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Frequency-dependent reflectivity of shock-compressed xenon plasmas
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Results for the reflection coefficient of shock-compressed dense xenon plasmas at pressures of 1.6—-20 GPa
and temperatures around 30 000 K using laser beams of wavelengthgm.@®d 0.694.m are presented,
which indicate metallic behavior at high densities. For the theoretical description of the experiments, a quan-
tum statistical approach to the dielectric function is used. The comparison with molecular dynamics simula-
tions is discussed. We conclude that reflectivity measurements at different wavelengths can provide informa-
tion about the density profile of the shock wave front.
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[. INTRODUCTION by including structure factor and local field corrections, but
no consistent description of the measured reflectivities has
Recently, dense plasmas showing the transition from dibeen achieved. A different approach to the reflectivity was
electric to metallic behavior were investigated extensivelytaken by Norman and co-workefg,8], who proposed that
[1-4]. Highly compressed matter can be produced by shockhe assumption of nonequilibrium excitations of plasma
waves from explosions or high-intense laser pulses. Heavwaves might provide a reasonable agreement with the ex-
ion beams or-pinch discharges are also used to create densgerimental results. However, the structure of possible excita-
plasmas. For the diagnostics of properties in such highlfions of plasma waves in the shock wave front is an open
compressed plasmas, optical measurements are most favguestion.
able, e.g., the reflectivity is expected to give information on  The detailed discussion of the reflectivity experiments re-
the free-charge carrier density. quires a consistent theory for the frequency- and wave-
Reflectivity measurements under shock wave compresaumber-dependent dielectric function. The application of the
sion have been performed for different materials. For in-Drude model for a step-like shock wave front, as performed
stance, Basko and co-workd3] discussed experiments on in Ref.[1], does not lead to a satisfying explanation of the
Al and Si. Whereas the electron density is estimated t@xperimental data. Improvements in evaluating the dielectric
change at the shock wave front within a small interval offunction[9], such as the dynamical and nonlocal behavior of
several nanometers, the change in temperature occurs withihe collision frequency, shows only minor effects in the re-
a layer of about 0.3:m. Of high interest are recent experi- flectivity. In this paper, we will discuss a quantum statistical
ments in liquid deuterium and watpt] which show a satu- approach to the dielectric function as well as an alternative
ration of the reflectivity at values above 50%, indicating thatapproach based on molecular dynamits4D) simulations.
a conducting state was attained. An extended discussion of different effects, including the
We will consider xenon plasmas. In addition to formerinfluence of the neutral particles, on the collision frequency
measurements of the reflectivity at a wavelength of Ju®  will be presented. However, it will be shown that the use of
[1] results at the wavelength of 0.6Q4m [2] are reported. the dielectric function in local thermodynamic equilibrium
At pressures in the region of 1.6—20 GPa and temperatureend the assumption of a sharp shock wave front are not ap-
around 30 000 K a strong increase of the reflectivity has beepropriate to describe the experiments considered here.
observed indicating metallization. In contrast to a step-like profile of the shock wave front, a
In papers by Kurilenko and Berkovsk$,6], the first se- more general approach would take into account the variation
ries of experiments by Mintsev and ZaporogHdikwvas ana-  of the plasma parameters in space and time. Because of ion-
lyzed. The dielectric function was calculated via a dynamicalzation processes the plasma formation exhibits a relaxation
collision frequency. The Born approximation was improvedtime so that the density profile of the free-charge carriers is
considered to be spatially extended across the propagating
shock wave front. In a recent pagéi, it was argued that the
*Fax +49 (0)381-498 2857. Email address: reflectivity data at 1.06.m [1] can be interpreted assuming
heidi@physics.uwa.edu.au a finite width of the free-carrier density front profile. Having
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FIG. 1. Snapshots of the shock wave propagation in Xe. Left:
initial gas cell. Right: 800 ns after entering the gas cell.

4

available experiments at two different wavelengths, it will be
shown in this paper that the details of a density profile can be FIG. 2. Experimental setup. 1—#D;:Cr*" laser with electro-
inferred more accurately. Possible further improvements obptical DKDP shutter, 2—photodetector, 3—control computer,
our approach will be discussed. 4—high-speed control block, 5—explosively driven generator,
6—interference filters, 7—mirror, 8—splitter, 9—axicon, 10—
digititing oscilloscope, 11—gas cell with thermostat, 12—
Il REFLECTIVITY MEASUREMENTS diaphragm, 13—explosive chamber, and 14—lens.

