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Microscopic self-dynamics in liquid hydrogen and in its mixtures with deuterium
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We have measured the dynamic structure factor of liquid parahydrogen, pure and mixed with deuterium, in
various thermodynamic conditions using incoherent inelastic neutron scattering. The experiments were carried
out on TOSCA-II, a new time-of-flight, inverse-geometry, crystal-analyzer spectrometer. After an accurate data
reduction, the high-energy parts of the neutron spectra recorded in backward scattering were studied through
the modified Young and Koppel model, from which the mean kinetic energy values for a hydrogen molecule
were estimated. In addition the low-energy parts of the neutron spectra recorded in forward scattering were
analyzed in the framework of the Gaussian approximation and fitted through a Levesque-Verlet model for the
velocity autocorrelation function. Thus various physical quantities are determined and compared with accurate
path integral Monte Carlo simulations. Despite the excellent quality of these fits, the velocity autocorrelation
functions derived from the forward-scattering data appear totally unable to properly describe the backward-
scattering ones. These findings prove an unquestionable breakdown of the Gaussian approximation in semi-
guantum liquids. The present results appear of great interest and suggest further investigation on the limits of
the widely used Gaussian approximation.
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[. INTRODUCTION path integral Monte Carl6PIMC) technique[10]. However,
as far as the dynamics is concerned, the same accuracy,
Understanding the microscopic dynamics of liquid sys-needed to provide quantitatively precise predictions for all
tems exhibiting moderate quantum effecis short, semi  the relevant physical features, has not yet been reached. At
quantum liquidg such as*He above the\ transition,®He  the moment, the Feynman path centroid dynanfi is
warmer than its Fermi temperature, molecular hydrogensurely the simulation technique producing the best results for
deuterium, tritium, neon, and their various mixtures, is stillsemiquantum liquid dynamics. In addition, the Wigner semi-
one of the open problems in condensed matter physicén  classical dynamics approadii?], although still in its in-
general, semiguantum liquids are fluid systems in which theifancy, seems quite promising.
actual temperature is lower than their Debye temperdf]re Given this scenario, any precise experimental determina-
the latter being defined from the evolution of their macro-tion of dynamic quantitiesi.e., time-correlation functions or
scopic thermodynamic properti¢8]. However, differently  their frequency spectyahat can be compared to correspond-
from the highly quantum fluidée.g., superfluidHe, degen- ing theoretical predictions becomes highly valuable. An ex-
erate liquid®He, and jellium, the corresponding quantum ample of this method is the recent case of liquid parahydro-
statistics(Bose-Einstein or Fermi-Diracseems to play no gen, where both collectivil3] and single-particle dynamics
significant role in semiquantum liquidd], so that it is sen- [14] have been studied by means of neutron spectroscopy
sible to apply the Maxwell-Boltzmann statistics to describeand positively compared with the most recent results coming
their properties. Several theoretical approaches have bedrom self-consistent mode-coupling theq§CMCT) [9] and
tried in the past to describe the microscopic dynamics offeynman path centroid dynami¢$5]. In the present work
semiquantum liquids, the most noticeable of which are probwe aim to present experimental results on the microscopic
ably the Hubbard and Beeby solidlike methi@], semiclas- single-particle dynamicgalso known asself-dynamicp of
sical dynamicg6], and variational density-matrix theofy]. ~ pure liquid parahydrogetH,), and in its mixtures with lig-
However, despite some interesting results, none of them hagd orthodeuteriumH,+D,). These hydrogen-based liquid
proved to be general and accurate enough to be considered ssstems have been selected for two reasons: first because of
thoroughly satisfactory. More recently the well-known their clear and evident semiquantum character, which has
mode-coupling theory has been modified to deal selfattracted a number of theoretical studies, simulations, and
consistently also with semiquantum liquif]. Although it  experimental work§16]; and second, because of the peculiar
contains a fewad hocassumptions and needs some externamolecular hydrogen properties when, i interacting with
inputs from a static quantum simulation, this approach seemthermal neutrons: as explained in detail in the literafdra,
the most promising in terms of its capability to evaluate dy-it is possible to single out the self-dynamics of the parahy-
namic quantities, such as collective-excitation dispersiordrogen molecular centers of magsm.’s) in a condensed
curves, velocity autocorrelation functions, self-diffusion co-system by means of inelastic neutron scattefid. In other
efficients, etc[9]. On the other hand, computer simulations words, the neutron scattering double-differential cross sec-
have managed in the last 20 years to cope almost completetion of a collection of parahydrogen molecules can be easily
with the statics of quantum liquids through the well-known related to the self part of the c.m. inelastic structure factor
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[18] Sseitem(Q,w) (with 2Q andw being the momentum Wr——— T 1
and the energy transfers, respectiyelyhich is an intrinsic

physical property of the hydrogen-containing system under
investigation related to the singlestholecule dynamics.

At this stage, it is a common practice to try to connect —~ 44,
Sseliem(Q, w) to the power spectrum of the velocity autocor- € ]
relation function(VACF) (v(0)-v(t)) [19]. However, when- = g4 ]
everSyirem (Q, w) is not available in a wid€ range so that % 1
a low-Q extrapolation becomes possible, this connection is g
attempted by means of the well-known Gaussian approxima:
tion (GA) [20]. The latter has been proved to be exact in

some simple model systems: a perfect gas, a harmonic solic 10

and a fluid in which the particle movements are governed by ]

the Langevin equatiof20]. In addition, asfiw becomes T T e 1000
much larger than the typical scale of interparticle binding ho (meV)

