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In this work, we show that x-ray-line polarization spectroscopy can be a powerful diagnostic to study
laser-produced plasmas. Kinetic calculations are compared to experiments designed to probe the low-
density plasma region (with a 1-ps laser pulse) and the overdense plasma (with a 400-fs laser pulse). We
observe the transition from a "pancakelike" electron distribution function at low density to a "beamlike"
electron distribution function in the overdense plasma. The results are in agreement with the calcula-
tions which indicate non-Maxwellian behavior and strong anisotropy due to nonlocal electron heat flow.

PACS number(s): 52.40.Nk, 52.25.Fi, 52.25.Nr, 52.70.La

I. INTRODUCTION

The problem of the energy transport in a laser-
produced plasma has received considerable attention in
the past years. The classical linear thermal conduction
formula of Spitzer and Harm [1] and Braginskii [2] is
based on a first-order Chapman-Enskog perturbation cal-
culation, and is valid only when the temperature gradient
length is very much longer than the electron mean free
path [3]. A unique problem associated with laser-
produced plasmas are the rapid and extreme spatial and
temporal gradients. In these plasmas Fourier's law
breaks down and an ad hoc solution to this problem has
long been to use so-called Aux limiters in hydrodynamic
codes [4]. However, a quantitative understanding of
laser-produced plasmas, in view of several important ap-
plications including inertial confinement fusion [5], x-ray
lasing [6], and laser plasma x-ray sources [7,8], requires
kinetic modeling [9,10].

Simulations [9—15] of the transport in steep tempera-
ture gradient indicate that the heating of the plasma re-
sults in a nonlocal electron heat Aow, from the under-
dense hot plasma into the cold dense plasma, supported
mainly by electrons with large velocities (about three
times the thermal velocity). The high-energy part of the
electron velocity distribution exhibits noticeable devia-
tions from a Maxwellian behavior; this effect can have

important consequences. For example, in laser fusion,
these electrons can preheat the D-T fuel thus preventing
effective compression [16]. The delocalization model
[17—19], which emerges from these studies, has provided
a means of modeling the preheating phenomena in hydro-
dynarnic codes, but does not include the deformation of

the electron distribution due to the nonlocal transport
and to the inverse bremsstrahlung absorption [20] which
can significantly affect the ionization and excitation rates
[21] and hence the dynamics of laser x-ray sources.

In this paper we present and discuss the method of x-
ray-line polarization spectroscopy which gives the possi-
bility to experimentally address the transport issue in
laser-produced plasmas and allows also to test the predic-
tions of kinetic codes. For the calculations the electron
distribution function is expanded in Legendre polynomi-
als. The heat Aow is proportional to a moment of the
first-order anisotropy f, of the electron distribution func-
tion due to the gradient of the isotropic component f0.
The gradients of the fiuxes f, induce a second-order an-

isotropy f2 of the electron distribution function. Calcu-
lations [22] predict a depletion of electrons with large axi-
al velocities in the energy deposition zone resulting in a
strong negative second-order anisotropy f2 near the criti-
cal density n, which is equivalent to the oblate distribu-
tion function shape, in velocity space, in this region. On
the other hand, a surplus of these electrons appears in the
cold dense plasma, giving far from n, and near the target
surface a positive but weaker anisotropy f2 (beamlike
electron velocity distribution function). f2 and higher-
order anisotropies usually have a negligible effect on the
heat transport in-plane geometry [9,11] and are usually
neglected in transport modeling [10,14]. In fact, a
second-order anisotropy has been studied mostly because
it can drive the Weibel instability [22—24]. However,
another very interesting aspect is that f2 gives a way to
experimentally address the transport problem and test
numerical predictions [25]. Indeed when ions are excited
by collisions with electrons whose velocity distribution is
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anisotropic, the resulting line emission is polarized [26].
In the following we discuss the application of the x-ray-
line polarization spectroscopy to laser-produced plasmas.

In Sec. II we present the general characteristics of the
line polarization. In Sec. III, we discuss the application
of the diagnostic to laser-produced plasmas. Calculated
polarizations for He-like and Li-like emissions are com-
pared to experimental results obtained with an Al plasma
produced by an ultrashort pulse in Sec. IV. We also dis-
cuss the interests and the limitations of such a diagnostic.
We summarize in Sec. V.

