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Deep Inelastic Atomic Scattering of X Rays in Liquid Neon
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An inelastic x-ray scattering (IXS) experiment in liquid neon has been performed in the =100 meV
exchanged energy range and at exchanged wave numbers, g, comprised between 1 and 16 A~'. At
the highest probed ¢’s a deep inelastic scattering regime is reached where the Ne core electrons, after
collision with the x rays, recoil almost freely with an effective mass equal to the Ne atomic mass.
IXS in this high g regime is here shown to provide quantitative information on the atomic momentum
distribution of liquid Ne, thus supplying a complementary technique to neutron scattering. There are
several open problems in quantum and classical liquids which can benefit from this complementarity.
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Deep inelastic scattering experiments are used in many
research areas of physics as a tool to determine the mo-
mentum distribution in the probed system [1]. The basic
idea of these experiments is quite simple. If the energy
and the momentum which are transferred in the scattering
event from the probe particle to the target particle are very
high compared to the characteristic energy and momentum
of the target particle, the latter can be considered to recoil
freely from the collision, and the scattered probe particle
carries information on the initial momentum distribution
of the target particle.

If one chooses x rays as a probe, their interaction with
the target occurs, in a weakly relativistic limit, via the
electromagnetic coupling with the electrons of the target
system. At high exchanged energies the spectrum of the
scattered x rays reflects the electronic excitations, and this
is the part of the spectrum which is traditionally studied
in inelastic x-ray scattering (IXS) experiments [2]. In this
case, the deep inelastic scattering regime is the Compton
limit [3]; there, it is an electron momentum distribution that
is experimentally accessed to. Conversely, the low energy
part of the spectrum of the scattered x rays reflects, via
the adiabatic approximation, the atomic dynamics [2]. In
fact, the nonresonant IXS cross section per unit exchanged
energy, E, and unit solid angle, (), for the simple case
of a monatomic target system and in the small exchanged
energies limit can be approximated as [2]
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Here rg is the classical electron radius; €, and k, are
the polarization and the wave vector of the incident (sub-
script i) and scattered (subscript f) x rays; g is the wave
vector exchanged by the incident photons in the scatter-
ing process; f(g) is the atomic form factor; S(q, E) is the
dynamic structure factor, and contains the relevant atomic
dynamics information.
In this Letter, we show that it is possible to select an ap-
propriate energy and momentum tranfer range where the
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scattering of X rays can be used to obtain quantitative in-
formation, via the dynamic structure factor, on the atomic
momentum distribution, thus providing a complementary
technique to deep inelastic neutron scattering (INS), the
traditional technique used for this purpose [1,4]. This is
not a trivial issue since Eq. (1) is based on the assump-
tion that the electron dynamics is “instantaneous” com-
pared to the atomic one, and that a relevant amount of
electronic charge is present on the atom on a length scale
smaller that 1/q: these assumptions are decreasingly valid
with increasing g. Specifically, we present in this Let-
ter the results of a high resolution inelastic x-ray scat-
tering experiment in liquid neon. We show that in the
+100 meV exchanged energy range and for ¢ > 6 A™!
the deep inelastic scattering regime is approached by the
x rays scattered by the neon core electrons with effective
mass equal to the atomic mass. We show, moreover, that
IXS can be quantitatively used to determine atomic mo-
mentum distributions, as is demonstrated by the compari-
son between the present IXS results and those obtained by
INS experiments [5—9]. Additionally, we show that the
consistency between IXS and INS results is not limited
to the determination of momentum distributions, but also
holds for the more subtle determination of the final state
effects in the scattering process.

The experiment was carried out at the beam line ID16
at the European Synchrotron Radiation Facility using the
2.6-m-long vertical spectrometer arm. The monochro-
matic x-ray beam at the sample position was characterized
by an energy of =~17.794 eV, a spot of 250 X 80 um?
horizontal x vertical sizes, and an average flux of =5 X
10° photons/s. The g values investigated here are com-
prised between 1.0 and 16.0 A~!, the latter value being
achieved at scattering angles close to backscattering. At
each g value an energy scan has been performed. The ¢
resolution, defined by two slits placed in front of the ana-
lyzer, depends on g and is at most 3% of the correspond-
ing g value. The energy resolution was g independent for
g > 2 A~ with a full width at half maximum of 6.9 meV.
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The sample container was a 7.5 mm internal diameter
0.25-mm-thick Plexiglas tube. 99.99% pure natural neon
gas was condensed directly into the container. The liquid
neon sample was kept at a temperature of 27.6 £ 0.1 K
and at a pressure of 1.4 = 0.2 bar, corresponding to a den-
sity of ~35.8 atoms/nm* [10]. Empty container spectra
were also recorded and subtracted to obtain the final spec-
tra. Beside the lowest g spectrum at 1 A~ this subtrac-
tion is not critical since, in the adopted experimental setup,
the empty container contribution amounts at most to a few
percent of the total signal; in particular, for ¢ > 6.0 A™!
the empty container spectra are indistinguishable from the
flat electronic detector background of 0.4 counts/min.
The final spectral intensities at selected g values are
reported in Fig. 1. They appear as a structureless peak
which, with increasing ¢, shifts towards higher energies
and becomes broader. Qualitatively, the observed g de-
pendence is consistent with the INS results in the impulse
approximation regime [5—9]: on approaching this regime,
the dynamic structure factor is expected to shift in energy
as g* and to broaden as g. In the IXS case at high g val-
ues, i.e., ¢ > 6 A_l, the x rays are effectively scattered
only by the core electrons, since the contribution of the
outer electrons to the atomic form factor, f(g), becomes
negligible. In the scattering process, therefore, the core
electrons aquire an effective mass which is given by the
atomic mass, and through this channel the IXS spectrum
reflects the atomic momentum distribution. Our aim is to
account quantitatively for this picture. For this reason, we
will use Eq. (1) to analyze our data, and we will then com-
pare our results with those obtained in INS experiments
[5-9], where a refined data analysis requires that both the
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FIG. 1. Normalized spectral intensities of liquid neon at se-

