
spectral lines and in the continuum are self-consistently
taken into account along with the hydrodynamics and
population kinetics. The interaction of laser light with
plasma is modelled in the geometrical optics approx-
imation by the ray-tracing technique. The ideal gas
equation of state was used to couple the system of equa-
tions.

The total amount of atomic and ionic states for Mg
used in simulation was 77. The atomic model equa-
tions were solved self-consistently along with the hy-
drodynamics equations, which also allowed correctly
treating the transient effects in population kinetics.
Temperature-dependent rates are calculated under the
assumption that the temperature distribution of elec-
tron energies obtained from hydrodynamics is given by
the Maxwell distribution function. The effect of the line
radiation re-absorption was described within the pho-
ton escape probability approach. The values of escape
probabilities were calculated in the Sobolev approxi-
mation [27]. The drawback of the GIDRA-1 code for
the purpose of X-ray spectra analysis is that the doub-
ly excited states are absent in the atomic model, and
no satellite lines are therefore present in the generated
spectrum.

On the other hand, another code package exploited
in the course of present work, MARTA [28], solves mul-
tilevel multiion stage atomic model equations with two
important features: the correct account for a large
number of doubly excited levels and a non-Maxwellian
electron energy distribution function. MARIA solves
the completely transient set of nonlinear population ki-
netics equations

dnj N N
W = —n;j Zij + Z’niWi]‘,
k=1 i=1

where n; are the population densities, N is the maxi-
mum number (dynamic) of levels (ground, singly- and
multi-excited states of various ion stages), and the W
matrix contains all the collision radiative processes and
radiation transport effects. If a matrix element physi-
cally does not exist, its value is zero. More details re-
lated to the applications to spectra interpretation are
described elsewhere [2, 28-31].

We have confined ourselves to the representation of
non-Maxwellian distribution functions with the lowest

(7)
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possible number of «temperature parameters T» that
allowed achieving a reasonable description of the exper-
imental spectra. This was checked by means of three
T parameters and a mono-energetic beam by changing
the respective relative fractions and energies. The non-
Maxwellian electron distribution function can then be
characterized by the hot electron fraction

Nhot
Neold + Nhot

(8)

fhot -

The non-Maxwellian rate coefficients are given by

<VU> = (1 - fhot)<VUa Tcold> + fhot<VUa Thot>7 (9)

where the brackets indicate the integration of the cross-
section with the distribution function (assumed to be
Maxwellian with the parameter T'),

(Vo,T) = /a(E)V(E)F(E)dE, (10)
Eq
where 2 exp(—E/kT)
F(E) = F\EW' (11)

For the three-body recombination, the corresponding
expression is more complicated because it then becomes
necessary to simultaneously introduce two distribution
functions and the double differential ionization cross
section

(VoT™) = (1= faot)*(ViVia ™) + 2, (VaVao IT) +

+ 2fnot (1 = frot)(ViVao™™),  (12)
where
oo
7T2h3 i
(ViVielry = 2% dEy %
e J
0

oo

X/dEl

0

E

ﬁagj(EaEk)F(Ek)F(El)- (13)
If k = [, the integral in Eq. (13) can be reduced to an in-
tegral involving the usual ionization cross section o/ (E)
(physically, this is equivalent to the application of the
detailed balance principle). For k # [, the integrals
are calculated numerically using the double differential
ionization cross section crilj(E., Ey).

Because we use the MARIA code to generate the
detailed X -ray spectra either for given plasma density,
temperature and electron distribution function, we first
investigated the validity of this approach. The two im-
portant features of laser plasma are the strong non-
uniformity of plasma parameters and the essentially
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transient ionization and recombination processes occur-
ring when plasma flows from the cold nearly solid-state
density region through the hot critical zone to the rare
and rather cold «coronay. We restrict our treatment
to one-dimensional effects (however, spherical geome-
try was chosen).

One type of simulations was made for a Nd laser at
the irradiation conditions corresponding to the experi-
ments at the «nhelix-laser» facility at GSI. The target
was assumed to be solid magnesium. The pulse shape
was Gaussian with the FWHM 15 ns, the peak of the
pulse was shifted by 7.5 ns from the start of the sim-
ulation (therefore, the simulation time ¢ = 7.5 ns cor-
responds to the peak of laser power). The peak power
density of a pulse with the Gaussian temporal shape ir-
radiating a solid target was set as P, = 10'2 W/cm?,
A = 1.06 yum. The initial radius of the target was set
to Ryg = 750 pm.