II. X-RAY-LINE POLARIZATION

When ions are excited by collisions with electrons
whose velocity distribution is anisotropic, the resulting
emission lines are partially polarized [26—29]. The fun-
damental asymmetry in the problem is in the orbital
motion of the colliding electrons. Taking the direction of
spatial gradients as the axis of reference for the quantiza-
tion of angular momentum, it can be shown [26—29] that
some magnetic sublevels are preferentially populated giv-
ing rise to significant linear polarization P for the radia-
tion emitted during the decay of these sublevels. This po-
larization diagnostic has already been used in the x-ray
range [30—33] (for solar Ilares) and also in the x-uv range
[34]. This diagnostic is complementary to the continuum
polarization diagnostic which is effective for higher-
energy electrons [35].

A. Dependence of P on velocity distribution anisotropy

When the velocity of electrons is azimuthally sym-
metric with respect to a given axis z, the polarization of
the radiation resulting from impact excitation of ions by
electrons can be readily calculated. Given a monoener-
getic electron population with pitch angle distribution
f (a), where a is the angle between the velocity and the z
axis, the photons emitted at an angle 0 from the z axis
have a polarization

P(8)=Q(8) /I(8),
where I(8) and Q(8) are, respectively, given by expres-
sions (1 la) and (12a) from Ref. 33:

along the z axis. Ip is the total intensity integrated over
all observation angles.

Let us expand the pitch angle distribution in Legendre
polynomials,

f(a)=f + g f,P, (p, )

21+1f~= f f«)Pi(v)dIJ
2 —1

where p= cosa. Then, this gives us for (1) and (2)

Pof2I(8)=Io fo+ (1 —3cos 8)
5(3—Po)

3IoPofz
Q(8) = sin 8,

0

(3)

(4)

and the polarization is

3Po(f2/f o )sin 8
P(8)=

5(3—Po )+Po(f2 If() )(1—cos 8)

Only two terms (fo and f2) aff'ect the line polarization
and the angular distribution (contrary to bremsstrahlung
the line emission angular distribution is not inAuenced by
the Iluxes f&). In particular, for a beam incident along
the z axis we have f (u) =5(cosa —1), which gives fo =

—,',
f2= —,', and P(n/2)=Po. If all the electrons have only
radial velocities we have an infinitely thin pancake distri-
bution in velocity space and f(p)=5(p) which gives

fo
=

—,', f2
= —

~5, and P (n /2) = Po /(2 —Po—). Figure 1

shows the variation of the polarization as a function of
the anisotropy factor f2/fo for an observation at 90
from the z axis, which will be identified to the laser in-
cidence axis (normal to the target surface), and for
Po=0. 6. For solar Ilares, Haug (Ref. 33) used a con-
venient expression for the pitch angle distribution which
is f(a)=(n + I)/2n. cos"u for 0~a~ n/2. In these con-
ditions fo

= 1/4n, f2
= (5/Sn ) [2n /(n +3 ) ], and from

expression (5), P(m. /2)=nPo/(n +3 Po) which —is the

3IoI(8)= f [2—Po(2cos acos 843 —Po. o

+sin a sin 8)]f(a)sina da,

3IpPp
Q(8) = sin 8f (3 cos a —l)f (a)sina da . (2)

p

0.8

0.6

o 0.4
~~

0 ~ 2
~~
L
m p
0~ -0.2

I
f

I I I
/

I I l
]

I I I

Averaging over the azimuthal angle about z axis has been
assumed. Furthermore, the pitch angle distribution is
normalized according to

2n.f f(a )sina d a = 1 .
0

Pp is the polarization of photons, observed at right angle
(8=m/2) to a monoenergetic electron beam incident
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FIG. 1. Polarization as a function of the anisotropy factor
f2 /f 0 [expression (5)j for observations at 90' from the laser in-

cidence axis. These calculations have been done with Po =0.6.
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result obtained in Ref. 33 from direct integration.
In most cases, the incident electrons have an energy

distribution F(E). Then the line polarization is

J Q (H, E)F(E)dE
p th (6)

1 I(O, E)F(E)dE

where E,h is the threshold energy required for the excita-
tion of the line considered. Now to carry this calculation
we have to evaluate the behavior of the total intensity
Io(E) of the polarization at right angles from the
electron's beam axis Po(E) and of the isotropic and aniso-
tropic factors, respectively, fo(E) and f2(E), with the
electron energy E.

