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X-ray scattering as a dense plasma diagnostic
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We show here that x-ray scattering can be a useful and potentially powerful plasma diagnostic, much in the
same way as in liquid metals. The model used in the calculations is briefly described. The basic atomic data
used here are obtained from the average atserRNO model. Three different configurations were studied: an
Al plasma at several eV and a density of 0.1 gicmhich could be produced by radiatively heating an Al foil;
an ultradense Al plasma which could be realized using colliding shock waves; and femtosecond laser produced
plasmas. In the latter case we show that the applicability of the x-ray scattering method for obtaining infor-
mation on both electron and ion temperature can be used in order to evaluate the electron-ion relaxation time.
It is also shown that small angle scattering provides an equation of state diagi®sfi63-651X98)09304-0

PACS numbds): 52.70.La

INTRODUCTION static structure factoZ,, andZ; denote the number of bound
and free electrons, respectivel$;,,.(Q) is the incoherent
In this work we show, in some specific examples of pro-scattering factor of the bound electrons, &g Q) is the
posed experiments, that x-ray scattering can be a usefgtatic electron-electron structure factor of the free electrons.
plasma diagnostic, much in the same way as in liquid metalsThe physical quantities appearing in Ed) were discussed
X-ray scattering by dense plasmas was studied by Nibje in detail in Ref.[3]. _ o
and More and Boerkd®], and in Ref[3]. We begin here by For the probllems to be d|squssed below, the major ingre-
describing the model used in the calculations of the X_ra);ilent_s needed in the calculation are the number and radial
scattering. The model was discussed in R&J. and is based density of the bound electrons, the number of resonance
on the formalism derived by Chihafd]. Results are pre- electrons, z_ind the ion-ion structure factor. The (_:alculatl_ons
sented for three different configurations. These are an Aperformed in Ref[3] employed the Thomas-Fermi model in
plasma of density 0.1 g/chand a temperature of several eV, thg so-called correlatlpn spherg, the \{olume Of, Wh_'Ch IS Sfo'
an ultradense Al plasma target of density 12 gand a ficiently large to contain the main details of the ion-ion radial

temperature of 6 eV, and femtosecond laser produced p|‘,ﬂg_istribution function. In the present calculation, however, the
mas. In the latter case the possibility of obtaining informa-2verage atom in the celiFERNO model [5] was used. The

tion on the electron-ion temperature relaxation time was inmajor advantage of the latter model is in its inclusion of shell

vestigated as well as the use of x-ray scattering as gffects. A major discrepancy between both models which

temperature diagnostic. In addition to this it is shown thatgomd be resolved by x-ray scattering will be pointed out

small angle scattering provides an equation of state diagno2e/oW-

tic. Finally the proposed experiments are discussed in morg_
detail, and a preliminary experiment is described. :

The INFERNO model gives the number and radial density

stributions of the bound, resonance, and free electrons.

When resonances occur, their electrons are includedi, in

which multipliesS},. in Eq. (1). This assumption should be

MODEL considered more deeply; however, the effect of this term on

In a previous work Ref.[3]), the calculation of the x-ray the scatt_erin_g cross _section is sma_ll. The effe_ctiv_e ion charge

scattering cross section as a function of angle from a densgate which is basic in the calculation of the ion-ion correla-

plasma was given in detail. The calculation, which was baseéons was assumed to be equal to the atomic nurdblesss

on Chiharg[4], was performed by evaluating the bound andthe sum of the bound and resonance electrons.

free electron contributions to the scattering. The total scat- The ion-ion structure factor was obtained from the hyper-

tering cross section as a function of momentum chapgs  Netted chainHNC) model with and without screenin].
[4] The screening length in the case of plasmas with densities of

the order of the natural density and higher were obtained
| . f i 2g +7.9 +7.5 from the linearized Thomas-Fermi thedr¥j. At densities of
Q=1 QU +p(QI*S1(Q)+ZSnet ¢ ee(Q)(]l) 0.1 times the natural density, the formula given in Hé&i.
was used.

where | 4(Q) is the classical Thomson electron scattering
cross sectionf,(Q) is the bound-electron form factor, and
p(Q) is the Fourier transform of the free-electron density, Calculations were performed for three different types of
which includes the resonance electroBg(Q) is the ion-ion  experimental systems: a dense Al plasma of the order of

RESULTS
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FIG. 1. Angular distribution of scattered x rays from an Al F|G. 2. Angular distribution of scattered x rays from an Al
plasma of temperature 4 eV and density 0.1 diche energy of  plasma of temperature 6 eV and density 12 gicithe energy of
the scattered x rays is 4.75 keV. Full line: no screening of thethe scattered x rays is 7.47 keV. Full line: results using the proce-

ion-ion interaction. Dashed line: results of calculations assumingjure outlined in this paper. Dashed line: results using the Thomas
free-electron screening of the ion-ion interaction. Fermi model as described in RE8].