energies, the well-known impulsive reginger impulse ap-
proximation [18]) is approached and, once again, the GA FIG. 1. Wave-vector transfe@ accessible by TOSCA-II in
holds exactly(but in a highly simplified formy provided the  backscatteringfull line) and forward scatteringdashed lingas a
single-particle momentum distribution in the system exhibitsfunction of the energy transférw.
a purely Gaussian charactgt8]. This fact is generally ex-
ploited in order to extract single-particle mean kinetic energyoperating at the ISIS pulsed neutron sourgutherford
estimates fronBeirm(Q, ) in the limit of very large values  Appleton Laboratory, Chilton, Didcot, U.K[23]. The inci-
of Q andw, i.e., through the so-called deep inelastic neutrordent neutron beam spanned a broad enéiyyange and the
scattering technique. energy selection was carried out on the secondary neutron
Even though it has been found by some neutron scatteringight path using thg002) Bragg reflection of ten graphite
experiments[21] and molecular dynamics simulatiofig2] single crystals, five placed in backscattering around a scat-
on classical fluid argon that there exist areas of ({Qew) tering angle of 137.7°, and five in forward scattering around
kinematic plane in which the GA does not hold precisely, the scattering angle of 42.6°. This arrangement fixed the aver-
latter is still widely usedboth in computationaf9] and in ~ @ge Bragg angles on graphite to 47.7° and 47id°back-
experimental workg14]), and no complete critical assess- scattering and forward scattering, respectiyetprrespond-
ment about its validity has been undertaken, especially iing to scattered neutron energies of 3.32 and 3.35 meV.
connection with semiquantum liquids. Thus, together withHigher-order Bragg reflections were filtered out by 120-
the determination of the c.m. mean kinetic energy of paramm-thick beryllium blocks cooled down below 35 K. This
H, in the aforementioned semiquantum systems, one of thgeometry allowed us to cover an extended energy transfer
purposes of the present study is to shed more light on the GAange, even though the fixed positions of the crystal analyz-
when applied to liquid parahydrogen and to its mixtures withers and the small values of the final neutron ene(ig$)
orthodeuterium. The experimental procedure will be dedmply a variation in the momentum transfer, which is a func-
scribed in detail in Sec. II. In Sec. Il we will work out the tion of the energy transfer. In this way, the two parts of
self inelastic structure factor of liquid parahydrogen and itsTOSCA-Il (namely, the backscattering and forward-
mixtures from the experimental spectra. In addition, we willScattering sectionsxplore two narrow stripes in th€, w)
explain(1) how to extract the c.m. mean kinetic energy of H kinematic spacésee Fig. }, starting atw=0, respectively,
from the highe data recorded by TOSCA-II backscattering from Q=23.61 and 9.20 ni, then both increasing approxi-
detectorsj2) how to obtain the H velocity autocorrelation mately as(2m,w/#)Y?, wherem, is the neutron mass. The
spectrum by using the Gaussian approximation on thedow- resolving power of TOSCA-Il is quite good1.5%
data recorded by TOSCA-Il forward-scattering detectors<A#w/E<3%) in the energy transfer region presently ac-
Section IV will be fully devoted to the computational details cessible by the spectrometé@<#Aw <1000 meVf. The ex-
concerning the PIMC simulations performed, with specialtended spectral range of TOSCA makes this instrument a sort
reference to the codes dealing with quantum and semiquamf neutron equivalent of a Raman optical spectrometer, the
tum liquid mixtures. In Sec. V, we will discuss the results main difference being the momentum transfer assuming a
and we will check the validity of the GA using the low- value sensibly larger than zero, and monotonically growing
data from the backscattering detectors. Then the physicallong with the energy shift.
quantities derived from the experimental spectra will be The experimental measurements were performed in two
compared to their estimates obtained from the literature andifferent experimental sessions: the first was devoted to pure
from the aforementioned PIMC simulations. Section VI will liquid hydrogen(two thermodynamic poinjswhile the sec-
be finally devoted to conclusions and perspectives. ond to liquid hydrogen mixed with deuteriu¢three thermo-
dynamic points A comprehensive description of the
samples(including species, temperature, ldoncentration,
Neutron scattering measurements were carried out opressure, total molecular density, and integrated proton cur-
TOSCA-II, a crystal-analyzer inverse-geometry spectrometerent) can be found in Table I. As far as the total molecular

II. EXPERIMENT DESCRIPTION
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TABLE |. Thermodynamic conditions of the measured liquid 25 — —

samples, including species, temperatliteH, concentratior{H,],
pressurep, total molecular density, and integrated proton current 20 i i
C. c i

3
No. species T(K) [H,](%) p(ban n(nm™3) C(uA h) g 15 -
1 purehH 14.11) 100.0 0.5683) 22.953) 2567.1 ;'E
2 pure b 17.31) 100.0 0.7383) 22.083) 2256.6 g 107 .
3 H,+D, 20.09) 54.33) 0.6592) 23.5%9) 1955.6 g
4 H,+D, 20.02) 33.09) 0.5339) 24.4%4) 1070.9 _T 5l i
density is concerned, the reported estimates were obtaine P — o
from the most reliable thermodynamic data available in the 10 100 1000
literature: Ref.[24] for pure hydrogen, Ref{25] for pure ho (meV)

deuterium, and Ref{26] for hydrogen-deuterium mixtures.
Another important issue is the rotational population of the FIG. 2. Raw neutron scattering spectra from liquid hydrogen at
hydrogen(and deuterium, to a lesser extentolecules com-  T=14.1 K measured by backscatteriffgll line) and by forward-
posing the experimental samples: as it will be made cleascattering(dotted ling detectors.
later in this section, equilibrium hydrogdiand deuterium
have always been employed. In this respect, considering thestimated to be around 0.1 K and 3 mbar, respectively. Raw
temperature values reported in Table I, one can assume fepectra of liquid hydrogen &t=14.1 K from backscattering
all the four samples that we are dealing only with parahydroand forward-scattering detectors are separately reported in
gen (and orthodeuteriuin species, since[p-H,]/[H>] Fig. 2.
=99.82% and 0-D,]/[D,]=98.00%. The second pure liquid hydrogen sam(ile., namely, no.
The first measurement was carried out on pure liquid hy2 at T=17.3 K) was prepared and measured following ex-
drogen atT=14.1 K (i.e., on sample no. 1 as in Tablg | actly the same procedure used for the previous one. On the
After performing a background measurement of the emptgontrary, the mixture samples nos. 3 and 4 were obtained in
cryostat, we cooled the sample container to the desired ten& different and more elaborated way. Let us summarize the
perature(i.e., T=14.1 K) and we measured its time-of-flight main steps of the procedure followed to produce the first
(TOF) neutron spectrum up to an integrated proton current ofiquid H,+ D, mixture i.e., sample no. 3 withH,]=54.3%,
1400.6uA h. Then normal hydrogen was allowed to con- recalling that the second was prepared similarly. Gaseous
dense in the scattering cell. This was made of aluminunparahydrogen and orthodeuterium were produced boiling off
(1.0-mm-thick wall3 with a circular-slab geometry. The the two liquids at 22 and 25 K, respectively, and then mixed
sample thickness was also 1.0 mm and the cell diametdn a buffer volume at room temperature under a pressure of
(55.0 mm was slightly larger than the beam cross sectionl.34 bar. The exact amount of gaseous mixture needed to fill
(40.0x 40.0 mn?). The pressure of the gas handling systemup the sample celidentical to the can already used for pure
was set top=0.565 barslightly larger than the correspond- hydrogen with the corresponding liquid was allowed to con-
ing saturated vapor pressui8VP)=0.084 bar aff=14.1 K dense in itfat T=20.0 K andp=0.66 bayj. Then the cell was
[24]]. At the bottom of the scattering container, out of thecooled down to 11 K, so as to decrease the vapor pressure of
neutron beam, some powder of a paramagnetic catalysfle gas handling line to an extremely low value
made of C5O; on an ALO; substrate, was inserted in order <0.01 baJ. This step was regarded as very important in or-
to speed up the conversion from ortho- to parahydrogen. Theer to prevent an undesired separation of the mixfai@,
relative concentration of the two species was monitored byvhere the more volatile gas.e., H,) could concentrate in
looking at the scattering spectrum in the region between the buffer volume, while the less volatilee., D,) condensed
3 and 12 meV. In particular, we could observe the progresin the coldest point of the gas line, namely, the sample cell.
sive disappearance of the=1—J'=1 transition(i.e., the  This would have altered the mixture composition in a quite
broadened quasielastic line, whérandJ’ are the initial and  noticeable way. At the end, the sample can was isolated from
final rotational quantum numbers, respectiyelwhich is  the rest of the gas handling line and warmed up to the de-
weighted by a linear combination between the incoherensired experimental temperatuf€=20.0 K). It is worth not-
and the coherent cross sections of the pr¢figh. When this  ing that the mixture was prepared on a time scale of a few
spectral feature was below the limit of detectability prac-  hours, probably too short to alter the-H,]/[H,] and[o-
tice, masked by thelJ=0—J'=0 transition, which is D,]/[D,] ratios. However, in order to avoid the risk of any
weighted only by the small coherent cross section of thesubstantial orthohydrogen contamination, the paramagnetic
proton), we assumed that equilibrium had been reached. Theatalyst(still contained at the bottom of the sample telbas
equilibration process took, in our case, about 17—20 h. Thegiven some time to reestablish thermodynamic equilibrium
we started recording the scattering spectrum. The stability ofonditions, and the measurement was started roughly 20 h
the thermodynamic conditions during this measurement waafter the end of the can filling procedure. As in the case of
satisfactory: the temperature and pressure uncertainties wettee pure hydrogen samples, an empty sample-container mea-
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surement was also operatdthtegrated proton currenilC  so-called modified Young-KoppgMYK) model [17], im-
=721.7 uA h), even though the cell was practically identical plicitly assumes the validity of both the incoher¢88] and
to the one used in the pure,Hheasurements. In addition, a the impulse[18] approximations. For a fixed value dfw,
pure liquid orthodeuteriungat T=21.3 K andp=0.76 bay  these approximations become more and more precise as the
spectrum was recorded with good accuracfC ~ wave-vector transfer grows to infinity. In practice, previous
=2062.5uA h). measurements on similar,Hsamples[31,32 have proved
that the conditionQ>80 nnT? is enough for a reasonable
application of the MYK model. In the backscattering spectra
this is verified foriw>100 meV (see Fig. }, while in the