B. Polarization Po for aluminum

The 1inear polarization of various lines emitted by Li-
like and He-like ion s has been already calculated
[28,29,36,37] for higher-Z elements which are of interest
for astrophysical plasmas. However, in laser-produced
plasmas, the electron temperature near the critical densi-
ty is several hundred eV. Then the group of electrons
which are responsible for the heat transfer have energies
of a few keV. To probe the anisotropy of this group of
electrons the emission line, whose polarization is con-
sidered, has to be matched to the electron energy. This
requires the use of lower-Z elements. We have chosen to
study the polarization of aluminum He resonance and
intercombination lines and of Li-like sat'ellites. These
lines are usually important for density and temperature
diagnostics [38,39]. They allow the study of 2-keV elec-
trons and, as Al has an I=—,

' nuclear spin, the intercom-
bination line, which is expected to be practically unpolar-
ized due to hyperfine interactions [36], can be used to
compare the detection efficiency for both polarizations.
The resonance line and the satellites which may be pro-
duced at different densities can also allow the probing of
the electron distribution at various positions inside the
density gradient. Finally, these lines are suitable for a
simple and compact detection geometry with a Johann
spectrometer used as a Bragg polarimeter.

1. He- and Li-like lines

The polarizations of He- and Li-like aluminum lines
emitted by electron beams have been evaluated by two

of us (J.D. and M.K.I.) with the method developed
and presented in Refs. 28 and 29 which does not
include hyperfine structure level separation. The
populations of magnetic sublevels of He lines and
of inner shell satellites, respectively, in Gabriel
notations [40], the resonance w (ls —1s2p 'P, ), inter-
combination y ( is —1s 2p P i ), and satellites q
[ls 2s —ls2p('P)2s P3/2]y s [1$2s ls2p( P)2s P3/p],
and u ( ls 2s —ls2s2p P3/2), have been calculated assum-
ing that direct electron-impact excitation from the
ground state is the dominant populating mechanism.
The degree of linear polarization at right angle from the
incident electron beam is for the w and y lines

Qo —0)Po= (7)
0 1

where the Q s are the collision strengths, the subscript i
designating the value of the projection M; ~

of the angu-
lar momentum J;=1. The collision strengths for transi-
tions from the 1s 'So ground level to the 1s2p ' P j lev-
els and their individual magnetic sublevels M, in He-like
AlxII ion are given in Table I. The variation of the
linear polarization degree, calculated for the Al w line, as
a function of the energy of the electron beam is shown in
Fig. 2(a). Near the excitation threshold the polarization
Po [which is defined by Po=(I~~ Ii)l(I~~+—Ii) where

I~~ (Ii) is the intensity of emitted photons having a polar-
ization vector parallel (perpendicular) to the incident
beam axis] is positive (+60%) for the w line. It is in-
teresting to note that the w line polarization degree, plot-
ted as a function of the electron energy in threshold units
is almost independent of nuclear charge, as shown in Fig.
2(b) (polarization of the Al and Fe w lines) and as ob-
served in recent calculations [41].

Figure 3 presents the polarization degree calculated as
a function of the energy of the beam E, the observation
angle being at ~/2 from the beam axis, for the satellites
q, s, and u whose upper levels are populated by inner-
shell excitation. From Figs. 2(a) and 3, we see that the
ratio q/w, which is proportional to the Li- to He-like ion
abundance for an isotropic electron distribution [28,42],
decreases slightly from 0.6 to 0.5 when E increases as al-
ready obtained with Fe calculations. It is worthwhile to
note in passing that the polarizations of the Al q line are
close to the Fe values for electron energies in threshold
units. On the other hand, the Po values for the two inter-

TABLE I. Collision strengths for transitions from the ls 'So ground state to the 1s2p ' P, levels
and their magnetic sublevels M;. The threshold energies AE and the electron-impact energies k, are in
rydbergs. The last line for each state corresponds to the total collision strength (AT=DO+20&). The
numbers in square brackets denote powers of 10.

k, (Ry)

State

1s2p P l

1s2p 'P,

0
1

Do+ 201
0
1

0,0+201

hE (Ry)

116.67

117.46

120

4.03 [ —4]
1.19[—3]
2.79[—3]
5.40[ —3]
1.39[—3]
8.18[—3]

180

2.15[—4]
6.21[—4]
1.46[ —3 ]
1.07[ —2]
2.76[—3]
1.63 [ —2]

250

1.44[ —4]
3.47[ —4]
8.38[ —4]
1.48[ —2]
4.51[—3]
2.38 [—2]

500

8.53[—5]
1.04[ —4]
2.94[ —4]
2.105[—2]
1.02[ —2]
4.14[—2]

800

7.12[—5)
6.30[—5]
1.97[—4]
2.35[—2]
1.52[ —2]
5.39[—2]
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pared to its radiative width. The situation is different for
the P

&
level which has a radiative width of about

4.8X10 eV while the calculated energy splitting be-
tween consecutive hyperfine components F and E —1 is
3.14X 10 eV for E=—', and 2.24X 10 eV for E=—', .