To generate dense xenon plasma we used explosively
driven shock waves which lead to compression and irrevershigh-voltage electro-optical shutter key shapers, and the ion-
ible heating of the investigated gas. As the result of a detoization gauges, located on the gas cell, ensured a synchroni-
nation of high explosives a metal impactor is accelerated ugation of the probe impulse generation with the arrival of the
to velocities of 5—-6 km/s. The impactor runs into the bottomshock wave front at the focal plane of the receiving optical
of the experimental vessel which is filled with xenon of anunit. The timing bug did not exceed610 8 s which corre-
initial pressure of 2—5.7 MPa and produces an intense shocponded to a deviation of the wave front from the optimum
wave in the gas. For generating plasma at well-defined pgposition at the moment of interaction with the laser impulse
rameters it is necessary to produce plane and stationaro more than 0.3 mm.
shock waves. In order to control the spatial and temporal The first component of the receiving optical unit is a spe-
plasma slug parameters, the optical image of the shock wawal axicon(9). Along the whole axicon caustic the condition
in xenon was recorded by a PCO camera, see Fig. 1. In thier an adequate reception of a reflected signal was ensured.
left snapshot the initial gas cell view is shown. The gas celln order to decrease the level of false reflexes and to augment
was a 4% 30-mm quartz cylinder. In the coordinate systemthe receiving unit aperture angle, the axicon of the optical
of the snapshot the striker motion occurred from the left tosystem of the reflected radiation reception was placed di-
the right. In the right snapshot, the shock wave front isrectly in the gas cell. The functioning of the optical receiving
shown 800 ns after the shock wave entered into the gas. Thenit was checked by using static and low-speed dynamic
exposition time was 5 ns. The angle between the optical axiebjects with a well-known reflection coefficient.
of the PCO camera and the plane of the shock wave front The spatial characteristics of the probe radiation were
was about 5 deg. In this snapshot, the reflected shock wawhaped by employing a double telescopic cascade, in which
in the air is also visible. For the diagnostics of plasma panonspherical elements were also used. To minimize the error
rameters, the 1.5 mfmarea of the front shock wave was of the measurement, which is induced by instability and spa-
used. Good flatness and homogeneity of the plasma can i@l heterogeneity of the transversal distribution of the probe
seen. radiation flux density, the optimization of the resonator in the

Two series of the experiments to measure the reflectivityAl ,O5:Cr** laser working in single-impulse mode was ac-
of dense xenon plasma have been performed. In the earlieomplished for Fresnel's index. The suppression of higher-
one[1], a laser beam with wavelength=1.064um was order modes in the laser radiation was carried out, too. As a
used. In the experiments reported here, a laser beam witlesult, a precisely located spot of the probe radiatspot
wavelengthA =0.694 um was chosen. The scheme of the diameter~1.5 mm) was formed at the focal plane of the
experiment is shown in Fig. 2. The probe signal,( receiving optical unit.
=3x10"8 s) was generated by the pulsed,®@}:Cr*" laser The intensity of the probe radiation was10* W/cn?.
system(1) with an electro-optical shutter based on a deuter\We investigated the influence of the probe radiation power
ated potassium dihydrophosphd®KDP) crystal. In order on the reflective properties of the plasma. The reflection co-
to achieve the temporal stability, which is required for theefficient was also obtained while increasing the power by a
diagnostic system, the special pump mode of the active lasdactor of 7. The results coincided within the error limits of
medium was used. This has allowed to reduce the opticdhe measurement.
lock jitter value down to & 10 ° s. The registration of the radiation, reflected from the xenon

The computer control syste(8) including the high-speed plasma, was carried out by broadband photodetedi@rs
block of probe impulse delay adjustment, the high-speed-The interference filters) with AN =50 A were applied for
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TABLE I. Experimental resultgl] for the reflectivityR of xenon plasma at wavelength = 1.06 um and
thermodynamic parameter values: presfRréemperaturel, mass density, free-electron number density
n., density of neutral atoms, , ionization degreev;,,=n./(n,+ng), nonideality parametdr, and degen-
eracy paramete®.

P (GPa Re*P T (K) p (gem 3) ne (cm™3) n, (cm3) Qion r 0

1.6 0.096 30 050 0.51 181071 6.1x 10%° 0.75 1.1 438
3.1 0.12 29 570 0.97 3107 1.4x 107 0.70 1.3 3.2
5.1 0.18 30 260 1.46 45107 2.2x10% 0.67 1.5 2.6
7.3 0.26 29 810 1.98 57107 3.5x 107 0.62 1.6 2.2
10.5 0.36 29250 2.70 710 5.4x 107 0.57 1.8 1.9
16.7 0.47 28810 3.84 9107t 8.6x 10t 0.51 1.9 1.6

the selection of the spectral interval. The plasma reflection  lll. DIELECTRIC FUNCTION IN DENSE PLASMA

coefficient was determined from the ratio of the photodetec-
tor signal, which recorded the reflected radiation, and the
photodetector signal, which fixed the probe impulse. The ac- Assuming a step-like profile of the shock wave front, the
curacy of the measured values of the reflection coefficient i$aser beam reflection is determined by the electronic proper-
better than 10%. ties of the plasma behind the shock wave front. The reflec-

Before the experiment, the gas cell thermostatic controtion coefficient is given by12]
with an accuracy oft 0.2 K was applied. In every experi-