Figure 6 presents the results of this simulation for
a (Lagrangian) plasma particle that passes the point
where T, reaches the maximum at the time of the laser
power peak. Figure 6a shows the relative abundances of
Li-like and He-like Mg as a function of time for the La-
grangian particle. It is clearly seen that Li-like ions are
present only for a few nanoseconds. Thereafter, the He-
like ion population becomes dominant very soon. After
the electron density becomes several times smaller than
the critical density, the ionization state of the plasma
becomes «frozen» because the characteristic recombi-
nation time is much longer than the characteristic time
of rarefaction. For the same Lagrangian particle, we
also calculated the relative abundances obtained un-
der the assumption that all populations are in a steady
state. The steady-state He-like ion population becomes
significantly different from the transient one only af-
ter 15 ns when the laser pulse is already over. Fig-
ure 60 shows the evolution of the electron density N,
and the electron temperature 7T.. In Fig. 6¢, the ra-
diation power loss per unit volume is plotted for the
resonance line of He-like Mg ions. The peak of the ra-
diation power loss occurs slightly earlier than the peak
of the electron temperature. This is because the elec-
tron density is rapidly decreasing.

Another type of GIDRA-1 simulations corresponds
to irradiation conditions at the TIR-1 laser facility at
TRINITI. The initial radius was set to Ry = 200 pm.
The optical system of the TIR-1 laser was designed to
provide power density close to 10'* W /cm?. However,
it turned out to be impossible to obtain high-quality
spectra because of film over-exposure (probably caused
by fast electrons hitting the crystal and resulting in the
X-ray radiation from the mica surface). To avoid this

6 ZKOT®, Beim. 1
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Pias = 10" W/cm?, X = 1.06 um, the initial target ra-

dius Ry = 750 pm, the full Gaussian width 7 = 15 ns.

Shown are the relative ion abundances (a), temperature

and density (b), and radiation output of the He-like reso-
nance line (c)

effect, the target was displaced from the optimal focus
position. This led to a smaller laser power density and
significantly decreased the amount of fast electrons. In
accordance with estimates, the peak intensity in the
simulation was set to Py = 2102 W/cm?. The pulse
shape was Gaussian with the full width at half maxi-
mum equal to 26 ns, the peak of the pulse was shifted
by 13 ns from the start of the simulation. Simulations
were performed in spherical geometry providing a qual-
itatively correct distribution of plasma parameters even
for the one-beam illumination geometry of a plane tar-
get (provided the initial diameter of the target in the
simulation is about 1.5-2 times larger than the focal
spot size). The initial radius of the spherical target for
the simulation was 400 um, while the focal spot size in
the experiment is estimated to be 400-600 pm.
Simulation data are shown in Fig. 7. Because the
peak of the electron temperature is higher than it was
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Fig.7. Hydro-simulation for the CO; laser (TRINITI),
Ps = 6102 W/cm2, A = 10.6 um, the initial target
radius Ro = 200 um, the full Gaussian width 7 = 26 ns.
Shown are the relative ion abundances (a), temperature

and density (b), and radiation output of the He-like reso-
nance line (¢)

in the Nd glass laser simulation, stationary populations
deviate from the transient values at the temperature
peak moments. The strongest effect is observed for
the H-like ions: the relative abundance is less than
1% in the transient simulation, but 2 orders of mag-
nitude larger in the steady-state simulation. The in-
tensity peak of the He-like resonance line occurs before
the temperature peaks (deviations of stationary pop-
ulations from the transient ones are small). Based on
these results, we expect that X-ray spectra produced
by the MARIA code are reasonably accurate for the
plasma regions close to the target surface.