Then, while the hyperfine interaction does not affect
the polarization of the line w, it has a strong depolariza-
tion effect on the line y. This depolarization effect can be
taken into account by using the method of state mul-
tipoles and perturbation coefFicients described, for in-
stance, in Ref. 44. Then, the degree of polarization of the
line y (in the presence of hyperfine structure which is al-
most fully resolved) becomes
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FIG. 2. Linear polarization degree Po calculated (a) for the
Al w line as a function of the electron energy; (b) for Al and Fe
w lines as a function of the electron energy in threshold units.
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combination transitions y and u have similar behaviors
with the electron energy and are very different from the
higher Z values [28,36].

2. Egect of the hyperjtne interaction

As already mentioned, Al has an I=—,
' nuclear spin.

Its nuclear g factor [43] is gI = 1.457. In Al XII ions the
hyperfine structure of the 'P& level is very small com-

1 1 F I
G2= I+ g (2F+1) F

being a 6j symbol. For Al (I=
—,
'

) we have

G~ =0.2216.
The line y is blended with the line arising from the de-

cay of the Pp level to the 'Sp ground level via a hyperfine
induced E1 transition. To take this 'Sp- Pp transition,
which is unpolarized, into account one has to add the
product 2R fl( Po) in the denominator of Eq. (8). 0( Po)
is the collision strength for the 'Sp~ Pp excitation and
R is the branching ratio for the Pp~'Sp radiative decay.
The calculated radiative rates from the Pp state are
A ( Po~ S, )=1.34X10 s ' and A ( Po~'So)=6. 6
X 10 s ' which gives R =0.33, in good agreement with
the Mohr calculations [45] (R =0.35). Our calculations
of the Pp ~ Sp radiative rate have been carried out in
the first-order perturbation approximation. Only the
magnetic dipole hyperfine interaction was considered,
i.e., electric quadrupole effects were neglected. The re-
quired matrix elements of the dipole hyperfine operator
between the 'Pp state and the 'P, F=—,

' and 'P, E=—,
'

states have been computed using hydrogenic wave func-
tions. The Pp- P i fine-structure splitting and the
Pp-'P j energy difference were taken from the refined cal-

culations of Drake [46].
Figure 4 shows the depolarization effect of the y line

due to the hyperfine interaction. It is clearly seen that
the polarization degree is strongly reduced to less than
9%%uo near the threshold. We expect similar depolarization
effects on u and maybe on s lines. The present calcula-
tions could be improved by taking into account (i) the
stark broadening effects which could eventually slightly
increase the polarization of the y line, and (ii) the quench-
ing of the 1s2s 'Sp level by high microfields which pro-
duces a new line, blended to the y line and which is unpo-
larized, therefore increasing the depolarization effect of
the y line [47].

C. Total intensity ID

FIG. 3. Polarization fraction Po calculated for the inner-shell
excited satellites q, s, and u (Li-like Al).

The total intensity Io(E) is proportional to the impact
excitation cross section a (E). We have
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gle distribution is expanded in Legendre polynomials. In
the code, it is the coefFicients of this Legendre expansion
which are advanced in time. Diagnostics such as He
emission and its polarization are done in a post-
processing mode.

We have performed electron kinetic simulations on an
ultrashort pulse interacting with a preformed low-
temperature plasma. Calculations have been done for
400-fs and 1-ps pulses (I-pm wavelength) incident at in-
tensities ranging from 10' to 10' W/cm on a preformed
plasma having an exponential density profile with initial
gradients scale lengths of 1, 4, and 10 pm. These condi-

FIG. 4. Polarization fraction Pp calculated for the Al y line
with and without the effect of hyperfine structure.
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I0(E)-&Eo(E)

with o(E)=0,(.'P) je where E denotes the electron-impact
energy in threshold units and where 0('P) is the collision
strength given in Table I.