The experimental TOF spectra were transformed into enforward-scattering onesw>165 meV is needed. However,
ergy transfer data, detector by detector, making use of théven a simple inspection of Fig. 2 shows that the former data
standard TOSCA-II routines available on the spectromete€xhibit a much more intense rotational structuwehose
and then added together in two distinct blocks: one includingvidth is actually determined by the value of tfanslational
the backscattering detectors and the other the forwardnean kinetic energythan the latter, so consequently only
scattering onegsee Fig. 2 This procedure was justified by backscattering data in the 180i» <700 meV range will be
the narrow angular range spanned by each set of detecto@)alyzed in the rest of this subsection.
since the corresponding full width at half maximu® was Before applying the fitting procedure to the complete
estimated to be 8.32° and 8.82° for the backscattering anbackscattering data set, it is important to isolate the hydrogen
the forward-scattering banks, respectivehg]. In this way, contribution contained in the experimental double-
we produced two double-differential cross-section measuredifferential cross sections(d’s/dQdE) (leaving multiple
ments along the TOSCA-II kinematic patt®:g(w), ) for ~ scattering and sample-dependent background aside for the
each sample of Table(plus, of course, background, empty momenj. For the binary mixture samplésos. 3 and 4 in
can, and pure Pspectra Then data were corrected for the the framework of the incoherent approximation, one can al-
k' /k factor and the respective empty-can contributions werdvays write the double-differential cross section as the sum of
properly removed from each spectrum. two component$18] only:

At this stage the important correction for theelf-
absorptionattenuation was performed. This was applied to (

Ill. DATA REDUCTION AND ANALYSIS

experimental data through the analytical approach suggested do ) - [H2]<d2_‘7) +(1 _[Hz])< d*o )

by Agrawal in the case of a flat slablike sampR8]: no dQ dE dQ dE/y, dQ dE Dz’

simplified model was employed for the parahydrogen total 1)

scattering cross section, i, (E), which, on the contrary,

was obtained from the experimental results of direct mea-

surements on the SVP liquidH, at T=16.02)K [29]. As  one deriving from hydrogen(d®o/dQdE),,, and the other

for the total cross section of the,HD, mixtures, a proper  from deuterium,(d®c/dQ2dE)p,, where[H,] stands for the

linear combination of the aforementioned quantity..i,(E)  hydrogen concentration. The latter double-differential cross

with the total scattering cross sections of liquid deuteriumsection has been removed making use of the experimental

[30] was assumed to be accurate enough for the selfpure liquid deuterium spectrum, properly scaled in order to

absorption correction. The same total scattering cross sectiaike into account sample molecular densities and deuterium

of D, was also used to evaluate the self-absorption in theoncentrations. Small spectral discrepancies induced by the

pure liquid deuterium spectrum recorded on TOSCA-Il.  slightly different thermodynamic conditiongemperature,
Before proceeding with the rest of the data analysig., molecular density, etg.are at this stage totally irrelevant

evaluating multiple scattering contributions, fitting spectralsince the deuterium contribution to the experimental double-

features, etg, we decided to divide our study into two dis- differential cross sections is small and rather featureless, at

tinct tasks: evaluating the Hranslational mean kinetic en- |east in the present energy transfer range.

ergy, and extracting the Hvelocity autocorrelation function Making use of the aforementioned MYK moddl7], we

spectrum. set up a simple fitting procedure of the hydrogen contribution
to the experimental backscattering datbhzyexp{w, Og),
A. Evaluation of the H, translational mean kinetic energy through the following function:

The processed spectral data had become, at this point,
proportional to the double-differential cross section of the k{ do?
liquid samples(projected on the two TOSCA-Il kinematic I, expl®, 0a) = [Ap<m) ® Shtem(Q o~ wp)
pathg plus, in addition, multiple scattering contributions and r-u
an unavoidable sample-dependent background. In order to
evaluate the Kl translational mean kinetic energy, we de- +B(“’)} ® Rroscap(®), (2)
cided to restrict our analysis to backscattering data in the
100<Aw<700 meV range. The reason for this choice iswhereS(s'Q)f’c_m(Q,w) is the self inelastic structure factor for
clearly explained in Refd31,32, but it can be summarized the hydrogen center of masgsgitten in the framework of the

here as follow. Our fitting procedure, which is based on thampulse approximationlA):
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TABLE Il. Results of the modified Young-Koppel fitting proce- Sr—m—m—————T
dure for the various sampléspecies, temperatufie H, concentra-
tion [H,] are reported for clarity including reduced? sz and the

H, translational mean kinetic energ,). %
3
No.  species T(K)  [HJ®%) %  (EJ(K) €
1 pure b 14.1(1) 100.0 1.13 68) -
2 pure b 17.31) 100.0 1.12 623) g
3 H,+D, 20.09) 54.33) 0.98 672) :
4 H,+D,  20.02) 33.09) 0.82 7Q2) =

6'5_71_(?2) “ 128 256 512

L em(Qw) = f dﬁnc_m(ﬁ)a(m o Ao (meV)

FIG. 3. Example of the modified Young-Koppel fitting proce-
dure on sample no. 3. Circles represent the hydrogen contribution in

with M being the mass of the hydrogen molecule, andhe experimental spectrum, full line is its best fit, and dashed line
ncm(ﬁ) the hydrogen center-of-mass momentum distribu-Stands for the polynomial accounting for the multiple scattering and
tion, assumed to exhibit a Gaussian functional f¢84]. As sample-dependent background.
for the other symbols in Eq2), (do?/dQ dE),, is the ro-
tovibrational double-differential cross section, which de-10<%@<40 meV range. The preference for the forward-
scribes the Hintramolecular dynamicgl7], A represents an scattering data is S|mp!y ]us'qfled keeping in mind the well-
overall normalization constanB(w) is a polynomial ac- Known asymptotic relationshii38] between the power spec-
counting for multiple scattering contributions and sample-trum of the velocity autocorrelation functiop(w):
dependent background, af4yscas(w) stands for the instru-

mental energy resolution in the backscattering sediij. om (*
In addition, a small rigid shift of the fitting functiorny,, was plw)=—— Rev(0) - v(t))cod wt)dt, (5)
allowed to crudely describe any possible residual deviation 3mkgT Jo

from the impulse approximatiofi.e., the so-called final state
effects[35]). In the case of pure liquid hydrogen and deute-
rium, these effects are dealt with in detail in RE86]. We
recall here that this fitting function contained only few inde-

wherem is the particle mass anfl the temperature, and the
self inelastic structure facto&,{Q,w) of a monatomic

pendent parameters, wg, two or three polynomial coeffi- fluid, namely,

cients inB(w), and, finally, the H translational mean kinetic

energy (E,). This quantity is implied byS(S':,;’c.m.(Q,w) o 2me? fw

through Eq(3) p(w)w>0_ gTO Sself(va) kBTQzeX - szT . (6)