5. INVESTIGATION OF HOT ELECTRONS

Theoretical models [4, 15, 17] relate the generation
of fast ions to the appearance of hot electrons. Al-
though various mechanisms are under discussion (e.g.,
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[4, 15, 17, 32, 33]), a satisfactory understanding is still
missing. In this situation, the experimental investiga-
tion of fast ions and hot electrons inside the plasma vol-
ume where the laser energy is absorbed is mandatory
for the understanding and benchmarking of theoretical
models. X-ray spectroscopy set up with a high spectral
and spatial resolution proves to be an excellent tool for
these purposes. Moreover, the development of mod-
els for the interpretation of non-Maxwellian emission
spectra have shown that the radiation from autoioniz-
ing states (the so-called dielectronic satellite spectra)
play a significant role [8, 28-30, 34-40]. However, the
registration of these important satellite transitions re-
quires very high-luminosity spectrographs. Spherically
bent mica crystals [13, 14] have been proved to simul-
taneously satisfy all the requirements that are neces-
sary in practical applications: high spectral resolution
(A/OX &~ 5.000), high spatial resolution (dz ~ 10 um),
high luminosity, and a sufficiently large spectral inter-
val for the registration of various line emissions.
Figure 8a shows the spectral interval from the He-li-
ke intercombination line up to the Li-like kj-satellites
(see, e.g., [41] for the satellite designation) from the
nhelix-Nd-Glass/YAG-laser at GSI. The spectrum cor-
responds to the distance about 1.9 mm from the center
of the laser spot. For these areas, the laser flux den-
sity is much lower than for the central spot and we do
not expect a considerable amount of hot electrons and
fast ions. This spectrum is therefore suitable to ex-
perimentally cross-checking the spectra simulations of
multi-excited ions under well-defined conditions. The
theoretical modelling (thick line in Fig. 8a) fits the ex-
periment in all spectral details with the following pa-
rameters: the electron temperature k7T, = 200 eV, the
electron density n, = 2-10%° cm 2 and the photon path
length Ly = 500 pm. The essential point here consists
in the simultaneous match of the intercombination line
He,o, the ¢r-, a-d-, and jk-satellites that strongly de-
pend on non-Maxwellian electrons because of their dif-
ferent excitation channels and excitation mechanisms
[8, 28, 36]. Tt can be clearly seen that a good modelling
is obtained without the introduction of hot electrons
(we note that the slight discrepancies in wavelengths
are not caused by inaccurate atomic data but rather by
a nonlinear experimental wavelength scale). It is also
worth paying attention to the good interpretation near
the intercombination line Hens: first, we note that no
blue wings are observed, and second, we also obtained
a good agreement of the satellite structure near the
positions indicated with «nmy» and «st». In fact, the
corresponding intensities are caused by the emission
not only from the Li-like 152[20'-satellites nm/st but
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Fig.8. o — Experimental spectrum from the ns-nhelix

laser at GSI. A good match between the theory (thick
curve) and the experiment (thin curve) is obtained for the
plasma parameters kT, = 200 eV, n. = 2 - 10*° cm~3,
Lesp = 500 um; b — experimental spectrum from He-
and Li-like Mg ions obtained from the TRINITI CO; laser
at 320 um from the central spot. A good agreement
could only be obtained assuming a non-Maxwellian en-
ergy distribution function. The simulation parameters
are: kTeoig = 60 &V, ne =1:10" ecm ™2, kThor = 1 keV,
frot =4-1077, and Ley = 500 pm.

also from higher-order satellites originating from the
1s2inl'-configurations. Extended atomic data calcula-
tions and subsequent spectra simulations have shown
that these higher-order satellites accumulate not only
near the He-like resonance line He,1, but also near the
He-like intercombination line He,s [30].

An entirely different situation is realized for CO-
laser-produced plasmas. Figure 8b shows the emission
spectrum obtained from the TRINITT installation. Nu-
merous parameter variations showed that the experi-
mental situation could not be fitted by simulations with
a Maxwellian electron energy distribution function. We
have also investigated highly transient phenomena that
in principle could lead to the enhanced g¢r-satellite
emission due to an ionization abundance, which is lack-
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Fig.9. Intensities of the He-like intercombination line

He,2 and the Li-like satellites qr and jk for different

values of T,..;q and different fractions of hot electrons:

ne = 102 cm™2, kThor = 2 keV. The arrows indicate the

different threshold values of kT4 for the strong onset of

the hot electron influence on the line emission; f = 0 (a),
1075 (b)

ing beyond the electron temperature. However, tak-
ing the transient numerical data for a Lagrangian cell
from gasdynamical calculations (see Fig. 7), we find
that in the early stage of plasma development (corre-
sponding to spectra near the target surface to which
we confine our present discussion), these effects are
small. The main reason for this is the high electron
density in the first few ns after the target ablation
driving the confinement parameter (n.7) to large val-
ues. The detailed non-Maxwellian investigation of the
data with the MARIA-simulations showed that T4
is rather low, about 60 eV, while the temperature of
hot electrons Th, is about 1 keV (or higher). The
reasons are as follows. Usually the hot electron com-
ponent not only increases inner-shell excitation rates
(and therefore rises the corresponding lines, e.g., the
gr-satellites), but also drives the ionic population to
higher-charge states through increased ionization rates.
In quasi-stationary plasmas with the confinement pa-
rameters

ner > 1012 em ™3 - 5, (14)

the increased inner-shell excitation rates and depleted
charge states can partly cancel. However, if the bulk
electron temperature is very low, we meet with an en-
tirely different regime: the hot electrons are not able
to shift the ionic charge states to significantly higher
values and increased inner-shell excitation rates are di-
rectly visible through the increased emission of the cor-
responding lines. In this regime, the spectroscopic di-
agnostic is extremely sensitive to the hot electron frac-
tion and the low values of fro about 107% lead to