10

10

III. APPLICATION TO LASER-PRODUCED PLASMAS

In laser-produced plasmas the nonlocal transport and
the inverse bremsstrahlung absorption produce a strongly
non-Maxwellian electron distribution. Furthermore, the
gradients of the cruxes induce a second-order anisotropy
of the electron distribution function f2. Then, a mea-
surement of the polarization of x-ray lines from ions col-
lisionally excited by non-Maxwellian, anisotropic electron
distribution will provide insight into the electron kinetic
behavior of the plasma [25]. Anisotropy probing ideally
requires an emission strongly localized at a given electron
density. One-dimensional (1D) Lagrangian simulations
[48] indicate that this can be obtained with an ultrashort
laser pulse (picosecond or subpicosecond pulse) incident
on a low-temperature preformed plasma having an exten-
sion of a few microns. In laser-produced plasmas the an-
isotropy factor f2lf0 varies in a complex way with the
electron energy and with the electron density. We use
electron kinetic calculations to evaluate the isotropic part
f0 of the electron distribution and the second-order an-
isotropy f2. Then, line polarization is deduced for vari-
ous conditions from the f2 If0 curves taking into ac-
count the variation of I'o with the electron energy.

Our electron kinetic code FFI has been presented previ-
ously [15,22] so we will discuss it only very brielly here.
The code computes the evolution of the electron velocity
distribution function in a plasma heated by inverse
bremsstrahlung absorption of laser radiation. Propaga-
tion and absorption of the normally incident laser beam,
electron transport under the inAuence of spatial gradients
and of the ambipolar field, hydrodynamic expansion, and
a simplified model for atomic physics, which includes
both ionization from the ground state, and excitation are
included. The code is one dimensional in space, but two
dimensional in velocity space; the velocity distribution is
assumed to be azimuthally symmetric, and the pitch an-
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FICr. 5. Isotropic part fc of the electron distribution calcu-
lated at the peak of the main pulse for an initial gradient scale
length L =1 pm. (a) 1-ps pulse at 10' W/cm; (b) 1-ps pulse at
10' W/cm; (c) 400-fs pulse at 10' W/cm .
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tions are relevant to those of our experiments [25] in
which we try to produce the shortest line emission [49]
localized in a very narrow density range (adjusted by
changing the pulse length and the prepulse). Calculations
have been realized on a time scale of a few picoseconds.

A. Isotropic part fo

Figure 5 shows the isotropic part fo of the electron
distribution calculated at the peak of the main short pulse
and at different positions (and densities) in the density
gradient, for an initial gradient scale length L=1 pm.
Comparison of Fig. 5(a) (1-ps pulse at 10t4 W/cm ) and
Fig. 5(b) (1-ps pulse at 10' W/cm ) indicates that the
electron distribution fo exhibits a strong departure from
the Maxwellian shape particularly in the dense plasma
and at higher intensity. The electron distribution shape
is not strongly dependent on the short pulse duration as
we can see by comparing Fig. 5(b) (1-ps pulse at 10'
W/cm ) and Fig. 5(c) (400-fs pulse at 10' W/cm ). In
the colder parts of the heat front there is a surplus of hot
electrons which occurs because the more energetic elec-
trons stream from the hot plasma into the cold plasma on
a time shorter than the time taken by electron-electron
collisions to establish an equilibrium with the local popu-
lation. It is these electrons which excite Li-like satellite

lines in the cold plasma. This non-Maxwellian effect
which is a manifestation of nonlocal transport has to be
taken into account for a quantitative understanding of ul-
trafast x-ray sources [49].

B. Second-order anisotropy

Figure 6 shows the second-order anisotropy f2/f o cal-
culated at the peak of the main pulse, at different posi-
tions in the plasma, for an initial gradient scale length
l. =1 pm, for a 1-ps pulse at 10' W/cm [Fig. 6(a)] and
at 10' W/cm [Fig. 6(b)] and for a shorter pulse (400 fs)
at 10' W/cm [Fig. 6(c)]. In all the cases we observe a
strong negative second-order anisotropy in the under-
dense plasma. The minimum anisotropy value (fz /f o
= —1) appears at an electron energy which is greater
with higher intensity or longer pulse. This anisotropy is
the result of a depletion of electrons with large axial ve-
locities in the corona and in the energy deposition zone
resulting in an oblate distribution function shape (pan-
cakelike). As the density increases the anisotropy in-
creases and becomes positive in the very dense plasma,
which corresponds to a prolate distribution function
shape (beamlike).

The negative anisotropy in the underdense plasma is
reduced and even suppressed as the initial gradient scale
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pulse incident at 10' W/cm on an initial gradient scale length L=1 pm; (d) a 400-fs pulse incident at 10' W/cm on an initial gra-

dient scale length L =10 pm.
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length L is increased as can be noted by comparing the
results obtained for a 400-fs pulse incident at 10' W/cm
on a gradient scale length of L =1 pm [Fig. 6(c)] and
L =10 )Mm [Fig. 6(d)]. This indicates that the gradient
scale length is a crucial parameter for the anisotropy and
thus for the x-ray-line polarization.

