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Theoretical model and interpretation of x-ray Thomson scattering

measurements in warm dense matter

G. Gregort, S. H. Glenzer, O. L. Landen, and R. W. Lee
Lawrence Livermore National Laboratory, University of California, P.O. Boz 808, CA 94551

(April 3, 2002)

Abstract

We present analytical expressions for the dynamic structure factor, or form |
factor S(k,w), which is the quantity describing the inelastic x-ray cross sec-
tion from a dense plasma or a simple liquid. Our results, based on the ran-
dom phase approximation (RPA) for the treatment oﬁ the charged. pafticle‘
coupling, can be applied to describe scattering from either weakly coupled
classical plaérﬁas or degenerate electron liquids. Our form factor correctly re-
produces the Compton energy downshift and the usual Fer}niADirac electron
velocity distribution for S(k,w) in the case of a cold degenerate plasma. The
usual concept of scattering paraméter is also reinterpreted for the degenerate
case in order to include the effect of the Thomas—Fermi screening. The results
shown in this work can be applied to intefpreting x-ray scattering in.w@rm
dense plasﬁ% occurring in inertial confinement fusion experiments or inside -

the interior of planets .
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I. INTRODUCTION

Diagnostics of dense plasmas poses several difficulties as currently adopted experimental
techniques are rather limited in probing particle densities, tempera.tﬁres and charge states
of warm dense matter. Optical technlques for example can only provide information on
surface layers of dense plasmas since they are opaque to visible or UV light. On the other
hand, the emerging interest in un‘derstandmg the proper’mes of matter under extreme condi-
tions, as the ones achieved in inertial confinement fusion (ICF) experiments [1], necessitates
the developing of finite temperature dense matter probes. In ICF implosion experiments a
variety of plaéma regimes are created, and of 'pé;tic‘ular interest are Fermi degenerate (or .
quantum) plasmas, charecterized by a Fermi temperature greater than the electron kinetic
temperature. 1\/Ioreove.1~ equat‘ion of state (EOS) predictions for various degenerate plasmas
can only be resolved by accurate measurements of the chemical state of the materials. How-
ever, uncertamtles in the present data a,nd the lack of reliable independent measurements of
temperature and density have prevented validation of current models and calculations.

We inveétigate the possibility of extending spectrally resolved Thomson scattering [2]
in the x-ray regime for the diagnostics of solid density plasmas. This method Wes first
discussed by Landen et al. [3] as a‘viable diagnostics alternative in ICF ex'periments./ In °
~ Ref. [3], calculations were presented for scattering parameters o = 1/kAp < 1, where Ap
is the Debye length and k = ko — k; is the difference between the wave-number of the
scattered and the incident probe radiation. In the present work, we provide a theoretical
‘expression for the scatteﬂng form factor to représent x-ray Thomson scattering for arbitrary
o parameter. In addition, our treatment can bea,pplied in the description of scattering from
degenerate to Weakl?y coﬁi)led plasmas. For plasmas obeying the. classical statistics, the
electron-electron coupling constant is defined as (see, e.g., Ichimaru [4]) I’ = €?/4neokpT.d,
where T, is the electron temperature and d = (3/4mwn,)'/? the ion-sphere radius, with n. the
electron density. In other words, I is the ratio between the potential and the kinetic energy'

of the electrons. For coupling between different ‘cha,rg‘ed particles, we also need to account



for the ionization state of the material. The extension of definition of the coupling constant
' to the quantum domain (i.c., a degenerate ﬁlasma) is discussed by Liboff [5]. Iﬁ this
case, quantum diffraction prevents the electrons to get arbitrarily close to each other and
I' is now the ratio between the potential and the Fermi eﬁergy, Eg, of the electrons. Since
Ep = R*(37%n, )% /2m,, as electron density increases, in contrast to a classical plasma, the
coupling constant decreases‘. |

In an ideal plasma, I' < 1 and the kinetic energy dominates the particle motion with
negligible inter-particle coupling, while in a strongly coupled plasma, I' >> 1, the electrostatic
(Coulomb) forces’; determine the [ilature of the particle motion. Weakly coupled plasmas lie
in the range I' < 1. Indeed, the possibility of directly Ihea,suring temperature and ionization
state in weakly and strongly coupled plasmas is of particular relevance in EOS calculation
since current models predict different behavior in the material p.roperties and an independent
experimental verification would be necessary to resolve the controvérsy. Further discussioﬁ

on the subject can be found in Landen et al. [3] and references therein.