0.1 g/cnt at temperatures of several eV, an ultrahigh densityactually a check on the evaluation of the Debye length and
Al plasma, and a dense Cu plasma of the type encountered the degree of ionization. It is seen that, neglecting the depen-
femtosecond intense laser plasma interactions. dence of the degree of ionization on the density, which is
Figure 1 gives the predicted scattered x-ray distribution asonsistent with weak coupling, E¢B) is consistent with the
a function of angle for the scattering of 4.75-keV x rays fromcompressibility sum rul¢Eq. (2)].
an Al plasma of density 0.1 g/chand a temperature of 4 eV. Simulations show that 7 kJ of a 0.3&m light of pulse
Such a plasma can be obtained by driving an Al target witruration of 2 ns can produce, by means of colliding shocks,
X rays from a laser-irradiated Au foil at intensity an Al plasma of 12 g/crhat a temperature of 6 eV. Here as
10" Wicn?. Although the use of thewrErRNO model at such  in the other proposed experiments, an x-ray backlighter is
low densities could be open to some question, the number afsed for the scattering source. The x-ray scattering cross sec-
free electrons obtained from thRFERNO calculation is in  tion was calculated using both the Thomas-Fermi model of
good agreement with results obtained from the plasma phydRef.[1] as well as thenFERNO model used for the calcula-
ics activity expansion codecTEx [9]. At a density 0.1 g/cth  tions presented in this paper. The Thomas-Fermi calculation
and temperature 5 eMNFERNO gives 1.68 free electrons, gives only six bound electrons, while tmeFERNO calcula-
while the result according tacTEX is 1.8. The decrease in tion yields a total of ten bound electrons, emphasizing the
the scattering cross section below 20° is due to the ion-iofnfluence of shell structure on the results. In Fig. 2 we plot
correlations. the angular distribution of scattered 7.96-keV x rays as a
Small angle scattering can be used as direct equation dfinction of angle for both of the above-mentioned models.
state diagnostics. According to the compressibility sum ruleThe main difference between the graphs is in the ratio of the

[10] the zero momentum ion-ion structure factor is cross section in the region of 150° to that in the region of
60°. The substantially larger number of free electrons in the

kT Thomas-Fermi calculation is responsible for the significantly

Si(0)= p(aplip)t’ @ larger cross section in the backward scattering region. It is

worth noting that the number of bound electrons could be
wheren; is the ion number density, is the density, ang is  discerned by an accurate measurement of the energy of the
the pressure. In order to make use of this relation one has W« line.
isolate S, (0) from the measured scattering cross sections, An interesting possible application of x-ray scattering
using a model for the electrons form factor in Efj). In the  deals with the study of plasmas produced by intense femto-
limit of weak coupling the ionic structure factor is given by second laser pulses. In particular, it could be possible to in-

[2] vestigate the electron-ion relaxation time. The case investi-
b2 gated here is that of a Cu target with an electron temperature
S _ qAet+1 3) of 100 eV. It is assumed that the plasma could be probed at

n(9) qz)\g+ 1+27’ ( different times during the course of the ion-electron equili-

bration time, which, according to the simple Spitzer formula
where). is the electron Debye length amds the degree of [11] is ~400 fs. The full line in Fig. 8) assumes that the
ionization. This is the case of the experiment describedon temperature is 5 eV, and that the density is still that of
above, where the equation of state is close to that of an ide#he initial target, and the dashed line corresponds to an ion
ionized gas[9]. In this case the measurement can be anatemperature of 100 eVequilibrated with the electron tem-
lyzed in terms of the parametar,, and the experiment is peraturg again assuming no change in density. In the low
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T FIG. 4. Angular distribution of scattered x rays from Cu plasma
that could be produced in a femtosecond laser plasma interaction
experiment. The electron temperatures are(fulbcurve) and 5 eV

1 (dashed curve The ion temperatures in both cases are assumed to
R be equal to the electron temperature. The plasma density is
8.93 g/cnd, and the energy of the scattered x rays is 8 keV. The
calculations assume no interionic screening.