C. Polarization of He-like lines

We calculate the polarization that the w (resonance)
and y (intercombination) Al lines would have, as a func-
tion of the density at which the emission takes place, due
to the electron distribution previously described. The y
line is unpolarized as shown in Fig. 7(a) (1-ps pulse, 10'
W/cm, L =1 pm, peak of the pulse). A similar result is
obtained for the y line with different pulse lengths,
different intensities, or different gradient scale lengths in-
dicating that this line can be used with good confidence
as a reference to monitor the diagnostic polarization
efficiency. The w line would have a negative polarization
if produced in the underdense plasma. Figure 7 shows
the polarization expected for the w line in various condi-
tions. The main point of these calculations is that the po-
larization of the w line would be positive if the emission
region is localized in the overdense plasma. If the He
emission is produced in the underdense plasma, as ob-
served in experiments realized with a 1-ps pulse [25], then
the observation of the line polarization requires a low in-
tensity and a short gradient scale length. The negative
polarization in the underdense plasma is reduced as the
gradient scale length is increased as shown in Fig. 7(b). A
polarization P = —0. 18 is calculated at n =0.8n, when a
1-ps pulse at 10' W/cm is incident on a gradient scale
length L =1 pm.

Calculations show that the isotropic part fo and the
second-order anisotropy retain their shape during a few
picoseconds after the peak of the main pulse, without
strong changes. Then the polarization relaxes only slow-
ly with time as indicated in Fig. 7(c) (400-fs pulse at 10'
W/cm, L =1 pm). For these conditions nonstationary
atomic physics modeling coupled to the Fokker-Planck
code shows [50] that the peak of the He emission occurs
300 fs after the maximum of the laser pulse. Then, if the
emission is produced on a sufFiciently short time scale, at
a few times the critical density, time integration effect
will not be a problem for polarization measurements.

0 ~ 15
(c)

I I I I I I I

IV. COMPARISON TO EXPERIMENTS
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FIG. 7. He-like Al lines polarizations calculated as a func-
tion of the electron density n /n, [where n, is the critical density
(n, =10 ' cm )]; (a) at the peak of the short pulse for a 1-ps
pulse at 10' W/cm, L = 1 pm; (b) at the peak of the short pulse
for a 400-fs pulse at 10' W/cm, L=1 and 10 pm; (c) at
different times after the peak of the short pulse (time 0 ps) for a
400-f p l t10' W/m L=l p,

The experiments were carried out with the tabletop
terawatt laser at the Center for Ultrafast Optical Science
of the University of Michigan. Two different laser pulses
have been used with different contrast ratios in order to
produce an He emission at different densities. In this
work we take advantage of the prepulse generated during
the production and amplification of the short pulse (by
the chirped-pulse amplification technique [51]) to pro-
duce a low-temperature preplasma. The disadvantage of
this configuration is that the prepulse cannot be con-
trolled independently of the short pulse, so the preplasma
parameter cannot be separately adjusted. The advantage
of the method is very good reproducibility in the preplas-
ma formation and in the arrival time of the main pulse.
This is very important because a large number of shots
are required to obtain one spectrum.

In the first experiment [25] the laser was working with
a glass regenerative amplifier. The 1-ps pulse (1.05 pm)
was focused by an f/7 lens (in normal incidence) on
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plane targets composed of 5000-A-thick Al layer on a Si
substrate. The intensity of the 1-ps pulse was about
8X10'" W/cm, and the intensity of the 60-ps prepulse
was about 8 X 10"W/cm . Our previous experiments in-
dicate that such a prepulse produces a preplasma with a
gradient scale length L close to the laser wavelength
[52,53]. The Al He line intensity ratios, measured at 45'
from the laser axis with PET and RAP crystals (in Von
H amos or Johann configurations where polarization
plays no role and should not be taken into account for the
interpretation of resonance to intercombination line ra-
tio), indicate [25] that the emission is mainly produced
between 0.3n, and 0.5n, (where n, is the critical density).
Fluid simulations [48] indicate that the prepulse alone
produces a 100-eV preplasma with no significant He-like
emission. Calculations also indicate that the He-like
emission occurs mainly just after the 1-ps pulse, near n,
and lasts a few picoseconds.