II. THEORY
A. Basic deﬁnitiéns

We are interested in describing the scattering from a uniform plasma containing N ions
per unit volume. If Z4 is the nuclear charge of the ion, the total number of electrons per
unit volume in the system, including free and bound ones, is Z4/V. Let us now assume we
probe such a system with x-ray radiation of frequency wp such that hwy > E;, with Ey-
the jonization energy of any bound electron, i.e., the incident frequéncy must be large com-
pared to any natural absorption frequency of the scattering atom, which allows us to neglect
photoabsorption. During the scattering procéss, the incident -photoﬁ transfers momentum
hk énd energy hw = hwo — hw; to the electron, where w; is the frequency of the scattered

radiation. Under these conditions we can distinguish between eléc'trons‘that are kinemat-



ically free with respect to the scattering process and core electrons that are tightly bound
to the a{tom. If a,, is the orbital radius of the electron with prinbiﬁal quantum number n,
kinematically free electrons satisfy the relation [6,7] ka, 2 1, §vhile the opposite inequality
applies for core electtons. This condition is equivalent to assuming that Aw, the energy
transferred to the electron by Compton scattering, is larger than its bound energy. In the

non-relativistic limit (Aw < Awp)

k== sin(0/2), o
with Ao the probe wavelength and ¢ the scattering angle. We denote with Zf and Z, the
number of kinema,tilcally free and core electrons, respectively. Clearly, Z4 = Z; + Z,. To
avoid possible confusions, we should stress that Zy is conceptually diffefent from‘ the true
ionization stat.e of the atom. It includes both the truly free (removed from the atom by
ionization) and the valence (weakly bound) electrons; thus Z; =7+ Z,, where Z is the
number of elect_rons removed .from the atom, and.Z, is the number of valence electrons.
In fhe limiting case of a liquid metal, Z = 0, and ouly the valence electrons need to be

considered.

B. Scattering cross section

Following the approach of Chihara [8,9] the scattering cross section is described in terins

of the dynamic structure factor of all the electrons in the plasma

d’o ky .
= or LSk ~
Bido = "1y o): | @

where o7 is the usual Thomson cross section and S(k,w) is the total dynamic structure

factor defined as
S(k w) —_“—1 ./ei“t(p (k t)p‘(—k 0))dt ' (3) '
? . 2 e H] e 3 b) i . ) :

with (...} denoting a thermal average and



. ZaN : .
pe(k,t) = ; exp [ik - ra(t)], . (4)
is the Fourier transform of the total electron density distribution, with rs(¢) the time depen-
dent position vector of the ;srth electron. Assuming the system is isotropic, as in the case of
interest here (liquid metals or plasmas), the dynamic structure faétqr depends only on the
magnitude of &, not oﬁ its direction. The next step consists in separating the total density
fluctuation, Eq. (4), between the freé and core electron contributions, and separating the

motion of the electrons from the motion of the ions. The details of procedure are given by

Chihara [8,9], thus obtaining for the dynamic structure:
S(k,w) = |fr(k) + q(k)* Sk, w) + Z; 80, (k,w) + 2y / Seolkyw — ") Ss(k,w)du’. (5)

The first term in Eq. (5) accounts for fhe density correlations of electrons that dynamically
follow the ion motion. This includes both the core electrons, représented by the ion form
factor fi(k), and the screening cloud of free (and valence) electrons that surround the ion,
represented by g(k). Si(k,w) is the ion-ion density correlation function. The second term
in Eq. (3) gives the contribution in the scattering from the free electrons that do not follow
the ion motion. Here, Sge(k,w) is the high frequency part of the electron-electron correlation
function [10] and it reduces to the usual electron feature [11] in the case of an optical probe.
Inelastic scattering by core electrons is included in the last term of Eq. (5), which ariseé from
correlation between tﬁe core electrons within an ion, gce(k,w), modulated by the self-motion
of the ions, represented by S,(k,w). We point out that in Eq. (5) electron-ion correlations
| are implicitly accounted in the first term, since, as shown by Chihara, [8], the electron-ion

response function can be written in terms of the ion-ion response function. We observe that

the total density correlation function must obey the relation [13]
S(k, —w) = exp(—hw/ksT.)S(k,w), (6)

which is a consequence of detail balance. This gives rise to asymmetry in the spectrum as

we will discuss further in the next sections.