A. Reflectivity

ment, the impactor velocity was measured with the electro- R(w)zl_z(“’) ; (1)
contact basis methoduE&5.6 km/s). The thermodynamic 1+Z(w)

parameters of the plasma were determined from the mea-

sured shock wave velocity. The plasma composition was caWith the surface impedance

culated within a chemical pictufd0]. Working with a grand

canonical ensemblEl1] virial corrections have been taken iw [« 1

into account due to charge-charge interactigbebye ap- L(w)=- wadkkz—wzet(k,w)/cz' @

proximation. Short range repulsion of heavy particles was

COTS'?Ered W|th|ntthe framevx;otrrl]( Ofr? S?(ﬂ sphere mo<_jel. twhereet(k,w) is the transverse dielectric function depending
n the parameter range ol the Snock wave EXpENmMentSy, .o \vave numbecand the frequencyw. The influence of

o 0 " €
derivations of up to 20% for the composition have been ob e dependence on the wave numbéas been investigated

tained depending on the approximations for the equation %h Ref. [9] and found to be of insignificance at the parameter

state. This is within the accuracy of the experimental Value?/alues of the considered experiments. As detailed below,
of the reflectivity. . . " nly small values ok are relevant when performing the in-
In accordance with these calculations, plasma densmesq gration in the surface impedance. A comparison of the
~ — 73 ~ - - ) .
p Ot.5 4 gng,Nr;risisolireKs oP 1'6|.20dePa’. antc:] M- ean free path and the much larger skin depth also shows
peratures about ~ Were realized during € €X- nat nonlocal effects are not relevant here. Therefore, we take
periments. Under these conditions the Coulomb mteractlorghe long-wavelength limit of the dielectric functicn(0.o)

is characterized by the nonideality parametdr _ : -
=e?(4mn/3)}(4meoksT) 1=1.1-1.9. The results of the intee(gar);t%r;d find the Fresnel formula after performing e

reflectivity measurements on dense xenon plasma at the
wavelengths ofA=1.064xm and A=0.694um and the

— 2
respective thermodynamic parameters are presented in R(w)= L)_l (3)
Tables | and Il, respectively. The paramete® Ve(w)+1

=2mksT(37%%°n,) %3, with m, the electron mass, is the ra-
tio of temperature and Fermi energy. The relative importanc&he frequencyw has to be taken at the laser frequency, see
of quantum effects increases with . Table IIl.

TABLE Il. Experimental results[2] for the reflectivity R of xenon plasma at wave length,
=0.694 m. Same notation for thermodynamic parameters as in Table I.

P (GPa Re*P T (K) p (gem d) ne (cm %) N, (cm~3%) ion r 0

4.1 0.11 33 000 1.1 38107 1.3x 107 0.75 1.3 3.2
9.1 0.18 32 000 2.2 626107 3.6x 107 0.65 1.6 2.1
20.0 0.43 29 000 4.1 8:810%* 9.9x 107 0.47 1.9 1.6
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TABLE IIl. Laser wavelength\, frequencyw, and critical den- TABLE IV. Reflectivities from step-like density profiles, calcu-
sity ng’ (for explanation see tekt lated at the experimental parameter values igr=1.06 um.
R(v§.B°"™—Drude formula(5) with static collision frequency7),

N (um) o (fs7h ng (cm3) R(»®B°™(»))—dynamical collision frequency in Born approxima-

. tion (6), R5F*—Drude formula(5) with static collision frequency
0.694 2.72 2.3510° (8), RERR*8_Drude formula(5) with static collision frequency8),
1.060 1.78 1.02 107 and contribution of bound states to dielectric function,
RMP_dielectric function(13) from Monte Carlo calculations.

If the relationship between the dielectric function and theP (GPa R®P R(»5.%™) R(»®"EM(w)) RERR RERRea RMD
thermodynamic parameters was known, the measurement of

the reflectivity would provide information about, e.g., the L 0.096 0272 0.304 0502 0452 0.27
particle density. Assuming the random phase approximatior?f'l 0.12 0.342 0.351 0588 0531 050
(RPA) for the dielectric function in the long-wavelength limit 5.1 0.18 0.381 0.380 0.630 0.572 059
e(0) = 1-w2/w? with the plasma frequencyw, /-3 026  0.404 0399  0.661 0593 0.60
= Jn.e%(eome), a critical densitynS’, see Table IlI, is ob- 105 036 0.429 0-419 0.692 0616 067

€ 0 e/ Me ' 16.7 0.47 0.457 0.447 0.729 0.646 0.68

tained, at which the plasma frequency coincides with the
frequencyw of the probing laser pulse. Total reflection oc-
curs at densities higher tharf’ due to a negative dielectric in Born approximation with respect to the statically screened
function. However, by investigating the experimental data inCoulomb potentiakDebye potentig| see Ref[13]. In the
Tables | and I, it is not possible to confirm such a directnondegenerate case,

relationship between the values of free-electron density 43 5

and the reflectivityR. The observed reflection coefficient in- peLBom () | e B Mg f * y

creases smoothly with the free-electron density. It ap- 24\/§W5/2€(2)mé/2 0 dy(ﬁ+y2)2
proaches only slowly the values characteristic for metals,
although the critical density for metallic behavior is ex- o , 1—e %
ceeded even at the lowest densities, see Table Ill. Taking Xf dxe Y Y'——-— (6)
collisions into account a reflectivity smaller than 1 is ex- o X(X—w=iny)
pected even in a metallic system. In the following, for thehere
dielectric function beyond RPA, but preserving the assump-
tion of a step-like shock wave front. — h2n.e? — he