In the second, new, experiment the laser was working
with a Ti:Sapphire regenerative amplifier [54]. The 400-
fs pulse (1.05 pm) was focused by an f /6 spherical fused
silica lens (in normal incidence) on plane targets com-
posed of 5-pm-thick Al layer on a Si substrate (80-pm fo-
cal spot diameter). The intensity peak to background
contrast ratio was measured, using a third-order auto-
correlator, to be 5X10:1at 1.053 pm. The intensity of
the 400-fs pulse was about 10' W/cm and the intensity
of the nanosecond long prepulse was about 2 X 10'
W/cm . In these experimental conditions, the He& and
the He line profiles indicate [49,55] (using Stark
broadening modeling) that the He-like emission is radiat-
ed at a density of 2n, . A quantitative study of time-
resolved spectra obtained with Al targets in the 8-A
range, with a 2-ps temporal resolution [49,56] indicates
that the prepulse produces a gradient scale length of a
few micrometers. The He resonance line has a 3-ps rise
time and a relatively short duration [49,57] (a few pi-
cosecond full width at half maximum).

The polarization of the line radiation was measured
with a Johann crystal spectrometer used as a Bragg po-
larimeter [31]. We used an ammonium dihydrogen phos-
phate crystal (2d=10.64 A) with a 300-mm radius of
curvature and a Bragg angle of 46. 8'. The crystal
(20X60 mm) center was at 220 mm from the Rowland
circle. A diaphragm (10-rnm diameter) was used at 70
mm from the crystal center to have the same crystal il-
lumination in the two configurations, when the plasma is
on the Rowland circle. The Al spectrum between 7.74
and 8 A was observed in a direction nearly perpendicular
(85') to the laser incidence axis (normal to the target sur-
face). Measurements were made at two crystal orienta-
tions which we call horizontal (H) and vertical (V) as
schematically shown in Fig. 8. In the H orientation the
plane of dispersion of the crystal was horizontal, perpen-
dicular to the target plane and radiation I~ with the
electric-field vector perpendicular to the laser incidence
axis which was preferentially detected. To measure radi-
ation I~~ with the electric-field vector parallel to the laser
incidence axis, the crystal was rotated by 90' around the
line of sight.

The polarization efficiency of the spectrometer for the

target
tal

target

k„. tal

two crystal orientations has been calibrated with the y
(He intercombination) emission, which is unpolarized
and optically thin. The plasma was on the Rowland cir-
cle to have the same crystal illumination in the two crys-
tal configurations and also to avoid any changes in the
source size when the spectrometer is rotated around the
line of sight [25]. The observed y line was unpolarized as
expected. Figure 9(a) shows the y line polarization mea-
sured in the low-density experiment (1-ps pulse). The ex-
perimental result is compared to calculation (at the peak
of the pulse) for a 1-ps pulse incident at 10'4 and 10'~

W/cm on a L =1 pm preplasma gradient scale length.
The uncertainty on the data arises from laser intensity
variations from shot to shot. However, these results indi-
cate very similar parallel and perpendicular intercom-
bination line intensities which means similar eKciencies
for the two spectrometer orientations.

In the low-density experiment the w line ( ls -Is2p 'I')
has a negative polarization [25] (I' = —0.25+0.07) due to
the oblate or "pancakelike" distribution in the electron
velocity space in the underdense plasma. The measured
[25] (1-ps pulse) and calculated (1-ps pulse, L/A. =1,10'
and 10' W/cm ) w line polarizations appear in Fig. 9(b).
The measurements indicate a greater anisotropy than the
simulations. Using the calculated minimum anisotropy
(1 ps, 10' W/cm, L/A, =1) which is f2/fo = —1 for 1.6
keV electrons at 6X10 cm [Fig. 6(a)], simple expres-
sion (5) gives a polarization P(~/2)= —0. 16 as seen in
Fig. 9(b). Then the measured w line polarization roughly
indicates [using expression (5)] an anisotropy f2 /f o
= —1.5, which is greater than calculated but significantly
lower than the thin pancake limit f2 /f o

= —2. 5 (Fig. 1).
When the density at which the emission takes place in-

creases, the He resonance line polarization tends to-
wards positive values. The measured (400-fs pulse) and
calculated (400-fs pulse at 10' W/cm, L/A, = 1) w line

FIG. 8. Spectrometer orientations for polarization measure-
ments. In the H configuration, the plane of dispersion of the
crystal is horizontal, perpendicular to the target plane. In the V
configuration, the plane of dispersion of the crystal is vertical,
parallel to the target plane.
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FICy. 9. Polarization measured (dots) and calculated (lines)
for a 1-ps pulse as a function of the density at which the emis-
sion is produced. n, is the critical density (10 ' cm ) ~ The ex-
perimental intensity is 8X 10' W/cm. . Calculations have been
done for 10' W/cm and 10' W/cm and with L =1 pm; (a) y
line; (b) w line.