We will preseﬁt simplified expressions for each term in Eq. (5). The relative importance
of each term is discussed and scattering profiles for typical conditions found in experiments
are obtained. The senéitivity to the various parameters is presented using LiH solid density
plasmas as an example. A similar method based on the measurement of frequency-integrated
(total) x-ray cross section for the diagnostics of high density plasmas twas originally proposed
by Nardi and co-workers [12,14,15]. While their apprbach was based on the determination of
the static structure factor, we wish to determine the dynamic structure factor. This requires
frequency resolved measurements, standard in optica,l'Thqmson scattering. The various
terms in Eq. (5) provide scattering signals at different frequencies. With the available x-ray
line sources, spectrometers and detectors in ICF experiments [3], we currently are able to
resolve the high frequency part of the spectrum, w > kv,, where v, = (kpT./m.)"/? is the

electron thermal speed.

C. Ion correlations: the ion feature

We will present an analytical expression for the first term in Eq. (5). The ion-ion
correlations reflect the thermal motion of the ions and/or the ion plasma frf;quency, and
since we cfmnot currently experimentally access this low frequency part of the sp.ectrum, we
can approximate S (k,w) = S;;(k)é(w). We thus only need to calculate the static structure
factor for ion-ion correlations. We shall also observe that for typical conditions in dense
plasmas for ICF experiments, the ions are always hon—degenerate, since their thermal de
Broglie wavelength is much smaller than the average interparticle distance. On the other
hand, the electrons can exhibit some degree of degeneracy, and in the case of very cold and
dense plasmas, they will obey the Fermi-Dirac distribution. Under these conditions, and
:within the framework of the random phase approximation (RPA), we can calculate S“(k)
using the semi-classical approach suggested by Arkhipov and Davletov [16], which is based
on a pseudo-potential model for the interaction between charged particles to account for

quantum diffraction effects (¢.e., the Pauli exclusion principle) and symmetry [17]. We shall



stress the point that in the limit of the RPA, strong coupling effects are not accounted for,
thus limiting the model validity to plasma conditions in the range I' < 1. Use of the RPA at
larger couplings may still provide fairly accurate results if kd 2 1 [18,19]. In the cases studied
here, the plasma are within the range of validity. However, extensions to ‘sﬁrong coupling
are possible in terms of a local field correction [20] of the dielectric response functions, but
they are significantly more complex énd can be obtained only through the solution of the
hypernetted chain (HNC) equation [21] or molecular dynamics simulations [22]. In the limit

discussed, the resultant expressions for the various static structures are thus:

' Tep Ty .
Sulby) = B~ Y0 (R), NG

where r, s=e (electrons) or ¢ (ions), n. = Zsn; = Z;N and the temperature has been assumed
equal for both ions and electrons. Symimetry in the electron-ion interactions requires Se; (k) =

Sie(k). The coeflicients ®,,(k) are given by

Beo(h) =

o2 k2 2 1 + 1 n
oA [T+ K22, P\ (T4 E2ALY1L+B2A8) (14 k2A2)?
kb 5 '
A (kz + m) k eXP(_k2/4b)] y (8)

Dis(k sl L . :
k) =ox [Tree TR\ T T T ar k)

AR, |
m% exp(—k*/ 45)] ; (9)

Zfﬁ.z. - kZ

ulh) =~ A TR

where b = (A2, 710 2)7Y, A'= kgT, In2\/mb 3%y /e?, and

k2k28 + k‘zkf),“ kg kz‘ 1 1 +
S P T P N Ty S R G S YA

2
Ak, (k2 + —kﬁ—) exp(—k?/4b). (11)

A=K+

1+ &2X%
The inverse of the electron and the ion Debye lengths are kp. = (neez feokgT,)'/? and

kpi = (Zyn.e?/eokpT.)"/?, respectivély. In Eqs. (811) the thermal de Broglie wavelength
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"is defined by A, = h/(27p,.kpTe)'/? with y,, = m,m,/(m, + m,) the reduced mass of the
interacting pair. To cofnplete the description of the first term of Eq. (5) we need to calculate

the screening charge and the ionic form factor. The screening charge is given by [8,16]