1 . R Of course, we are not able to perform any dir€ct>-0 ex-
<Ek>=mfdPP2nc_m,(P)- (4)  trapolation in our experimental kinematic conditiofsee
Fig. 1), and so we will need a more elaborated procedure in
The fits, performed through BORTRAN code coupled with order to work outp(w). However, choosing the loweS
the MINUIT minimization library[37], showed that Eq2) is  values available is always a recommended practice in the
properly describing the hydrogen component of the liquidextraction of the velocity autocorrelation function, since at
samples’ scattering law in the 180iw <700 meV range. high Q values the relevant single-excitation features are
This can be easily assessed from a simple inspection of thgmoothed and washed out by diffusion and multi-excitation
reducedy? value, x? reported in Table II, together with the contributions. In the following this statement will be verified
experimental estimates ¢E,). An example of the quality of in practice.
the present MYK fits is reported in Fig. 3 for sample no. 3. Going back to our forward-scattering experimental data
(already corrected for sample-container scattering and self-
absorption, we noted from Fig. 1 that in the Xiw
B. Extraction of the H, velocity <40 meV rangeQ spanned from 18.2 to 37.4 nf By a
autocorrelation function spectrum simple inspection of the center-of-mass static structure fac-
tors S, (Q) of liquid H, [39] and D, [40], it was evident
The extraction of the Kvelocity autocorrelation function that the aforementioned incoherent approximation could not
in bulk liquid and in mixtures with deuterium made use of hold in this case. Thus Eql) was replaced by the more
the experimental data collected in forward scattering in the complex relationship
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dzo 20_ (inc) d20' (inc)
——— | =[H]| ——— 1-[H)| ——=
(dQ dE) [ 2](dQ dE)HZ +2-l 2])<d(2 dE)DZ

(coh) 2
) +(1—[H2])2< o

d20' )(coh)
H, dQ dE/p,

dQ dE

+ [H2]2<

R\ @9
+2[H,](1 —[Hz])<m5) +[H,](1 -[H,])

d20' (inc)
><( ) : (7

where the fundamental distinction among coheréah),

distinct (dis), and incoherentinc) double-differential scat-
tering cross sections was introducgld]. In addition to the
usual coherent and incoherent scattering per each nucl
species, two other contributions have appeared: a fifth ter
(namedcros9 accounting for the distinct scattering due to

e
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2 (dis) /
( 0y ) = 7O 2 ry2)e i@

dQdE/p, 7 k

X [Sc.m.Dz—c.m. Dz(Qr w) - Sself,c.m.Dz(Qy (1))] )

jg(QrO/Z)e-V\ﬂﬁ(Q)—WB%(Q)

( d’o >(dis) Vo (H)o (D) K
dQ dE

CI’OSS_ k
><Sc.m.—c.m.Dz(Q1a’)u (10
where g.(H,D) are the H,D coherent scattering cross sec-
tions [41], exd-2W,(Q)] and exp—2W,2(Q)] are the vi-
brational Debye-Waller factors for Hand D,, respectively

e equilibrium intramolecular distance in,Fnd D,, and

.m.-c.m.(Qrw)a S:.m.DZ-c.m.DZ(Qrw)a andsc.m.-c.m.DZ(Qaw) [18]

’%7], jo(x) is the spherical Bessel function of zero ordglis

the interference between the signal from ¢h one side, and &€ the H-H, inelastic structure factor for the centers of

the one from DB, on the other, and finally a sixth term de-
scribing the well-knowrdiffusescattering 18], which has an
intrinsic incoherent character. It is easy to verify that, at this

stage, the simple subtraction of the pure dntribution(as

in the previous subsectipould be, at least in theory, insuf-

ficient, since three residual termisnwantegl were not at all
removed by this procedure, namely,

d20' (dis)
0 dE)HZ !

- [Hz]z(

—[Hal(1 —[Hz])(

d20' (dis)

2[HoJ(1 - [Hz])(—>

dQ dE ®

’
Cross

where the following notation has been employed:

<d20' (dis) <d20' (coh) <d20' (inc)
d0 dE)HZ “\do olE)H2 “\do dE)HZ’

d20' (dis) d20' (coh) d20' (inc)
——] =] - ()
<dQ olE)D2 (dQ olE)D2 (dQ ouz)D2 ®)

mass, the B-D, inelastic structure factor for the centers of
mass, and the HD, inelastic structure factor for the centers
of mass, respectively. Finallfeircmp,(Q, w) stands for the
self inelastic structure factor for the,@enter of mass. The
previous three distinct terms have to be compared with the
rotational H incoherent contribution, from which the veloc-
ity autocorrelation function has to be worked out. In our
energy transfer range of interestnamely, 106<#w
<40 me)) intramolecular vibrational excitations can be ne-
glected and one writes

1K

( d2o )(inc) 2
= pJ O’J—bJ’(H)fJ’J’(Q)
dQdE/,,  4n kzu,

XeXF{_ 2 Ui%(Q)]SseIf,c.m.(Q: )
® w-wy_y),

11

wherep; is the relative abundance of the hholecules in the
initial rotational stateJ, o;_5(H) is the appropriate cross
section related to an incoherent transition between the initial
rotational state] and the final one)’ [17], f;;/(Q) is the
appropriate rotational form factdd.7], while Zw;_.; is the
energy gap of this transition. Considering our samptesh

in parahydrogenand our energy and momentum transfer
range, it is straightforward to prove that Ed.1) is domi-
nated by theJ=0—J’=1 transition, which is weighted by
the intense oy_,;(H)=40;(H) proton cross section(4

It is worth noting that these residual quantities are all dis-x 79.9 b [41]). Thus we have simulatetd?c/d() dE)(,fZis),

tinct, i.e., concerning the correlation among different nuclei, 2,/d0 dg)@
and “elastic,” i.e., they involve only scattering events in
which hydrogen and deuterium molecules do not chang
their rotovibrational states. So, in the usual framework de
coupling molecular translations and rotatigig], one can

write the coherent terms in the case of aHD, mixture as

( o >(dis)_(rc(H) K

i2 ~2W2(Q)
40 dE jo(Qro/2)e™ b

7 kK
H

X [&.m.-c.m_(Qy w) = %elf,c.m.(Qr w)] )

toss (Por/d dE)S™, and(d?o/dQ dE) in
éhe (Q,w) range of interest, making use of approximated
_expressions for S:.m.-c.m.(va)v Sc.m.Dz-c.m.Dz(Q1w)y
S:.m.-c.m.Dz(Q:w)v Sself,c.m.(Qaw)a and Sself,c.m.Dz(Quw)-
Namely, we employed the parahydrogen coherent scattering
data(T=15.7 K) from Ref.[13], D, coherent and incoherent
scattering datdT=20.0—20.1 K reported in Refs[42,43,
respectively, and parahydrogen incoherent scattering data
(T=14.3-14.7 K from Refs.[14,15. Then§; m cmp,(Q, ®)
was roughly approximated by a simple combination rule:
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0.100 4