6*
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significant changes in the spectral distribution. This
is shown in Fig. 9 for the intercombination line He,s,
gr- and kj-satellites. Two important observations can
be made from this figure: first, the critical value of
kTeo1q, where the influence of the hot electrons starts
to be essential, is different for different lines (see ar-
rows), second, the «bumps» for curves (b) are also very
different. In particular, the bump for the gr-satellites
at about kT,.q &~ 50 €V is so strongly pronounced that
it even leads to a local maximum (the increased inner-
shell excitation rates strongly dominate over the shifted
balance, see the discussion above). Therefore, the ¢r-
satellites rise in intensity relative to the other emis-
sion lines. The different threshold values (in particu-
lar, those for the kj-satellites) have the following origin:
the dielectronic capture energy and the excitation en-
ergy for the intercombination line are different. The
small bump for the kj-satellites results from the dielec-
tronic recombination caused by the distribution func-
tion with the parameter kT},;. These overall character-
istics are caused by the excitation from different chan-
nels through different mechanisms: the inner-shell ex-
citation for the gr-satellites, collisional excitation from
the He-like ground state for the intercombination line,
and dielectronic capture into the He-like ground state
for the kj-satellites. Precisely these different channels
make the selected emission lines suitable for the hot
electron investigation.

Figure 8b also shows the theoretical fitting of the
experimental spectrum. The theoretical spectrum
was obtained for kT.,q = 60 €V, n, 1017 em™3,
EThot = 1 keV, frot = 41077, and Ly = 500 pm.
It should be noted that it was impossible to describe
the relative structure of satellite lines without intro-
ducing hot electrons. On the other hand, it is impos-
sible to explain the blue wing of the He,o line without
the introduction of fast ions. The relative structure of
satellite intensities is not very sensitive to the hot elec-
tron energy if Thot is comparable to or larger than the
threshold value (because the rate coefficients are mainly
inversely proportional to the square root of T}, and do
not show a strong exponential dependence). Therefore,
Thot may be significantly higher.

We next consider spatial non-uniformity of the plas-
mas. In Fig. 10, we present the spatial distribution of
plasma parameters (at the time of the peak laser in-
tensity) from the simulation of the CO laser-produced
plasma. Figure 10a shows the electron density as a
function of radius together with the population densi-
ties of Li-like and He-like Mg. Tt is easily seen that
Li-like ions are present only in a rather narrow spatial
region of about 20 pm, while the He-like Mg ions oc-
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ture T, ¢ — the radiation power density of the resonance
and intercombination lines of He-like magnesium (R[He]
and I[He] respectively)

cupy an order of magnitude wider region. Figure 106
shows the distribution of the electron temperature and
Fig. 10¢ presents the distribution of the radiation power
density (per unit volume) for the He-like resonance (R)
and intercombination (/) lines. Two things are impor-
tant to emphasize. First, resonance and intercombina-
tion lines of He-like magnesium have a peak of the ra-
diation power at an electron density much higher than
critical. This explains the rather large X-ray emis-
sion intensity fixed in experiments. Second, the elec-
tron temperature at the point where the peak of these
two lines occurs is about 200 eV, which is significantly
higher than the temperature at the point where the
peak of Li-like Mg is situated (60 eV). From these re-
sults, we conclude that the emission of the He-like res-
onance line and associated satellite lines originate from
two distinct regions in which both the temperature and
electron density are quite different. The fact that the
resonance line and the satellites are radiated from dif-
ferent spatial regions is valid for lower and higher laser
radiation intensities (we performed simulations in the
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range of intensities Py = 5-1011-1-101* W /cm?) as well
as for plasma parameters corresponding to the peak of
the Li-like ion abundance. The peak of the He-like res-
onance line is found to be very conservative against
changes of the laser power density.

The presence of blue wings at the He-like resonance
and intercombination lines and the absence of this fea-
ture on satellites also indicates that satellites are radi-
ated from narrow regions where the velocity does not
change significantly. On the other hand, the resonance
line is radiated from a rather wide region where the
plasma is strongly accelerated.

Taking the plasma non-uniformity into account, we
treat the effective electron temperature obtained by
comparing the intensities of both He-like and Li-like
transitions as, probably, strongly underestimated in
comparison to the peak electron temperature. Because
we revealed that the He-like resonance line is insensitive
to the density fraction of hot electrons (for f < 107> at
least) at the electron temperatures above T, = 120 eV
the value of f obtained by the spectrum fitting is prob-
ably also underestimated. Nevertheless, the sensitivity
of the method to the density of hot electrons is surpris-
ingly high.