?‘Lee2 Ce,;(k)

- 2
cok*kple e(k,0)’ (12)

q(k)

where ¢(k,0) is the electron permittivity at frequency w = 0, and C.i(k) the electron-ion
direct correlation function. Using the Ornstein-Zernike relations [13] the electron-ion direct:
correlation is found to be

Sei(k)
See(k)Sii(k) — SZ(k)’

Cuil) = - (13)

ﬁrith the pari;ial static étructures given by Eq. (7). As we have mentioned, the ions behave
as classical pa,rticles,‘ thus the use of a Semiclaséical approach for the electron-ion direct
correlation is justified. On the other hand,since the electroné may behave as a degenerate
quantum fluid, the eléctron dielectric function needs to be calculated with the full effect
of different. statistics (Boltzmann or'Fermi~Di‘ra¢)‘ as we will discuss in the next section.
To calculate the ionic form factor, fr(k), we follow the approach init‘:ially suggested by
Heisenberg [23] and based on the Thomas-Fermi model of the atom [24]. Using the tables
generated by Bewilogua [25), f;(k) is obtained as a function of Z, and Z;. Even if the
calculation of the ionic form factor from the Thomas-Fermi theory is quite approximate,

it compares reasonably well with the Hartree method [24]. We also note that in the limit
k=0, fi(k) = Z.

D. Electron correlations: the electron feature

The free electron density-density correlation function that appears in the second term of

Eq. (5) can be formally obtained through the fluctuation-dissipation theorem [26]:

5 (ko) = — h ek gL (14)
e\ T exp(—Fw/kgT,) retn, | e(k,w) |’



where, as previously mentioned, e(k,w) is the electron dielectric response function. In the
case of an ideal classical plasma, the plasma diéiectric response is simply evalua;‘,ed from
a perturbation expansion of the Vlasov equation [27]. The resultant form for the density
correhtion function is then known as the Salpeter electron feature [28]. This approach,
~ however, fails when the electrons beéome degenerate or nearly degenerate as quantum effects
begin to dominate. Under the assumption that i'nterparticle interactions are weak, so that
the nonlinear interaction between different densify fluctuations is negligible, the dielectric . -
function can be derived in a rather simple way,:known as the random phase apprdximation "
(RPA) [29,30]. In the classical limit, it reduces to the usual Vlasov equation. Clearly,
‘the RPA breaks down'in presence of strong coupling ‘when short-range collisions dominate
‘the electron motion, thus its validity is typically limited by the condition I' < 1, as we
have previously mentioned. Deviations from the RPA have been reported, for exam}.)le, by
Vradis and Priftis [31] for scattering on solid beryllium at room temperature in the region
k Z k. ~ w,/vp, where w, is the plasma frequency and vp ié the velocity at the top of
the Fermi surface. The critical wavenumber kc‘ correqunds to the transition between the
plasmon and the quasi-particle excitation mode [30]. Scattering spectra near k, have been -
observed to exhibit fine structures not explained within the framfawork of the RPA [31]. At
thoée intermediate wave-numbers short-range correlations and high-order excitatibns need
to be considered [32-34].

‘'The RPA form of the dielectric function is (see, e.g., Landau et al. [27])

L@ [ i hk/2) = f(p — Ak/2) 2P
6(k7w)=_ 1 B hegk? / k-p/me—w—ivr = (2rh)¥’ (15)
with ¥ — 0+. The electron distribution function is specified as
.
f(p) = (16)

" exp (wpzfzf:”) +1
where p is the electron momentum and p the chemical potential, defined by the normalization

condition
o 2d3p o -
[ 5®) g = e an

9



where we have accounted for both spin-state electrons. A useful fitting formula for the

chemical potential that interpolates between the classical and the quantum regions is [35]

4  AO*14 BOTGHIS
S B Y- =

with © = kgT./Er (Ep is the Fermi energy of the electrons), A = 0.25945, B = 0.072 and

7 3

ksT, 2

me+m3 (18)

b = 0858. In the limit T, — 0, which corresponds to an electron gas in the ground state, the
dielectric function takes the Lindhard form [30]. In the case of scattering from uncorrelated
cold electrons, the form of the dynamic structure follows the electron velocity distribution
function [36]. |