0.075

0.050 4

IH,, exp!(m’eF) (arb. units)

0.025 4

(d’s/dQ dE) (barn/sr meV)

: : : : : : 10 15 20 25 30 35 40
10 15 20 25 30 35 40 he (meV)

FIG. 5. Example of the Agrawal procedure to evaluate the mul-
FIG. 4. Simulation of the rotational incoherent and residual dis-tiPle scattering contribution for samples no(ik., liquid parahy- -
tinct double-differential cross sections for a+D, liquid mixture ~ drogen atT=14.1 K). Circles represent forward-scattering experi-
corresponding to the composition of sample no. 4. Th@—J’  Mental spectruntprocessed |y, exp{®, fr), dashed line stands for
=1 H, incoherent contribution is reported as a full line, and sum ofthe simulated multiple scattering spectrum, and dotted line for the
the three residual distinct contributions of E8), increased by a difference between the two sets of data, i.e., for the single-scattering

factor of 50 for graphical reasons, as a dotted line. Th@—J’  SPectrum.
=2 H, rotational incoherent contribution is still too small to be
plotted. multiple scattering, and for the possible sample-dependent
background, respectively. To be more precise, for the
Sememo(Q® =[S mboemp(Q, @) S mocm Q) @) V2 samples nos. 3 and ¥|(w) represents the multiple scattering
R TEm2 T contribution from the mixture minus the properly scaled
—[Sse”‘C,m_DZ(Q,w)Sse”,c_m(Q,w)]l’z. multiple scattering contribution from the pure, Ineasure-

(12) ment. While B(w) is normally determined during the data
fitting procedure, théVl(w) contribution is, in general, much
Simulation results for Samp|e no. 4 are p|otted in F|g 4 more demanding. Multlple Scattering has been simulated for
where it is evident that the three distinct contributions arethe pure parahydrogen samples through the analytical ap-
practically negligible if compared to the hydrogen rotationalProach suggested by Agrawal in the case of a flat slablike
incoherent one, and that the latter is totally dominated by théample[28]. This procedure is fully described in Refl4],
J=0—J’' =1 transition. and an example from sample no. 1 is reported in Fig. 5 in the
Summarizing, we have proved that a reliable extraction ofnergy transfer range of interest. It is evident that the mul-
(dRa/dQ dE)ﬂ”C) was obtained, even in the iQhw tiple scattering contribution is very lovespecially foriw
<40 meV anél 182 Q<37.4 nmi* range, making use of <30 meV) _a_nd, moreover, it appears rather flat and_ fegture-
the experimental pure liquid deuterium spectrum, properl))ess’ not difficult fo repro_duce by a simple poly_nom@lwn
scaled to account for sample molecular densities anddn- As for the wo liquid mixtures, a comp[ete S|mulat|on.of
centrations. In addition, we have also shown that in theM(w) was a task of Fremepdous complexity that we decided
aforementionedQ, w) range, the quantityd?e/dQ dE)(inc) not to undertake. 'I_'h|s decision was supported by the encour-
} ' ' R H, aging results obtained for samples nos. 1 and 2, and by the
contains only one relevant term, which is related to he ¢5ct that the two mixture samples had a scattering power

=0—J'=1 hydrogen rotational transition. , rather lower than the two previous ones. In conclusion, for
As outlined above, processed forward-scattering ”e“trogamples nos. 1 and M(w) was estimated and then sub-

S_pectraJHz,expl(w,ep), have been reduced so far for any Prac- 4 cted ffomlyy eup@, 6), While for samples nos. 3 and 4,
tical purpose to the following sum of four terms only: M(w) and B(w) were actually merged into one single poly-

o (H) nomial B’ (w) to be determined during the data fitting proce-
In,expl@, OF) = A{'—Sj 2(Qry/2)exd - 2 LR (Q)] dure. Thus from Eq(13) it was straightforward to extract an
m experimental pseudo-self-structure factor for the paga-H
X Ssetfem(Q, @) ® 8w = wy_.1) + M(w) centers of mass, measured along (@g(w), ) TOSCA ki-

nematic patmself,c.m.(QF(w) ,0):

Eself,c.m.(QF(w):w) =A %elf,c.m.(QF(w)aw) + P(w),

. . . 14
whereA is an instrumental constamy s, (w) is the energy (14)

resolution in forward scattering, whil®l(w) andB(w) rep-  where the instrumental energy resoluti@?22—-0.54 meV in
resent the spectral contributions accounting for the overalbur #w rangg was found irrelevant for the typical width of

+ B(w)] ® RToscaF(w)i (13
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our spectral features and then neglected, wRi@) was TABLE lll. Results of the Levesque-Verlet fitting procedure for
introduced as a new version of the polynomi&éw) or  the various samples including reducgd x7, Einstein frequency
B’(w), accounting for the sample-dependent backgrounc@ol Gaussian binary collision parametgg, long-time constant,
and, in case, for multiple scattering. The pseudo-self-long'time exponential decay, and H, translational mean kinetic
structure factors for the parasttenters of mass of all four energy(E,). Details on the various samples are reported in Table I.

samples were analyzed making use of the Gaussian approxi-
matign f0sze|fcm((3/, w): ’ PP'O%e. X2 hQo(meV) BymeV?) L(10°meVf) a(meV) (E(K)
1 (= 1 129 7.505) 76(3) 1.001) 5.52) 58.74)
Sselfem(Q ) = o J dt exp(— iwt) 2 125 7.3%) 85(3) 1.23) 6.44) 59.13)
T = 3 055 7.8 66(4) 0.52) 4.84) 64.98)
rO? [~ f 4 0.42 8.02 62(5 0.62 4,73 66(1
Xexp{_ij dé@[(l_com)) @ 6a5 06 473 66D
2M J, €
he o exponential decay, and finally the two background param-
xcoth o — | =i sin(et) | , (15 eters: the offset and the slope. Reducedy?, x? and the
8 f(w) parameter estimates are reported in Table Il for all the

where f(w) is another form of the power spectrum of the four samples measured. Using E¢B5)—(18), the FORTRAN
VACEF, related top(w) via the fluctuation-dissipation theorem code was able to automatically evaluate tite) spectral

[20]: function and, from this, the center-of-mass mean kinetic en-
ergy (Ey, and the self-diffusion coefficiebs, which are
Hw) = 2kBTtam_< ho ) o). (16)  @lso listed in Tables Il and VI. Examples of the quality of
ho 2ksT the present fits are reported in Figéagand &b) for samples