"~ 8eoMg(kgT)?’  4kgT’

B. Dynamical collision frequency and the limity— +0 has to be taken. The second integral in

In this section, we will evaluate the reflectivity formula EQ. (6) is a complex quantity,
(3) starting from a quantum statistical approach to the dielec-

tric function within a linear response thediy3]. The com- fx dxe (-2 1-e %™ 1
plex frequency-dependent dielectric function e X X— o
i 2
p m - 2 -
= + — = - 1 — - (1)/ - . —4(1)
e(w)=1 eowa’(w) 1 oot ()] (4) +i=e (@Y N(1—e74),

(O]

Evaluating the collision frequency in the static limib (
=0), the result is the Ziman formu[d4] applied to a Debye
potential in the case of non-degeneracy,

45312 . 3

, ySBOm_y Sl J y Y ¥ 7
e .

€0 ¢ 6\2m2e2mi2)o " (n+y?)?

o(w)= —pl., (5)
The resulting values for the reflectivity calculated from the
Drude formula(5) with the static collision frequenc{r) are
where the dynamical collision frequency is defined micro-shown in Tables IV and V, together with the reflectivities
scopically and turns out to be a complex and frequencyresulting from the dynamical collision frequency in Born ap-
dependent quantity. The commonly used phenomenologicgroximation(6) taken at the laser frequencies Compared
Drude formula follows if the collision frequency is taken in with the observed reflectivities, the results obtained from the
the static limity(0)= eow§|/odc relating it to the statiddc)  static collision frequency in Born approximation do not show
conductivity o(0)= oy the strong increase in the reflectivity as a function of the
We now consider the contributions from the free-chargeelectron density. The use of the dynamical conductivity in
carriers. The dynamical collision frequency can be evaluatedomparison to the static collision frequency increases the re-

has been related to the dynamical conductivifyw) or the
dynamical collision frequency(w). This is identical with a
generalized Drude formulel3]
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TABLE V. Reflectivities from step-like density profiles, calcu- 1.0
lated at the experimental parameter values Xqr=0.694 um. R ® experimental dats
Same notation as in Table IV. —— Ry, Static

0.8 = = Rppr, dynamic
P(GPa R™® R( Ve| Borr) R(v"BM( ) RERR RERRea RMD A MD simulations
4.1 0.11 0.264 0.309 0.510 0.439 0.18
9.1 0.18 0.357 0.375 0.635 0.546 0.47
20.0 0.43 0.396 0.405 0.698 0.540 0.52
1 :
flectivity by about 15%, but it also fails to produce the steep ~ 0-21 é
dependence of the reflectivity on the electron density as ob- ® ]
served in the experiment, see Table I. Similar results were 0
obtained in Ref[6] where a dynamical collision frequency 1 15 2 25 0,/ 3
P!

in Born approximation was calculated using a pseudopoten-
tial for the electron-ion interaction and taking into account FIG. 3. Comparison of experiment with different theoretical ap-
structure factor and local field corrections. However, thesgroximations for reflectivity coefficient with probe laser af;
improvements do not lead to a qualitatively different behav-=1.06 um, assuming a step-like shock wave front.
ior of the reflectivity.

The generalization of the dielectric functigd) to the
nonlocalk dependent case is possible and has been consid- B b3(1+c30)
ered in Refs[13,15,18, using a Mermin ansatz. A compari- TrO(1+c,04)’
son of results for the reflectivityl) using in(2) a k depen-
dent Born approximation for the collision frequenefk, )
in e(k,w) and the Fresnel formulé3) with the frequency- 3 3/
dependent collision frequency in Born approximatiéhhas c— Cq _PHag(1+a0™)
shown deviations less than 5%. However, in general, the In(1+1“‘1)+c51“2®’ I'*+ag '
Born approximation is not appropriate in the region of
plasma parameters under consideration, as pointed out, e.g.,

in Refs.[6,13]. Further improvements will be discussed in The set of parameters is given bg,=0.03064, a,

the following. o _ . =1.1590,a,=0.698,a;=0.4876,a,=0.1748,a5=0.1, a4
The Born approximatioriFaber-Ziman resultunderesti-  _ 258, b;=1.95, b,=2.88, b;=3.6, ¢c;=1.5, ¢,=6.2,

mates the value of the dc conductivity. The correct low-. _ 3, c,=0.35, andcs=0.1. They are fixed by the low-

density limit of oy is given by the Spitzer formula and can densny expansion of the dc conductivi§pitze, the strong

be obtained considering strong collisions and using a renor
malization factor as discussed in REE3]. A constant cor- degenerate limitZiman) [14], and numerical data for the dc
conductivity in the intermediate parameter region.