T tials could be used, e.g., an extension of the Harrison-Wills
potential[12] to dense plasma conditions. We believe that
— for the feasibility study of this work the simplified potential

T is sufficient.
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Recent experiments have demonstrated that by using Au
burnthrough foils[13] it is possible to generate approxi-

FIG. 3. Angular distribution of scattered x rays from Cu plasmamately 20 J/Sr in x rays above 0.5 keV for 1-kJ, 1-ns dura-
that could be produced in a femtosecond laser plasma interactiolion laser pulses at a wavelength 0.a#. These photons
experiment. The electron temperature is 100 eV. The ion tempergdenetrate relatively far in Al foils, and a sampleuin thick
tures are 100 eV for the dashed curve and 10 eV for the full curvecan be heated more or less volumetrically to temperatures of
The plasma density is 7.97 g/émand the energy of the scattered x a few eV, if the burnthrough foil is a few millimeters from
rays is 8 keV.(a) The calculation assumes no interionic screening.the sample foil. Such a foil has around20'’ scattering
(b) The calculations assume interionic screening due to free elecatoms if it is 2 mm in diameter. The work of Phillion and
trons. Hailey [14] showed that, for a Hex line of Ti (4.75 ke\j,

approximately 5<10'? photons/Sr can be generated with a
ion temperature case the peak at 40° is significantly moré0-ps duration pulse of 100 J of 0.23n laser light. By
pronounced than that in the high ion temperature case. Theombining these elements, an experiment can be designed in
effect is due to the much greater ion-ion coupling at the lowwhich the total number of photons scattered into a resolution
ion temperature. The energy of the scattered x rays is 8 ke\element of 6< 1072 Si(+2.5° in the horizontal planés in
Figure 3b) describes the same situation, but includes screerthe range 30—300 from minima to peaks. For an appropri-
ing in the HNC calculation. ately placed cooled charge coupled deWic€D) array cam-

Other cases of interest are the dense Cu plasma assumiata(e.g., 1024 256 pixels where each pixel is 27 um),
equal ion and electron temperatures of 0.5 and 5 eV, and @ach resolution element can consist of ax%0 pixel sec-
density of 8.93 g/cth Such a plasma could also be producedtion, thus the chance of two photons hitting the same element
in femtosecond laser plasma interactions. The number df only 1%. The statistical noise in the peak cross section is
resonance electrons in the 0.5-eV plasma is 9.5, while at 5.0f order 6% for one shot. This technique was used in a pre-
eV it is 8.7. In Fig. 4 are presented the cross sections for théminary experiment[15] that showed that, by histogram-
scattering of 8-keV x rays as a function of angle for bothming the CCD counts, the line radiation scattered from the
plasma temperatures. The difference between them due target could be separated quite clearly from the background
the ion-ion correlations are clearly discernable. Hence it igM-band radiation also scattered from the target foil. How-
possible to obtain information on the ion temperature. ever, in this preliminary experiment the plasma conditions