As explained in detail in Ref[14], a flexible and general nos. 1 and 3, respectively. The agreement between experi-

form for f(w) in a liquid has been proposed by Levesque and

0.20
Verlet (LV) [44] in the framework of the canonical memory — (a) ~ 016
function formalism. After some algebra, one can explicitly > 045 2 0.10
write f(w) as a function of the memory-function Laplace E ™7 E 0.05
~ — g U
o 3 )
transformM (iw): 2 oo 0,00
> 1 5’“ 0 5 10 15 20 25
flw)=—Rg| ———|, (17 = 0.054
™ e[i(u+M(iw)} go'os
3
where the Levesque-Verlet model fivl(iw) reads 9 0.00-
) . 5 0 5 0 15 20 25
~ i 24 L
M(iw) :Qéexp<— w—) \/ o erfd —— |+ ————, ho (meV)
2B,/ V 2B, V2B, (a+iw)
18) 0.20 5TE
. . . — > (b) < o010
with Qg the Einstein frequency of the system2/B, the GEJ 0.154 2
binary collision time,L the long-time constant, ana the = % 0.05
long-time exponential decay. 8 .10 = 0.00
A nonlinear fitting procedure was set up using the math- s 0 5 10 15 20 25§
ematical machinery of Eq916)«18) to obtain a VACF o ho (meV)
spectrum and then, through the Gaussian approximation, to ~ ~ g 0:051
work out Sitem (Q,w) along the TOSCA kinematic line %
(Qe(w), w) to be compared to the experimental one. The ac- »° 0.00-
tual fitting procedure was implemented througlFGRTRAN T T

code making use of thennurr [37] standard minimizing 50 5 10 15 20 25
routine. Experimental data were fitted in the energy interval ho (meV)

-5<hw<25 meV. It is worth noting that these values are
meant to have already had subtracted the rotational excit

tion fiwg_.,=14.53 meV, as stated in EQL3). As for the  aiic jine (circles, and its Levesque-Verlg#4] best fit(full line)
P(w) polynomial, a simple straight lingwo parametenswvas ¢, (a) sample no. Xpure H,) and(b) sample no. 3H,+D,). Both

found to be fully sufficient for all the samples. The fit output fitted and experimental data are normalized and the polynomial
consisted in seven parameters: an overall normalization comyackground is removed. Insets show the respedtiu® spectral
stantA, the Einstein frequenc),, the Gaussian binary col- functions obtained from the present fitting procedure. Details on the
lision parameteBy, the long-time constarit, the long-time  various samples are reported in Table I.

FIG. 6. Self inelastic structure factor for parg-eenter of mass,
ﬁelfvc_m_(Q,w), measured along TOSCA-II forward-scattering kine-
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TABLE IV. Results of theNVT PIMC simulations on pure Qg are listed in Table IV, while further details on these simu-
including Einstein frequency), and center-of-mass mean kinetic |ations can be found in Ref14], where they are presented in
energy(E,). Reported uncertainties represent only the PIMC statis\vider thermodynamic range.

tical errors. Concerning the quantum calculations on thet+®, lig-
. uid mixtures, arNpT (i.e., isobaric-isothermalPIMC code
n(nm) T(K) 1Qp(meV) (BE(K) has been used, fixing pressure and temperatuge=® and
T=21.3 K, respectively, which are values not far from the
Z'ié 132 2'1@') Zi"(i) experimental conditions of samples nos. 3 and 4, as shown in
: : ) A Table |. Simulations were still performed using the semi-

empirical pair potential by Silvera and Goldman on a set of

. . . N=180 ringlike polymers composed ¢f=64 beads each.
mental and simulated data is very good in the whole energy, H, concentration was varied from 0% to 20%, 40%,

interval since)(r2 never exceeds 1.3 for all the four samples.SO%, 60%, 80%, and 100% by altering the ratio oftd D,
rings (the D, bead mass being twice the ldne). In this case
I\V. PATH INTEGRAL MONTE CARLO SIMULATIONS the main outputs of thil pTPIMC code were the total molar
volume of the mixturev, and the c.m. mean kinetic energies

Along with the inelastic neutron scattering experiments, or both H, and D, all of which are reported in Table V. The
series of PIMC computations were performed simulating theirst of these physical quantities provided a straightforward
two semiquantum systems used as samples: pyrard test of the present quantum simulations, being easily com-
H,+D, mixtures, choosing thermodynamic conditions verypared with the experimental values of extracted from the
similar to the experimental ones. Among the various PIMCsaturated vapor pressure thermodynamic data on pyre H
outputs, mainly the c.m. mean kinetic ener@j) will be  [24] and D, [25], and then corrected for the excess properties
taken into account and discussed in the rest of the preseof the H,+D, mixture [26]. As shown in Table V, even
work. though the agreement is still not perfathe discrepancy

As for pure H, anNVT (i.e., isochoric-isothermaPIMC  between the two sets ofvalues being on the order of 1.5%
code was employed setting molecular dengityN/V) and it is noteworthy that thédpT PIMC code is able to correctly
temperatureT to values extremely close to the measuredcapture the nonideal character of the+D, liquid mixture,
ones: Nn=22.91 nm3, T=14.3K, and n=22.10 nm3, T like the sign and the order of magnitude of the relative ex-
=17.2 K, respectively, for samples nos. 1 and 2. Simulationgess volume(dv/v). A more detailed analysis of these as-
were carried out using the semiempirical isotropic pair po-pects of the quantum simulation of hydrogen-based mixtures
tential derived by Silvera and GoldmgA5], and still con-  will be found in a forthcoming work49].
sidered one of the most reliable for para-&hd ortho-B in
low-temperature condensed phases. The PIMC algorithm

was accomplished by extending the number of monomers V. DISCUSSION
(the so-calledTrotter number B of N=500 ringlike poly-
mers, which in the PIMC isomorphisii#6] represent the The aim of this section is to critically compare the various

quantum particles of | from P=8 to 16, 32, and 64. How- results obtained through the three different approaches used
ever, only small differences were observed betwBerB2  to deal with our samples, namely, the MYK fit, the LV fit
and P=64 results for bothE,) and the Einstein frequency used in conjunction with the GA, and the PIMC simulations.
Q. This code has been already successfully employed in ¥e will see in the following that this comparison will force
number of simulations on solid and liquid para, F4,47, us to seriously question the validity of the Gaussian approxi-
and on liquid ortho-D [48]. The PIMC estimates gE,) and  mation used in Sec. lll. So, after performing some crucial

TABLE V. Results of theNpT PIMC simulations on B+ D, mixtures atT=21.3 K andp=0, including
total molar volumev, relative excess volumesv/v), H, center-of-mass mean kinetic ener), and D,
center-of-mass mean kinetic ene@)Dz. Reported uncertainties represent only the PIMC statistical errors.
Experimental values for the total molar volumg,,and the relative excess volumiév/v)eyp,, both derived
from saturated vapor pressure df2d4—26, are also included.