The free electron density-density correlation function is then determined by the numerical
solution of the integral (15). It turns out that such an approé,ch is also rather accurate to
describe the collectivev behavior of the electrons in the valence band of metals [37,38], even if
higher order correction beyond the RPA have been observed in some experiments [39,40]. In
those cases, deviations from RPA resulted from the periodic pofenti:ﬂ of the crystal structure
of the solid. In Fig. 1 we have plotted the normalized line profiles of S2 (k,w) calculated
assuming an incident x-ray radiation Ap = 0.26 nm, corresponding to the Ti He-a 4.75 keV
emission line, at a scattering angle § = 160°. We observe that the RPA calculation previously
outlined autematically includes the effect of the Compton energy downshift in the scattered
spectrum. This is not true, for example, in the Salpeter approximation since momentum
transfer from the photons to the electrons is neglected there. Thus, in order to compare,
with the RPA, we need to tran.sla,te the entire line profile an amount that corresponds to a
shift of ﬁ2k2/2me in energy. At a density of n, = 1.0 x 10%° m~?, the Fermi temperature is
Ty = 7.85 eV. We indeed see that, at temperatures lower than Tx (Fig. la),. when quantum
effects are important, the Salpeter result deviates frém the RPA one. On the other hand,
at T, = 10 eV (Fig. 1b), the Salpeter formula agrees very well with the RPA. In Fig. 1b we
see that the profiles are broader than in Fig. la since the kinetic temperature is comparable

to Tr. We shall also add that the conditions reported in Fig. 1 correspond to a small-a

10 .




scattering parameter (o = 0.33'), i.e., when collective effects are not imp‘ortaﬁt». This is
the region where the formula derived by Landen et al. [3] for the.dynamic structure is valid
[41], and this is confirmed by fhe good agreement with the RPA lineshapes. At T, = 0 eV
the calculated profile of S2.(k,w) is parabolic for small ¢, while at T, = 10 eV (T, > Ty)
the profile is gaussian. Since for small o the electrons behave as uncoyrelated scatiers,
the transition from a parabolic to a gaussian profile, as the clectron temperature is raisedl,
corresponds to the transition from a Fermi to a Boltzmann statistics in the electron velocity
distribution. Dynamic structures for collective scattering (o = 0.98) are shown in Fig. 2,
Which4correspond to a longer probe radiation of wavelength Ag = 0.78 nm (Al He-a 1.6 keV
emission line), all the other conditions being the same as in Fig. 1. In both Figs. 1 and 2.
we see the strong asymmetry in the line profiles resﬁiting from the detail balance relation

(6). This is evident from the discontinuity (kink) in the profiles at w = 0.

E. Core electron excitations

The last term in Eq. (5) correspoﬁdsi to the density correlations of_ the tightly bound
electrons within each single ion, and it arises from electron-hole and bound excitations of
the inner core electrons. The Fermi goiden rule in the first order perturbation theory can be
used to calculate the spectrum resulting from electron-hole excitations [42,43]. As discussed
by Mizuno and Omura [7] inner core electrons can be excited by the probe radiation to
continuum states and the corresponding spectfum of the scattered radiation is that of a
Raman-type band. Experiments of Suzuki [44] have ‘then confirmed the existence of such
type of excitation in the form of a weak band near the tail of the Compton band that is mainly
determined by the qxcitations of the free electron gas. In contrast to the usual Compton
scattering, the position of the Raman band is independent on & (or the scattering angle), with
its threshold determined only by the ionization threshold of the inner K-shell of the atom.

'The correct definition of the scattering parameter will be given in section §III »
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The total scattering inténsity of the Raman band is proportional to Z, — | fi{k)|*/Zs. For
conditions typical in ICF experifnehts with Ti He-a 4.75 keV radiation the ionic form factor
is close to Zy, and since the Raman band‘hl‘as width comparable or larger than the Compton
band {45], we can regard this type of contribution as yielding only a small béckground. This
seems consistent with the preliminary results presented by Glenzer [46] on x-ray scattering

from moderately heatefl beryllium targets. However, we need to keep in mind thét ,A in highly
correlated electron systems with ' > 1, scattering from inner core bound electrons may be

enhanced by plasma screening and collective effects [47].