rection factor following from the static limit was used in the A comparison of this interoolation formula with experi-
case of small frequencies in Rd6]. On the other hand, comparison of this intérpolation formu'a expe
mental results was given in Refl7]. For the region of

screening of the interaction potential plays a role on a dy-
namical level which leads to the Lennard-Balescu scatterin Igtgma Ft’)f“?‘mj‘frs of |nter'est<tf<hZ and®>1, condl:c—b t
term. Taking these various limiting cases into account, a vities obtained Irom experiments have an accuracy ot abou

0 i ;
interpolation formula for the dc conductivity of a fully ion- 0% and can be reproduced by t_he mterp_olatlon formula.
nother check of accuracy of the interpolation formula for

ized Coulomb plasma was derived by Esser, Redmer, ar@e conductivity is given by MD simulations to be described
Ropke [17], below

Using the Drude formul#5) with the collision frequency
v(0) from the conductivitiesr5X% we obtain the reflectivi-
ties REXR. They are shown aRERR and Rggg, Static in
Tables IV and V, and Figs. 3 and 4, respectively.
b, |1? Rerr,dynamic in the figures denotes a dynamic approxima-
- b2+—F® ' @  tion obtained from scaling the static result according to the
Born case. The results for the reflectivities are up to 60%
higher than the Born approximation, indicating that in con-
trast to the use of a dynamical collision frequency, which
will change the reflectivity by about 10—15 %, the account of

o5RR=a,T3? DIn(1+A+B)—C

by
1+ —
032

whereT in K, o in (2 m)~%, and with the functions

3 1+a,/T%0 strong collisions in the collision frequency is more essential.
A=T 1+a,/T20 + a5 /77602 Compared with the experimental results, the calculated re-
flectivities are too high, and the strong increase of the mea-

x[ag+cqIn(c,I'¥2+1)72, sured values with density cannot be explained.
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1.0 culation, as has been done for the transport cross sections for

R ® cexperimental datg xenon[20]. The inert gases show a typical Ramsauer mini-

054 jﬁzi’ fit;;{:mic mum. However, at energies typical for the_ temperatures con-
A MD simulations ) sidered here, exploratorimatrix calculations give larger

collision frequencies compared to the Born approximation,
which will be reduced if screening effects are taken into
account.

The neutral component of the partially ionized plasma
also gives an additional direct contribution to the dielectric
function. According to a cluster expansion of the polarization
0.2 1 é function[21], several terms can be discussed. The main con-

tribution comes from bound continuum transitions and can
be approximated by

0 T T
1 1.5 o0 2

e —
FIG. 4. Comparison of experiment with different theoretical ap- € a(w)_477apna (1D
proximations for reflectivity coefficient with probe laser af,

=0.694 um, assuming a step-like shock wave front.

1—(hwlEg)?

Both contributions to the dielectric function, EQ.0) in the
C. Contribution of neutral components collision frequency as well as E¢L1) have been taken into

; ; i Rea
The fraction of neutral particles in the plasma gives gacecount in the calculation of the reflectivity, see By

contribution to the dielectric function which is not negligible. in Tables IV ?nd V. .It leads 1o a_reductlon O.f th? rgflec_tlwty
For high densities, this fraction increases to about 50%, se about 10% and increases with decreasing ionization de-
Tables | and Il. Contributions due to additional scatteringgreEe ited | i he dielectric f
mechanims o e ree clecons vith stoms a5 el a5 g, €151 56155 Ty 50 Sorue o e Al e,
direct contribution of the neutral component to the dielectric, '

function should be taken into account in such a partiallythe ground state dE,=—12.13 eV. lts population is low at

ionized system and will affect the reflectivity. the gonydered temperature;s of qbout 2.6 eV. Furthermore,
The scattering of free electrons on the atoms can be dec_on5|der|ng the high densities which are near to condensed
: A tter densities, the shift of the continuum of scatterin
scribed by a screened polarization potenitisd ma T . : 9
y P P ! states becomes quite large. Neglecting dynamical effects, an

o2 o estimation is given by the Debye shift ke?/(4meg)
V(r)= rﬁe*’“(lﬂL Kr)?, (9) =36.2 eV/((T'®). It is reasonable to assume that the ex-
M€ 2(re+rp) cited states have already merged into the continuum and

. S 5 should be included in the continuum contributigii).
with the polarizability «,=27.3ag [19] for xenon and the

screening parametet’>=2n.8e?/e,. The cutoff parameter
ro ensures the finite size of the polarization potential at small
distances —0 from the atom. It is caused by the finite ex-  The analytical expressions used in the preceding section
tension of the atomic charge distribution so that the simpleare valid for weakly coupled plasmaS=<1. An alternative
1/r* dependence is modified at short distances. According tapproach to obtain consistent results for the dielectric func-
the discussion in Refl5], the cutoff parameter was chosen tion also in the strong coupling regioh'&1) are MD simu-
to be the atomic radiusy,=1 A=1.8%5 [19]. lations. We briefly outline the evaluation of the dielectric
The electron-atom interaction leads to an additional confunction and related quantities by MD simulations. A de-
tribution to the collision frequency in the following manner: tailed discussion of the dynamical structure factor which is
v=1%41%2 In static Born approximation, the respective related to the dielectric function is given in RgL6]. Con-