[H21(%) v(cm?) (8vlv)(%) (E(K) (B, (K) Vexp(CNT) (80/0) exp{%0)
0.0 23.6483) 57.061) 23.92

20.0 24.4666) -0.453) 72.703) 55.472) 24.75 -0.71
40.0 25.33(5) -0.693) 70.263) 53.972) 25.65 -1.12
50.0 25.7787) -0.744) 69.023) 53.252) 26.13 -1.19
60.0 26.2407) -0.744) 67.862) 52.502) 26.63 -1.18
80.0 27.2214) -0.524) 65.612) 51.085) 27.72 -0.85
100.0 28.201) 63.402) 28.97
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70 TABLE VI. Self-diffusion coefficientsDg derived from the
H, (a) Levesque-Verlet fitting procedure for the various samples. Hydro-
] dynamic self-diffusion coefficiemB(Shyd) derived from the literature
65 [50] are also reported.
X
Zx l e No. Dy(10°5 cn? 57 D105 e 57
e l 1 2.99+0.03 3.640.8
2 4.63+0.03 6.4+1.4
55 -_— 3 3.7+0.1 6.4+1.5
14 16 18 20 22 4 3.3+0.1 54+1.4
T(K)
75
{H,+D, (b) increase of the thermal contribution {&,). As for the ex-
perimental estimates of this physical quantity, one can imme-
704 diately conclude that the MYK result, despite its large uncer-
< | tainties (about 10%, is in good agreement with the PIMC
u/}c 65- § calculations, while the LV result is intrinsically less uncertain
v (about 1%, but systematically lower than these. A similar
disagreement can also be observed concerning the Einstein
60 - frequency: experimental estimates from LV and PIMC re-
sults are compared in Tables Ill and IV, and found incom-
1 M 1 M 1 M ) M ) M ) . . . .
0 20 40 60 80 100 patible. Figure ) reports the H c.m. mean kinetic energy
[H,] (%) behavior at constant pressure and temperature as function of
the H, concentration, which is related via Table V to the total
FIG. 7. Center-of-mass mean kinetic ene<@> of a H2 mol- molar volumev. PIMC simulations pl’ediCt a linear decrease

ecule estimated by fittihg TOSCA-II experimental measurement$f the hydroger(E,) along with its concentration, which can

and through PIMC simulationga) ExperimentakE,) in pure liquid  be explained as an effect of the total molecular density: the
hydrogen obtained making use of the modified Young-Koppelpresence of a larger amount of quantum-delocalizedndl-

model [17] (full squarey, and employing the Levesque-Verlet ecules makes the mixture less dense and, as a consequence,
model[44] for the canonical memory functiofopen circles Re-  the H, c.m. mean kinetic energy drops. Once again, as far as
sults from NVT PIMC quantum simulations are shown as full the experimental estimates ¢E,) are concerned, one ob-
circles, black line being a data spline. PIMC data have been als@aryes that the MYK result is always in agreement with the

reported elsewhergi4]. (b) ExperimentakEy) in liquid hydrogen-  p\c calculations, unlike the LV results which are system-
deuterium mixtures obtained making use of the modified Young-(,:l,[ic(,i"y t00 low.

Koppel model[17] (full square$, and employing the Levesque-
Verlet model[44] for the canonical memory functiaiopen circles
Results fromNpT PIMC quantum simulations are shown as full B. Breakdown of the Gaussian approximation
circles, black line being a data spline. The experimental value for in semiquantum liquids

the modified Young-Koppel model dH,]=100% [T=21.22)K,

n=20.839)nm™?] is taken from a previous worfa1]. As we have seen in the previous subsection, two physical

guantities derived fronf(w) (namely, the mean kinetic en-

i . . ergy of the H c.m. and its Einstein frequencghowed small

tests, we will definitely prove the breakdown of the GA if  +"annreciable discrepancies both from the present experi-

applied to the present semiquantum liquids. mental determinations through the MYK fit, and from the

PIMC simulated values, reported in Tables Il and 1V, respec-

tively. In addition, a similar trend can found if tHéw) esti-

mates of the self-diffusion coefficiem are analyzedsee

Table VI). In the latter case, in order to set up a comparison,
A comparison between the experimental estimates of theve have to rely on the experimental determination® gfor

H, c.m. mean kinetic energfvia both MYK and LV), and  liquid H, and H,+ D, solutions[50]. After an accurate inter-

the PIMC results can be found in Tables 11, 1Il, IV, and V but polation of the measurements reported in R&f] (see Table

it is more clearly visible in Figs. (&) and 1b), respectively  VI), we can conclude that, despite the large uncertaiity-

for pure H, and H,+D,. In the former panel one observes ger than 20% associated with the latter data, the agreement

that PIMC simulations indicate an almost flat behavior ofpetween the two estimates BX, is totally satisfactory only

(Ew as a function of the liquid temperature in density con-for sample no. 1. In all the other cases, the LV determina-

ditions very close to the saturated vapor pressure oneons of D appear systematically too low.

[14,24. This fact can be simply understood since, as the These findings were already objective elements against

temperature rises, the small decrease of the density contribthe GA validity in our experimental conditions, but, at this

tion to the c.m. mean kinetic energy is compensated by astage, possible biases deriving either from the followed data

A. (E,) and Qg Comparison between fits
and PIMC simulations
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FIG. 8. Comparison among liquid tHspectral functions(w)
obtained from the Feynman path centroid dynamits] at T
=14.7 K andn=24.19 nm? (solid line), from the quantum mode-
coupling approach8] at T=14.0 K andn=23.5 nm? (dashed ling —; 0.03+
and from a Levesque-Verlet fisee Eq.(18)] of the experimental GE)
data atT=14.1 K andn=22.95 nm? (sample no. 1, dotted line % 0.02
o
reduction procedurégsee Sec. I, or even from the LV <)
model itself, could not be totally ruled out. For example, the E
latter might have been not flexible enough to reproduce the * 0011
physical quantities under discussion despite the good quality
of the reported fits. Unfortunately no substantial help on this g
point can be gained from the existing quantum dynamic 0.00+ . . . : . -
simulations of the VACF: even restricting our check to pure 5 0 5 10 15 20 25
liquid parahydrogen af=14.1 K, one can see in Fig. 8 that ho (meV)

Feynman path centroid dynami¢BPCD) [15] (T=14.7 K, o
n=24.18 nm?) and self-consistent quantum mode-coupling FIG. 9. Sseigem(Qs(w), @) of liquid samples from TOSCA-I

~ . backscattering section, experimentalircles and reconstructed

— - 3

theory [8] (T=14 K, n=23.5 nn") data are so discrepant from forward-scattering data through the Gaussian approximation
from each other that they are not very useful to assess thﬁull line). (a Liquid H, at T=14.1 K: (b) (H,+D,) mixture

reliability of our LV model for f(w). In our opinion the two ([H,]=54.33)%, T=20.09)K).
simulated and the experimentHlw)’'s cannot be reconciled
with one another, even taking into account the possible difB) were employed to generate new self inelastic structure
ferences induced by the choice of slightly discrepant thermofactors for the H center of mass by means of the GA. How-
dynamic conditions. It is interesting to point out that theever, the(Q,w) trajectory chosen was the one related to the
experimentalf(w) seems to compare rather well with the backscattering detectors, namelyfQg(w),w). In this
FPCD determination in the low-energy regiggay forio  way a set of simulatedSysem(Qp(w),w) [labeled

< 2.6 meV), while foriw>6 meV a fair agreement is found <

. o . : Seeitem (Qs(w), w) in what follows was produced including
W't.h the SCMCT. The orgin of this CTOSSOVer 1S aqtuqlly all the four measured samples. At the same time, the corre-
quite unclear and we think it deserves further investigation

In order to quantify the comparison among the varibis) sponding experimenteieigem (Qp(w), ») were worked out

oo L . . from raw neutron backscattering data, following exactly the
determinations, the mean kinetic energy, and Einstein fre