lected g values after subtraction of the empty container con-
tribution. The typical accumulation time was =80 s/channel at
g < 10.0 A~!, and about twice that at larger g values. The solid
lines correspond to the results of the fit of Eq. (2) to the experi-
mental data; the dashed line superimposed on the ¢ = 1 A~!
spectrum is a guide to the eye.
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actual shape of the momentum distribution and the final
state effects have to be properly taken into account. These
latter effects are due to the fact that the impulse approxi-
mation is reached only asymptotically: the struck atom
cannot be considered to recoil completely freely from the
collision, and the effects coming from its interaction with
the neighboring atoms have to be taken into account. There
are several ways of handling these final state effects [11];
we use here the so-called additive approach [12], which
has already been shown to work well [8,9]. This approach
amounts to expanding the intermediate scattering function
in cumulants of powers of time, and then to retaining only
the first few terms of such an expansion. If only the first
three terms are retained, then the S(g, E) can be approxi-
mated as [12]

S(¢q.E) = Sg(q,E) + Si(q,E) + S2(q.E), (2

where S;(q, E) is the dominant Gaussian contribution and
Si(g,E) and S»(q, E) are the first two corrections to it. In
more detail, these three terms read [12]
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Here, S(g) is the static structure factor; Ep =
h%2q?/(2M) is the recoil energy of the struck atom and
M is its mass; Er = Eg/S(q); ma, w3, and u4 are
parameters related to the second, third, and fourth spectral
moments of S(q,E); E5 = (E — ER)?/us. In particular,
in the incoherent limit the parameters w2, p3 and w4 have
the following g dependence [4,12]:

h2q2
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Here, { pé) is the ith moment of the momentum distribu-
tion function, n(p), along q; @4 = (p;‘} - 3(p§>; V(r)is
the pair potential energy; (F 3} is the average square force
in the direction of q acting on the struck particle. Then,
by fitting Eq. (2) to the experimental spectra at several ¢
values and exploiting Eqs. (4), it is possible to obtain in-
formation on n(p) and on the final state effects through the
determination of (V2V (r)) and of (F7).

We performed this analysis on the spectra measured
at ¢ = 6 A, where the incoherent approximation can
be considered to be valid [9]. In the fitting procedure
we left, besides an overall intensity coefficient, four free
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parameters, namely, Er, u2, w3, and ws. The considered
model can be adjusted very well to our experimental data,
as shown in Fig. 1, and, in more detail, in the example re-
ported in Fig. 2. The final y? values are consistent with the
number of the experimental points. In Fig. 2 we also report
the separate contributions of the three terms of Eq. (2) to
the S(q, E). As Fig. 2 shows, the Gaussian term S;(g, E)
describes most of the line shape, and consequently the pa-
rameters Eg (Fig. 3a) and u, (Fig. 3b) are easily deter-
mined. The term S;(q, E) is very important in the fits
since it accounts for the asymmetry of the experimental
data, and therefore the parameter w3 (Fig. 3c) is also eas-
ily determined. The term S»(q, E) is conversely much less
relevant: it can only be extracted from the low-¢q data, and
even there the parameter u, (Fig. 3d) is affected by a large
uncertainty. In particular, for ¢ > 13 A~!, the presence of
this term is no longer statistically significant, and thus it
has been neglected.