III. THE SCATTERING PARAMETER

In the traditional optical Thomson scattering, the transition between collective and in-
dividual scattering is set by the parameter « = 1/kAp ~ (n./T.)'/2. It represents the ratio
of the probed density fluctuation wavelength, as defined by the experimental geometry, to-
the typical screening dista,ncé of the Coulomb field. For small values of o the scatterers
behave essentially as free particles, while the large « regime reflects the collective nature of
the motion. Hence, for classical plasmas, at a given probe frequency, the frequency diétri-‘
bution of the scattered light is described only by the ratio between the electron density and
the electron temperature. However, iﬁ a degenerate fluid, the scattering parameter is not
properly defined, since the écreening distance is not given anymore by the Debye length.
This point was discussed in Landen et al. [3], who, using ad hoc estimates, showec} that in
the degenerate region the screening distance is a function of the electron density only. As a
result, the para,metef « remains independent of the electron temperature ahd, consequently,
the scattering profiles should remain approxiniately similar at a given electron density for
any temperature less than Tr. In this section we will discuss these topics in a more rigorous

way. As a starti_ng point, we adopt the following definition for the scattering parameter:

1

Egv (19)

O =
where s is the screening distance, defined through the relation [30] -
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2
hmﬁ(k 0)=1+ “r =1+ :

2k2 132k2’ (20)

with ¢, the isothermal electron sound speed. - For a weakly-coupled, low density plasma,
the isothermal sound speed 1s sirﬁply given by the thermal speed of the electrons, thus
the usual Debye length is recovered: s = Ap = \/;:/?p.l Conversely, in the case of a
degenerate quantum fluid, the screening distance is given by the Thomas-Fermi relation [30]
5= Mpp = \/m. In Fig. 3 we ha;ve plott.edAa = const. contours for a Ti He-a 4.75
keV fadiation probe at 8 = 160° scattering angle. The contours have been obtained either
by solving Eq. (20) for the screemng distance, or by using the limiting expression for the
screening lengths in the classma,l and quantum domams We clearly see that, as the plasma
becomes degenerate (i.e., cold and dense), the} scattering pardmeter becomes independent

of the electron temperature. Thus, for degenerate fluids the form of the scattering profile |

depends strongly on the electron density and only weakly on the electron temperature.

IV. THOMSON SCATTERING PROFILES

Based on the theory outlined in the previous sections, we are now able to calculate the full
Thomson scattering profile for x-ray probes at arbitrary scattering angle, for either classical
or quantum plasmas. The only Iimitatioﬁ is that the degree of coupling must not be too
large to invalidate the limits of the RPA. We have obtained synthetic line profiles for the Ti
He-o 4.75 keV radiation probe at § = 160° scattering angle. In addition, we have aésumed
that the probe material consists of LiH (Z4 = 4) at a compressed density n, = 4.0 x 10%°
m™3 (Tp = 198 V) with Z; =3, Z, = 1 or Z; = 3.5, Z = 0.5 (Fig. 4). To simulate
;a;ctual experimental data, the theoretical line pfbﬁle from Eq. (5) has been convoluted \tvith

a Gaussian instrument function with 12.5 eV FWHM From Fig. 4 we can see that éynthetic ‘
| Jline profiles tend to be fairly similar for 7, S 10 eV while at higher electron temperatures the
Compton peak resulting from electron correlatlons is heavily broadened. As we decrease the

electron temperature the electron fluid becomes degenerate and the sca,ttermg parameter
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stays independent on the electron temperature. Hence, in this regime, the scatiering profiles
are only weakly dependent on a change in 7.