. same procedure as for the forward-scattering ases Sec.
quency for the simulated data are also reportédy) ) ~
=63.21) and 66.81)K, #0=9.371) and 9.801) meV, for 'l B)- Then simulateEeircm(Qalw), @) were compared to
the Feynman path centroid dynamics and the self-consisteﬁlxpe”mentalss?”'c-m-(QB(w)’w)’. allowing for an ad(j|t|ona|
quantum mode-coupling theory, respectively. As for the selflinéar polynomialP(w) to take into account a possible spu-
diffusion coefficient. one obtain®.=3.5x10° and 3.0 lous background still present in the TOSCA data. The re-
%105 e 571 again,for the FPCD afnd the SCMCT respec_sults were deeply surprisingee Fig. 9 for two selected ex-
tively. The experimental values of the aforementioned physi@MPle$ and the disagreement between GA-simulated and
cal quantities are reported in Tables Il and VI in the line 8XPerimentalSseiscm(Qp(w),w) was so strong as to point
concerning sample no. 1. out, beyond any reasonable doybtg., the form ofP(w)],

In order to clarify the crucial point of the GA validity, we the failure of the Gaussian approximation.

decided to set up a model-independent test: fila® func- Since. most of the disagreement between

tions (see Table Il fitted from the various experimental Sseirem(Qs(®w), ®) and Sieirem(Qp(w), w) seems concen-
Sseitem (Qr(w), ) spectra using the LV forntas in Sec. Il trated in the low-energy region -2%i0 <5 meV (actually
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dominated by diffusive motions a heuristic physical de- 0.05 L S S —
scription of these findings might be sketched as follows. An __

effective Q-dependent self-diffusion coefficienDg¢¢(Q) "%
would exhibit a noticeable decrease on moving from the hy- g
drodynamic regimeQ=0, to the TOSCA-Il forward- %
scattering conditions(Q=22 nn1?), and, finally, to the
TOSCA-Il backward-scattering conditionQ =39 nnt?). E,ﬁ'

This idea appears supported also by the fact that our deter~%
minations ofDg from TOSCA-II forward-scattering data ap- :
peared generally lower than the ones by O'Reilly and Peter- ¢
son [50], which are basically hydrodynamic. But what is a

m.

self, ¢.

plausible reason for this peculi@ behavior? Let us associ- 0.00 N —

ate the increasing a with the probing of a smaller space o 5 10 15 20 25
periodicity d, whered~27/Q. One then obtains thddg e ho (meV)

decreases together with But this is exactly what happens in

the simplest non-Gaussian scenario for self-diffugibe so- FIG. 10. Sieifem(Qp(w),w) of solid H, at T=13.3 K from

called jump diffusion mode{JDM)] wheneverd becomes TOSCA-II backscattering section, experimen(fcles and recon-
smaller thanl,, the typical site-site distance for the jump. structed from forward-scattering data through the Gaussian approxi-

Actually in the JDM one write$1] mation (full line). Elastic line has been removed from the experi-
mental data.
D(Q)-1<1— 1>— o (190 factor for th f f the kholecules in the f
s,eff - Ton 1 +|SQ2 = 1 +|(2)sz actor for the centers of mass of the kholecules in the four

samples under observation. Measured data were corrected for

where 7, is the residence time in one site. Valueslghave the typical experimental effects, and then analyzed in the
been determined through E@.9) by using, in addition to the framework of the modified Young-Koppel model to remove
D, determinations aQ=0 [50] and atQ=22 nnT! (see the contr|but|9ns coming fror_n the intramoleculaotovibra-
Table Vi), a third set of values, & =239 nnt™, derived from tional) dynamics. From the high-energy part of the processed

a LV fit of the backscattering data. These are the best estfdt@, the center-of-mass mean kinetic energy of,artdl-
mates of |, obtained: [,=0.222), 0.321), 0.253), and ecule has been estimated in the framework of the impulse

- imation for the molecular translational dynamics in
0.242)A for samples nos. 1, 2, 3, and 4, respectively. What?PProxima ; S
is the meaning of these figures of the order of 0.2—0.3 A,;he liquid. On the other hand, the Gaussian approximation

And, moreover, has the JDM anything to do with our semi-has been assumed for the low-energy spectral range, aiming

quantum samples? Presently we cannot answer these impdf® %% e ISR RN S8 2 8 LR SIS
tant questions: further experimental and simulation work on gy sp Y

semiquantum systems will be surely needed to shed moré(l)iEZa -frrrc])?:ea ?i?tir;elatlr%r(];eg{?r?orgzkmeriszug: tehqeueﬂgtl?r?{
light on this intriguing subject. 9p ' 9 q

Finally, just to exclude any possible instrumental reasongeneraIIZEd Langevin equation and the Levesque-Verlet

for our experimental findings about the GA breakdown, wenemory function model. Two moments and the zero-

also performed an additional measurement on solid polycrysf-reoluency value of the energy specirum of the velocity auto-

talline para-H at T=13.31)K, where the GA is better correlation function were then related to important physical

. . uantities(namely, center-of-mass mean kinetic energy, Ein-
founded and has been experimentally verifigt]. Recorded que ' e - 2
) et stein frequency, and self-diffusion coefficignand the first
scattering datal had the sharp elastic line remqved, WETe COlVas also simulated through two distinct path integral Monte
rected for multiple scattering and self-absorption as in Sec

. . Carlo codes, respectively for pure,tdnd for H,+D, mix-
[ll, and then transformed into center-of-mass scattering la : N
through Eq.(13). The result(reported in Fig. 19 clearly Yures. The results of these comparisons turned out very inter

esting and showed that the, ldenter-of-mass mean kinetic
shows that the agreement betwedfic.m(Qp(w), ) and energies experimentally evaluated using the modified Young-

Ssettem(Qs(®), w) is really satisfactory. Further details about Koppel fitting procedure were in good agreement with the
solid para-H data analysis and interpretation can be found inpath integral Monte Carlo estimates, unlike the figures ob-
Ref. [52]. tained from the joint use of the Gaussian approximation and
the Levesque-Verlet memory function, casting some doubts

V1. CONCLUSIONS on the validity of theT Gau;sian ap_proximation it§elf in the

present context. A similar impression was also inferred by

In conclusion, in the present work we have measured theomparing the Levesque-Verlet estimates of the délf-

incoherent inelastic neutron spectrum of liquid parahydrodiffusion coefficient with the hydrodynamic values known in
gen, pure and mixed with liquid orthodeuterium, in variousliterature. For this reason a model-independent check of the
thermodynamic and concentration conditions, using the timeGaussian approximation was set up for all the experimental
of-flight neutron spectrometer TOSCA-Il. The measuredmeasurements, exploiting the two different trajectories in the
double-differential cross sections have provided direct exenergy-momentum kinematic plane explored by the
perimental access to the self part of the inelastic structur@ OSCA-Il instrumental sections: forward-scattering and
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backward-scattering banks. It was shown that, despite thi is also suggested that further and more extensive neutron
excellent quality of the Levesque-Verlet fits, the velocity au-scattering studies on the breakdown of the Gaussian approxi-
tocorrelation functions derived from the forward-scatteringmation, including a wider mapping of the kinematic plane,
data appear totally unable to properly describe the backwardire greatly needed.

scattering ones. These findings have proved an unquestion-

able breakdown 01_‘ the G_au55|an ‘approximation in _Ilqmd ACKNOWLEDGMENTS
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