The theoretical expectations Egs. (4) can be fitted to
the values obtained for Eg, w,, m3, and g4, and the re-
sults are shown in Fig. 3. In particular, Ex comes out
with the expected ¢*> dependence, from which it is possi-
ble to extract the value for the effective mass of the neon
core electrons, M = (19 * 3) u.m.a., which is consistent
with the neon atomic mass. This confirms that we are re-
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Energy (meV)

FIG. 2. Upper part: the spectrum of liquid neon at ¢ = 8 A~
is reported together with the best fit of Eq. (2) to the data (solid
line). The individual contributions to Eq. (2) are also reported:
Sc(q, E) (dashed line), S;(g, E) (dotted line), and S»(g, E) (dot-
dashed line). Bottom part: Residuals of the fit, in standard
deviation units.
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ally aproaching the impulse approximation limit for atomic
scattering. Moreover, also the w, and u3 parameters show
the expected g> dependence, and the values for the ki-
netic energy (Ex) = 3(p)/(2MKp) and for (V2V(r)) are
readily extracted, see Table I. For what concerns g4/ qz,
conversely, there are too few and scattered points to sig-
nificantly check its expected dependence; we then merely
assume that iy, = 0[13], and extract a value for (F 3}, see
Table I. The values for (Eg), (VV(r)) and (F7) that are
obtained here are compared in Table I with the experimen-
tal data available on liquid neon from INS experiments.
The thermodynamic point which has been studied here is
quite close to those studied in Refs. [5,7—9] and to one of
those studied in Ref. [6]. It is possible to verify that the
values that we obtain for (Ex), (V2V(r)), and (F 3} agree
well, within the quoted error bars, with the available neu-
tron scattering determinations [5—9]. An additional con-
sistency check of the present analysis can be obtained from
an expression of (Ex) worked out from a moment expan-
sion of the momentum spectrum [5]:
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where x? = #*(V?V(r))/(3MT?). This expression con-
nects (Ex) and (V>V(r)). As a matter of fact, using the de-
rived value for (V2V(r)), we obtain (Ex) = (52 + 2) K,
which is in very good agreement with the value extracted
from the ¢ dependence of w;.

In conclusion, we have reported an experimental study
of the inelastic scattering of x-rays from liquid neon in the
*100 meV exchanged energy range and in the g range be-
tween 1 and 16 A~!. We have shown that the measured
spectra can be consistently analyzed within the impulse

L~ 150{ b) c) ‘} 600 =
> vd —_
g 100 §§ 400 (BD
~. 50{ . e 200 <,
=, _® = ~
‘ =)
38 | (3)0 Ry
a) d) =
S 20 15 =
0 . 3
E 10 - ¢ 0o <
[_QM < ;;:
0 -15 NS
0 100 200 300
2,52
q (A7)
FIG. 3. The results (circles) for the relevant parameters ob-

tained by fitting Eq. (2) to the measured IXS spectra:

Er

(a), pa (b), u3 (c), and w4 (d). The theoretical expectations,
Eqgs. (4), can be well adjusted to the obtained results, and are
reported as dashed lines.
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TABLE L.

Comparison between the present IXS results and the results obtained on neon in neutron scattering experiments. The

data for p have been derived from Ref. [11] when missing in the original papers. The value for (V2V(r)) attributed to Ref. [8] has

been worked out from the A; coefficients tabulated there.

T p (Ep) (V2V(r)) (F2) Refs.
[K] [atoms/nm’] [K] meV A2 meV2 A2
26.9 36.3 48.2 £ 0.9 - - [5]
25.8 36.3 52.8 = 3.7 - - [6]
35.1 34.6 69.0 = 4.7 - - [6]
35.3 31.7 66.4 + 3.3 - - [6]
27 35.8 - 280 = 70 - [7]
25.8 36.7 525 £ 2.1 350 £ 40 280 = 70 [8]
25.8 36.7 52.9 = 2.5 372 £ 43 200 = 200 [9]
27.6 35.8 51 £3 280 £ 40 170 = 100 This work

approximation if we additionally take into account the final
state effects, and the results we obtain from this analysis
are consistent with those derived from INS experiments
[5-9]. This demonstrates that inelastic x-ray scattering
can be effectively used to obtain quantitative information
on atomic momentum distributions in condensed matter,
thus providing a complementary technique to deep inelas-
tic neutron scattering.

This complementarity could be particularly useful for
the study of the atomic momentum distribution in poly-
atomic or polyisotopic systems, where switching from INS
to IXS could allow one to change the relative contrast of
the atomic/isotopic species present in the system, and the
x-ray probe would effectively correspond to an additional
available isotopic substitution. Actually, there are several
open problems where the joint use of INS and IXS could
come out to be particularly interesting. One example could
be the study of *He, a case of broad interest but irksome
for neutron scattering due to its large absorption; or, more
in general, the study of *He-*He mixtures, where the re-
sults of INS experiments and those of the most recent mi-
croscopic calculations still show important discrepancies
[14]. Another interesting example could be the study of
hydrogen, the reference case for INS, where interesting
anomalies in the neutron scattering cross section have been
recently observed [15]. Similarly, the use of IXS can also
be useful in the study of hydrogen isotope mixtures, which
are made difficult for INS because of the huge difference
of cross sections among the various hydrogen isotopes.

We acknowledge Professor W.G. Stirling for pointing
us to the case of liquid neon, and C. Henriquet for his
technical assistance.
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