In all these calculations it had been assumed that the ionwere not well diagnosefll5].
ion interaction is given by the Coulomb or screened Cou- A further technique for generating dense plasmas is to
lomb potentials. More realistic effective interaction poten-compress solid targets with laser driven shocks. Experiment
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and simulation/16,17] have shown that for typical focused to be certain that the scattering x rays are only incident
irradiances of the order 3w cm™2, with nanosecond within the focal spot area. This problem need not be too
pulses, pressures of several megabars are easily generatedlidficult. The recent development of short pulse lasers means
the ablation surface. This drives a strong shock which comthat energies of ordel J are possible in 100 fs at repetition
presses the target to densities of several g/amtempera- rates of 1 Hz. This means that a large focal spetL(mm)
tures of several eV. By using colliding shocks, densities ofcan be used with irradiances still above"1®& cm~2, which
up to ten times solid are possible. By using short wavelengtliis enough to create a strongly coupled plasma-d0 eV
laser light, high pressures can be achieved while moderating®5]. Such a large focal area makes good alignment easier to
the temperature in the ablated plasfi&]. This means that achieve in practice. In addition, there is the problem of x rays
bremsstrahlung emission can be kept to a level that will noscattering from deep within the target. For example, the ab-
swamp the scattered line radiation. Simulations with thesorption depth of 8-keV photons in Cu is about zfn,
MEDUSA hydrocode have shown that a 24a aluminium  whereas a 100-fs laser pulse heats only a few hundred A
foil, tamped with CH, can be compressed to 12 glaté eV depth during the pulse. The obvious way around this prob-
with two opposing 2-ns beams of 351-nm laser light focusedem is to make targets that are only just thicker than the
to 4x 10 W cm™2. For an energy of 3500 J per beam, theheated depth. this can be achieved by evaporating a thin
compressed region has approximately®16cattering ions (~0.1um) layer of Cu onto a submicron layer of Mylar.
contributing to the signal. The major difficulty would then be the rastering of the target
The generation of solid density plasmas at temperatures aver the many shots needed in these circumstances to build
1-1000 eV with femtosecond laser pulses is currently a matdp a cross-section measurement. However, the large focal
ter of great interest. However, the generation of an ultrashogpot used to attain moderate heating intensity would allow a
pulse of hard x rays would be a necessary prerequisite teeries of delicate thin film targets to be successively moved
obtaining data related to the dense hot material produced justto position without creating focusing difficulties.
after laser heating. We can estimate the number of shots required by taking
One possible method is to use a second femtosecortiie Al Ka yields [21], a typical cross section~10?3
pulse focused tightly onto a second target, to generate fastré/sr) for Cu, and estimating 1Btarget atoms for the thin
electrons by a resonance absorption type pro¢&8$ or  Cu layer heated by the pump pulse. For a resolution element
other processef20]. These would then generaker radia-  of approximately 102 sr, we have 1 in 10incident photons
tion which could then be allowed to fall on the sample scattered into the resolution element. For good statistics we
plasma in a restricted range of angles, by use of a pinholgherefore need about 10photons incident in 107 sr. From
Quantitative measurements it yield for this method21]  the data of Ref[21], we can estimate that a 1-J 100-fs laser
have indicated that for 1.5 mJ on target in a sub-100-fs pulsevould require 600 shots. This would only take 10 min at 1
2.5x 10" photons/Sr are generated for Kla. Since this Hz; with a cooled CCD this presents no real difficulty. The
production mechanism relies on the suprathermal electronse of electronic recording and storage of signals, would also
generation driven by the laser field, the pulse duration of thenean that the data need not be collected in one quick burst of
x rays will be as short as the laser pulse itself. Alternativelyshots, thus allowing time for targets to be changed.
[22], it has been suggested that kilovolt x rays can be gener-
ated by the interaction of a sufficiently short {00 fs) laser
pulse incident on a solid target at irradiances above
10 Wem 2 In each case the photon production will be  In conclusion, the work presented here provides an im-
small enough to necessitate summing over hundreds of shotstoved model for the calculation of x-ray scattering from
as discussed below. dense plasma. The use of theERNO model provides the
Synchronization of the pump and probe pulse would bepossibility of bringing into account shell effects as well as
maintained by deriving both from a single beam split intothe effect of resonances. Thus it is possible to analyse pro-
two, with an appropriate partition of energy. The accuracy ofposed x-ray scattering diagnostic experiments in a Cu plasma
the synchronization would then depend on the quality of thgoroduced by femtosecond laser interaction. The same tech-
spatial positioning of lenses. Pump-probe measurement afiques could be applied to transition metals. Shell effects
target reflectivity during the first few hundred femtosecondsalso manifest themselves in an ultradense Al plasma, which
after heating have been made by several autfz824. As  can be produced in colliding shock experiments. Finally pre-
we have already stated, the resolution set by the x-ray puldéminary experimental results on an Al laser produced
duration may be<100 fs for hot electrofiK « emission. The plasma indicate that x-ray scattering experiments from a
probe pulse can be used to study the plasma at times startifpdpsma radiatively heated can be diagnosed by a syncronized
from 0 to 0.1 ps from the start of the pump pulse. Apart fromshort probe pulse. Thus the examples discussed indicate that
this issue, the principal difficulty of such an experiment is tofeasible x-ray scattering measurements can yield important
ensure that scatter from unheated parts of the target is kept toformation on the electronic and ionic structures of interest-
a minimum. This means that careful alignment is necessaring dense strongly coupled plasmas.

CONCLUSIONS
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