D. MD simulations

collision frequency is siderations of the long-wavelength limit which are relevant
here can also be found in Rd22] and references given

on e*B%? MeTa, 21 therein.
Vdc= Na 32 2. 102 2 5 Within MD simulations, the normalized current-current

6v2m¥%eimy 2| phr correlation functior[ 23]

“ay— 2 5 3w-3)

Xf dy—e—y—Zrov‘y/I, (10) _ 1)
0o (y+xA?)* K(t)= 3 (12

where 1= 8#2/(8m). The strength of the electron-atom _ . .

Scattering is about one-third of that of the electron-ion scatlS obtained dlrectly from the calculation of the total current
tering. Improving the Born approximation, the electron-atomof electronsJ and then averaged over initial configurations
collision frequency should be obtained fromt-enatrix cal-  of electrons and ions. This corresponds to the long-
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wavelength limitk—0 of thek and w dependent response tions result. For a more extended discussion, the accuracy of

function considered in Ref16]. the MD simulations has to be improved, which will be the
The inverse of the dielectric function in the long- Subject of a forthcoming work. o .

wavelength limit is related t&(t) according to linear re- The results obtained for the reflectivity at a step-like den-

sponse theory13] sity profile are collected in Figs. 3 and 4, where also experi-

mental values are shown. The interpolation formula for con-
—1 . Wpl ductivity (8) cannot explain satisfactorily the behavior of the
€ (w)=1-1—"K(w). (13)  measured reflectivity. The calculated values for the reflectiv-
ity are too high and show a smooth dependence on the den-

Here we introduced the complex Laplace transform of thesity. This discrepancy cannot be removed by considering MD

normalized current-current correlation functici®) simulations which are not in contradiction with analytical
calculations in the parameter region considered here, a fact
~ oo which was found also in earlier investigatiofik5]. In con-
— i i(o+ie)t . : e i
K(w)= "mo“’plf0 e TKdt. (14) clusion, the measured strong increase of the reflectivity with
€—

the free-electron density is not reproduced assuming a step-

The complex dynamical collision frequenege) can be de- ke density profile.

rived from the generalized Drude formuld) and expression
(13): IV. DENSITY PROFILE OF SHOCK WAVE FRONT

The spatial structure of the ionizing shock wave was al-
v(w) _ 1 +i(i— %) (15) ready discussed in RefL]. In the region of the shock wave
op K(w) wp ] front a steep increase of the free-electron density is expected.
The width of the wave front is determined by relaxation pro-
Agreement between MD simulations and the analytical apeesses in the plasma. In Rgf] it was estimated to be of the
proach to the collision frequency has already been found order ofd~0.1 um, which is about one order of magnitude
[16] for weakly coupled plasmad’'&2) in the case of the less than the laser wavelength. Preliminary calculations in a
dynamical structure function at finite wave numbers. Due tarecent papef9], which were based on the assumption that
the quasiclassical limit and the use of an effective pseudopahe density profile is linear within the shock wave front,
tential to account for quantum effects, the simulated data arfound values for the thickness of the shock wave front in the
not expected to give an exact result for the quantum currenierder of 0.1-1um. This is in contrast to other systems such
current correlation function but have to be considered as as metal§ 3] where free-charge carriers are already present,
certain approximation. It is an open question whether theand not produced by ionization processes. Subsequently, the
account for quantum effects by using a quasiclassicalidth of the wave front density profile is small.
pseudopotential, as introduced for thermodynamic variables, If a density profile of the shock wave front is considered
is also justified in the case of kinetic properties. To takewhere the free-electron density smoothly increases from zero
quantum effects into account more correctly one can perfornto its maximum value, the reflection of electromagnetic ra-
wave packet molecular dynamics simulatig@§]. diation occurs already in the outer region where the density
We performed MD simulations which are based on theis low. To perform an exploratory calculation, different den-
solution of the classical equations of motion. A finite systemsity profiles were assumed where the electron demsify)
of 200 particles is considered and the average is taken ovéricreases with distancefrom zero up to the saturation value
1000 runs. We use a quasiclassical “corrected Kelbg” potenn,. The temperature is taken as a constant throughout the
tial [24] in order to describe the interactions. This potentialshock wave front. However, in a more refined approach, also
provides exact limiting values for the Slater sum and it's firsta temperature profil@(z) could be considered. It is also
derivative as the interparticle distance tends to zero. On thexpected that the fraction of the neutral component would
other hand, it avoids the formation of low energy boundchange within the shock wave front leading to a prafijéz)
states which cannot be treated within a quasiclassical agwhich has been neglected so far.
proach. Thus we consider a two-component system of fully A rigorous treatment of the propagation of laser radiation
ionized singly charged particles. Such a model is applicabléhrough a shock wave front should take into account the
when the ionization degree is rather high and the degeneragjependence of the collision frequency on the local electron
of electrons is almost negligible. The details of the simula-density and the temperature. A precise result for the reflec-
tion technique can be found in R¢R5|. tivity from an arbitrary plasma front can be obtained from
Exploratory calculations have been made for the longthe direct solution of the equation for the electromagnetic
wavelength limit and the results are encouraging. For exfield. Let us consider a planar wave propagating atoagis.
ample, the dc limit of the real part &‘(w) was evaluated for Neglecting nonlocal effects for the conductivity we write the
I'=1.28 and we found RE(O)zwp,/V(O)=5.1. From the following _He!mholt_z equation for the complex amplitude of
analytical calculation, using the interpolation formg@ for ~ the electric field with frequenc:

the conductivity, the value FRg0)=4.64 results for the )
. . T d“E(2)

same parameter values as for the simulations, the first line in

Table I, which is in good agreement with the MD simula- dz

+2me(w,z)E(2)=0, (16)
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wherez is the distance in units of the wavelength. The func-
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In Ref.[9], we have considered a linear dependence of the

tion e(w,z) has to be calculated for given density and tem-electron density on the distan@ewithin the shock wave
perature profilesi,(z), T(2). In the local approximation the front of width d,, n¢(z)=ncz/d, for O<z=<d,, with n.
dielectric functione(w,n4(z)) is considered to be dependent being the electron density behind the shock front. This is the
only on the local density. This approximation is justified heresSimplest form to parametrize a density profile describing a

since the characteristic length of variationrg{z) which is

finite width of the shock wave front, the indexdl refers to

of the order of 1um is large compared with the microscopic the wavelength at which the reflectivity was measured. For

correlation length which is in the order of the Debye radius

of about 1 nm.
The appropriate solution of EQL6) is selected by taking
the boundary condition

E(Zo): EO eXp[—27TiZo\ 6((1),20)},

E'(zp) = —2mieo(w,29)E(2Zp). (17)

Then Eq.(16) is solved numerically starting from the initial

point zy. The reflectivity is given by27]

|Er(21)|2
=—, (18
|Ei(21)|2
where
1 E'(z)
and
1 E'(2)
E(2)=5 E(Z)+ﬁ (19

describe incident and reflected waves, respectively,zans!
taken at the free-space regipe(w,z;)=1].

Ne—Ng

given densityn,(z), the dielectric functiore(w,z) occurring
in Eq. (16) was taken from the Drude formul&) using the
interpolation formula8) for the dc conductivityo5XR. Im-
provements considering the dynamical collision frequency
and the contribution of neutral compounds, as discussed
above, are expected to give only small modifications.

Determining the finite widthd, of the shock wave front
from the measured reflectivities presented above, the results
for the different wavelengthsA;=1.06 um and X\,
=0.694 um will differ from each other. The width of the
plasma front seems to be thinner at higher frequencies. The
laser beam with higher frequency can penetrate deeper into
the density profile of the shock wave front. According to our
parametrization, it measures a steeper gradibmi(z)/dz
=n./d, of the density profile. Therefore, it is necessary to
investigate more flexible density profiles to perform the si-
multaneous parametrization of experiments at different laser
frequencies. On the other hand, we conclude that the detailed
density profile of the shock wave front may be inferred if
measurements of the reflectivity at different laser wave-
lengths are performed.

In Ref.[15], we have considered Fermi-like density pro-
files given by n,(z)=n./(e?'("0+1). While these are
smoothly increasing we have chosen a more transparent pa-
rametrization of a density profileg(z) which assumes two
different density gradients. The results for the width of the
shock wave front are effectively the same. The profile is
given by two intervals with linear dependence on position,

(2) " by(ng) TR (20
ne(z)= _
nobl(ne)+b2(ne) Z, b1(ne) <z<bi(ng)+by(Nng).
ba(ne)

Here, parameter values which describe the experimentabmeters the measured reflectivities can be reproduced within
data at two different frequencies argy=10°'cm 3, the error bars. The aim was to demonstrate that experimental
bl(ne)z(—0.025ﬂ§+ 0.28,—0.18) um, and by(ne) reflectivities at different frequencies can be interpreted as-
=(O.00721§—0.1516+ 1.25) um. The densities have to be suming a corresponding profile. In particular, we find that the
taken in units of 18 cm™3. Reflectivities are found which density gradient is higher at higher densities.
simultaneously describe the experimental data at two differ- It is of interest to show the consequences of the determi-
ent frequencies quite reasonably in the density range considiation of the density profilesi,(z) which vary with the
ered. maximum pressure or maximum density obtained behind
Parametrizatiori20) gives the density profile,(z) of the  the shock wave front, see Fig. 6. The corresponding curves
wave front in a smooth way in dependence on the maximunfor the reflectivity show a steep increase wimgrapproaches
densityn, behind the front. Results are shown in Fig. 5. Wethe critical densityn., for the respective laser frequencies.
conclude that by choosing appropriate values for the fit paThen the reflectivity as a function of, remains nearly con-
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0.6 = . In a more sophisticated description, the temperature variation
R 1 : x;é:&”;’:""““'.‘e’“ has to be considered as well as the variation of density of the
0.5+ A=1.06 pm, theory ) neutral component. We can think about ionization processes