6. NON-UNIFORM LASER INTENSITY
DISTRIBUTION WITHIN THE FOCAL SPOT

One of the important features of our experiments
was a strong non-uniformity of the laser intensity distri-
bution within the focal spot at the «nhelix» and TIR-1
lasers. At the «nhelix» laser facility, this distribution
was measured. Results presented in Fig. 11 demon-
strate the complex structure of the laser intensity dis-
tribution.

Under the conditions of experiments at the TIR-1
laser facility, the intensity pattern was also not uniform
(due to the shifts of targets away from the optimal
focus). The two-dimensional laser intensity distribu-
tion was obtained from numerical simulation performed
with the FOCUS code for the real experimental geom-
etry. FOCUS is a two-dimensional diffraction code for
the calculation of light intensity distribution in complex
optical schemes that can include an arbitrary number
of apertures of arbitrary shape and plane or spherical
mirrors. The concentric gap appears due to the shadow
of the target and the support pivot placed into the con-
verging light beam. Diffraction of the laser beam on
the target introduces additional peaks. In our view,
these quite non-uniform intensity distribution patterns
provoke filamentation of laser light, which leads to the
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Fig.11. The measured laser intensity distribution in
the focal spot at the «nhelix» laser facility

Fig.12, The X-ray pinhole image of Mg plas-

mas produced by CO, TIR-1-laser at the intensity

6-10' W/cm? (average over 10 shots). Three plasma
jets (see arrows) originate from the hot spot
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creation of locally overheated regions. This effect in
the COs laser-produced plasma was, probably, first re-
ported in [42], where the filamentation effect was ob-
served above the incident intensity ~ 2 - 102 W /cm?2,
a value being essentially lower than in our experiments
at TIR-1. At the same time, our pinhole images pro-
duced by several subsequent shots (from four to ten)
clearly demonstrate several «plasma jets» (see arrows
in Fig. 12), which, would be averaged on the film in
the case of stochastic filamentation. The example of
an X-ray pinhole image is shown in Fig. 12. This qual-
itatively proves the presumed correlation of the laser
intensity non-uniformity and the appearance of laser
light filamentation, which, as a consequence, leads to
an «easier» generation of fast ions and electrons. This
might be a way to control the fast particle production,
but in the present work, we did not aim at any opti-
mizations.

Our experiments demonstrate that the generation
of fast electrons and ions can be achieved at very low
levels of laser intensity compared to that reached at
femtosecond lasers [43, 44] (gA? > 10'® W-um? /cm?).
As Fig. 5 indicates, fast ion energy shows no clear cor-
relation with the ¢gA\?> parameter. This is in line with
the observation of the fast ion generation in the CO,
laser-produced plasma, which was significantly less ef-
ficient than when we studied plasmas created by lasers
in the visible wavelength range (while one would ex-
pect the opposite due to much lower critical electron
density).

7. CONCLUSIONS

We have studied the fast ion and hot electron
production at various different laser installations at
GSI-Darmstadt (Germany), Saclay (France), Frascati
(Italy) and TRINITI (Russia) for Nd-Glass, Ti-Sapphi-
re, XeCl, and CO lasers by means of high-resolution
X-ray spectroscopic methods and ion-time-of-flight
measurements. The spectroscopic approach provides
information about the plasma particles even inside the
plasma volume. Experimentally further advantageous
is the fact that the analysis is based on a unique foot-
ing, namely on the investigation of a highly resolved
spectral interval containing numerous X-ray line tran-
sitions of target ions from states with various charges.

Fast ion distributions have been characterized
through Doppler-shifted line wings of spatially resolved
X-ray spectra originating from highly charged target
ions inside the plasma volume. For laser intensities
g\? < 10" W-um?/cm?, a large scattering (by or-

ders of magnitude) of fast ion energies have been ob-
tained. These observations are presumably caused by
inhomogeneous intensity distributions over the laser
spot, which have been identified with measurements
and two-dimensional diffraction calculations. These
scatters might be advantageous for a simple creation of
MeV-energy ions with sufficiently low laser intensities:
in fact, MeV-energy ions for relatively low intensities
g\? < 10" W-um?/cm? have been observed.

MHD and non-Maxwellian spectroscopy have
been used to characterize plasmas containing non-
Maxwellian particles. Methods were developed to
determine the electron bulk-temperature and the hot
electron fraction with the sensitivity down to about
10~° (compared to the electron bulk). These methods
are based on the detailed analysis of the spectral
distribution of the radiation emission of multi-excited
target ions near the target surface.

This work was partly supported by INTAS (project
97-2090).
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