The effect of the ionization state on the line profiles can be seen in Fig. 5. Here, we
have plotted syunthetic liﬁeshapes for different values of Z, (or Zy) with n, =1.0x10% m=3
(Tp = 7.85 eV) and T, = 1.0 eV. At the same electron temperature, the Compton peaks
shown in Fig. 5 are narrower than the ones shown in Fig. 4, since the broa&ening of the
profile goes as /Ty ~ n!/3. Also in Fig. 5, we clearly see lafge differences iﬁ the simulated
lineshapes for the vari‘ous' Z r. This effect then suggests that x-ray Thomson écatteri'ng can
also be implemented as a diagnostics tool for the ionization state of éolid density plasmas, in
addition to T; and n., based on the difference in the intensity between the unshifted and the
Compton shifted peaks. This possibility was initially suggested by Landen et al. [3] since
current optical techniques cannot directly measure the number of free electrons in dense
plasmas. On the other hand, the ratio of the scattered intensities between the shifted and
the unshifted peaks is only sensitive to Zj which is not the same as Z, the true ionization
state of the material. Since Z; 2 Z, the measure of Z; will thus only provide an upper
bound to Z, unless the number of valence eIectroﬁs can Be determined by other techniques.
The ratio I.(k)/I;(k) between the scattered intensity in the electron feature and in the ion

feature is plotted in Fig. 6, where
L(K) = Zp [ St (k,w)dw = 2,85 (), (21)

and,

Lk) = f1(k) + g(k)*Sis(k) | (22)

From Fig. 6 we see that the ratio I,(k)//i(k) is weakly dependent on ﬁc, but strongly

on 7.. This suggests, i}hat if the electron and the ion components can be isolated in an
!

experiment, then Z; can be determined rather accurately, without any rigorous assumption

on the electron density.
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V. SUMMARY AND CONCLUDING REMARKS

In this paper we have presented ;malytica,l expressions fér the inelastic x-ray form factor
that can be easily applied to interi)reting scattering experiments in solid and super;éolid
density deéenerate-to—hot plasmas. We have shown that x-ray Thomson scattering can be
used as an effective diagnostic technique in plasmas produceld under extreme conditions
as the ones occurring in ICF experiments or to simulate conditions found in the interiors -
of planets, where the presently available diagnostics are not able, for example, to d_ifectly
measure the electron temperature, ionization state, or electron conductivity.

Our calculation method is_ limited by the constraints of the RPA to coupling cogstaﬁté'" “
that are not too large. Extensions of the propvolsed approach to strongly coupled ‘pl'asmas
could be viable.if local field corrections to the dielectric function are implemented, for ;»)X&m-
ple, by usiﬁg the formalism initially developed by Hubbard [48]. Similarly,_pbre electron'-_hole
excitations, which have been .ne-glected in the present wqu,. could be imporfant under vdiffer—
ent plasma conditions or scattering angles [44]. A different approéch has been followed by
Nardi [14] who has calculated the ionic form factor from the radial distribution function of
the electrons around the atomic nucleus derived from one-component plasma (OCP) simula-
tions. On the other hand, solutions of the HNC equation or molecular dynamics Simulﬁtions

are required to obtain the radial distribution function, thus limiting the practical use of the

method if we want to effectively extract measurement values from experimental data.
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FIGURES

FIG. 1. Free electron dynamic structure S% (k,w) for n, = 1.0x10® m=3 at T, = 1 eV (a) and

T. = 10 eV (b). The probe radiation is Ag = 0.26 nm and scattering angle § = 160° (o = 0.33).

FIG. 2. Free electron dynamic structure SZ (k,w) for 7 = 1.0x 102 m=® at T, = 1 eV (a) and

T. =10 eV (b). The probe radiation is Ag = 0.78 nm and scattering angle § = 160° (a = 0.98).

FIG. 3. FElectron density-temperature contours plot at constant « for a probe radiation
Ao = 0.26 nm and scattering angle § = 160°. Open‘circles are derived from the solution of

Eq. (20); solid lines are calculated from the limiting expressions for the screening length (see text).

FIG. 4. Synthetic dynamic structure S(k,w) calculated for Z4 = 4 and n, = 4.0 x 10%® m~3
(Tr = 19.8 V). The probe radiation is Ag = 0.26 nm and scattering angle § = 160°. Z; = 3 (a)

and Z; = 3.5 (b).

FIG. 5. Synthetic dynamic structure S(k,w) calculated for ‘ZA = 4 and n, = 1.0 x 10?? m~3
(T - 7.85 eV) and 7, = 1.0 eV. The probe radiation is Ap = 0.26 nm and scattering angle

¢ = 160°.

FIG. 6. Ratio between the scattered intensity in the electron feature, I.(k), and in the ion

feature, I;(k). Za = 4, the probe radiation is Ao = 0.26 nm and scattering angle § = 160°.
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