polarizations appear in Fig. 10 for the high-density exper-
iment and we see that we have a general agreement be-
tween the experiments and the calculations. The calcu-
lated polarization is not strongly sensitive to the laser in-
tensity as already shown in Fig. 9(b). The mean polariza-
tion expected for 1-ps and 400-fs experiments were, re-
spectively, about —0. 12 and 0 while the observed polar-
izations are —0.25+0.07 and —0.05+0.05.

In the low-density experiments, the Li-like lines have
greater parallel intensity [25] which could indicate either
that the Li-like emission regions have radial dimensions
larger than the axial size or that the Li-like emission has
a positive polarization. The experiments with the shorter
pulse confirm the previous observations. A positive po-
larization (P= +0.08+0.07) has been measured for the
q, r Li-like satellite. The polarization of these lines is ex-
pected to be positive because this emission has a positive
Po (Fig. 3) and is produced in the overdense plasma
where the electron distribution anisotropy is positive
(beamlike shape in velocity space). However, in the ab-
sence of knowledge of the density at which this emission
takes place, the Li-like results are less straightforward to
interpret. It is worthwhile noting in passing that the time
history [49] of the a —d, q, r Li-like satellites (2-ps tem-

FIG. 10. Polarization of the Al w line measured (dot) and
calculated (line) for a 400-fs pulse as a function of the density at
which the emission is produced. n, is the critical density (10 '

cm '). The experimental intensity is 10' W/cm . Calculations
have been done for 10' W/cm and L = 1 pm.

poral resolution) can only be modeled [56] by taking into
account the non-Maxwellian character of the electron
distribution fo which indicate that these satellites are
very sensitive to the nonlocal transport.

In this kind of plasma, two-dimensional (2D) effects
might be important. However, the observation of similar
y-line intensities in the two configurations and the obser-
vation of the same behavior with the plasma on the Row-
land circle, where the emission zones are smaller, and in-
side the Rowland circle, tell us that 2D effects, if present,
cannot really explain the measurements. The present cal-
culations do not include any hot electrons such as those
which could be radially produced by nonlinear processes
at the surface of critical or quarter-critical densities
[58—60]. The observation of Ka emission in our experi-
ment [57] could suggest the presence of a hot electron
component which could eventually modify the polariza-
tion of the He radiation. The ion-acoustic turbulence is
another effect which could increase the anisotropy of the
electron distribution and strongly distort the electron dis-
tribution [61]. In this case the anisotropy of the tur-
bulence spectrum induces an effect which depends on the
polarization of the incident electromagnetic radiation. In
the absence of ion-acoustic turbulence the oscillations of
the electrons in the laser field will also enhance the an-
isotropy of the distribution [62] along the direction of the
laser field. However, in our experimental conditions we
do not observe any significant differences between polar-
ization results obtained with s (laser component along I~ )

and p (laser component perpendicular to both I~ and I~~ )

laser polarization. Finally, self-generated toroidal mag-
netic fields could have some effects, the perpendicular
component Ij being along the B field while the parallel
component Ill is perpendicular to the B field.

V. CONCLUSIONS

In summary, we show that x-ray-line polarization spec-
troscopy is a very powerful diagnostic for laser-produced
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plasmas, to study nonlocal transport and have a direct
access to the anisotropy of the electron distribution. The
magnitude of the expected effect on the aluminum He
(ls -ls2p 'P) resonance emission is not very strong (po-
larization between —0. 15 and +O. I5 depending on the
plasma density, gradient scale lengths, of the laser inten-
sity) but is sufficiently large to be detected with a careful-
ly designed experiment. By matching the plasma temper-
ature, and the emission line, it is possible to use the tech-
nique to probe various ranges of electron energy along
the density gradient. We compare calculations to experi-
ments designed to probe the low-density plasma region
(with a I-ps laser pulse) and the overdense plasma (with a
400-fs laser pulse). We observe an increase of the w line
polarization as the density at which the emission takes
place increases, in general agreement with the kinetic
Fokker-Planck calculations which indicate a transition

from a "pancakelike" electron distribution at low density
to a "beamlike" distribution in the overdense plasma, re-
lated to the nonlocal electron heat Aow in laser-produced
plasmas.
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