1 = = #0694y, theory , due to heating in a precursor sheet in front of the shock wave
0.4 and a steeper increase of the free-electron density at the

] shock wave. We have to include nonequilibrium processes
0.3 1 given by the velocity of the wave front. Experiments at dif-

] ferent wavelengths of the laser beam are important to get
0.2 more information about the density profile of the shock front.
0.1

1 V. CONCLUSION

0 — T 71T
0 2 4 6 8 10 In order to infer plasma parameters from optical reflection

7te, 1021 cn’® coefficient measurements of dense xenon plasma produced
. . , ) i in shock experiments, we have to take into account a finite
FIG. 5. Reflectivity coefficient depending an in comparison width of the shock wave front of the order of Am. Differ-
to theory for a profile given by two intervals with linear dependenceem forms of profilesny(z) have been considered, and

" : o ,
on the position according to EGR0). the reflectivity can be obtained by solving the Helmholtz
but ri high | f q equation.
stant, ,Ut fises once more athig er valuesq Herg, \ 8S Our calculations are based on an interpolation formula for
a function ofn, is decreasing. Possibly, the formation of the i ¢ conductivity, obtained from a systematic quantum sta-
precursor ionization sheet is reduced if the velocity of thegtica| treatment of different limiting cases. In particular, the

shock front is high. This should be discussed on the basis Qf¢cqynt of the renormalization factor and of strong collisions
a hydrodynamical code including ionization processes. Nonjg essential to obtain the correct low-density limit for the dc

equilibrium processes may be of importance in order o dezqnqyctivity. The uncertainty in using the interpolation for-

scrll\?e the formation gff;‘ree ce;rners. _ h bendi ula increases fdr=1. The values of the plasma parameter
easurements at diiierent frequencies show a bending éil:for dense xenon plasmas considered here are in the region

]Ehe density p(;ofile, f(;om a shlarp d%crease near tEe ShoCk <2 and 5>0>1.5 for the degeneracy. Improving this
ront to a moderate decay at larger distances. Such a Strugy oo ch by taking a dynamical collision frequency or even
ture was also assumed in Ré¢L]. The dependence of the bp y g y q y

densi fil h . . q a nonlocal instead of the static one, only marginal modifica-
_en3|ty protiie on t 1€ maximum pressuré or maxXimum deng;q g of the reflectivity are expected. An alternative approach
sity n obtained behind the shock wave front is of interest for

. is given by MD simulations, which have been performed for
ductivi h i q el H ¢lassical model plasmas where the Coulomb interaction is
conductivity we have to consider a dynamical one. OWeVerlaniaced by a pseudopotential.

as was shown for the step-like shock wave front, it is ex- " an4n under the conditions considered is a partially ion-
pected that the dynamical collision frequency leads to only, .4 plasma. The composition is shown in Table I. The con-

minor modifications. ductivity as well as the related quantities are influenced by

. iompgrﬁd ;Nikt]h thﬁ vilue giv?n in R¢L], our estirgatlion the neutral component, which lead to a modification of the
of the width of the shock wave front comes out to be larger, qfection coefficient. However, we find that neither analyti-

We also observe a structure of the density profile, see Fig. & expressions for the collision frequencstatic or dy-

namic, local or nonlocalnor MD simulations as well as the
account of neutral components can explain satisfactorily the
behavior of the measured reflectivity as long as a step-like
front profile is assumed.

Instead of step-like density profiles which are not able to
explain the measured reflectivities, smooth density profiles
were considered. We have shown that the experimental val-
ues of the reflectivity at different frequencies allow one to
determine the density profile. For this, the density profile was
parametrized by a simple ansatz given by two intervals with
5 n.,10%'cm™ linear dependence on the position, E20), containing two
parameters, which were given as a smooth function of the
electron density in the shock wave fitting the measured re-
flectivities in the considered region. It has been found that

FIG. 6. Distribution of density of free electrons(z) in the  the gradient of the density profile is higher for higher densi-
shock wave front dependent on the electron densitiaxis into the  ties, i.e., closer to the step-like shock wave front. In order to
page of the plasma bulk for a profile is given by two intervals with explain the smooth density profiles, the propagation of a
linear dependence on the position according to (26). shock wave should be considered within a nonequilibrium

AN
Nl
\\\\\\\\
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approach containing ionization and compression processethe composition, in particular the free-electron density, and
The treatment of ionization kinetics and the inclusion of pos-the relevance of the assumption of local equilibrium.

sible further nonequilibrium processes is the subject of future
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