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High-resolution, inelastic x-ray scattering measurements of the dynamic structure $égtar) of liquid
water in the THz frequency range have been performed as a function of wave ge(tei7 nm'!) and
temperaturd (273—473 K, using pressuré—1.5 kbay to keep the density at~1 g/cn?. We show that, for
g<2 nm !, the S(g,w) spectra can be consistently explained in terms of a hydrodynamic formalism which
includes a viscoelastig-independent contribution to the memory function for the density fluctuations. This
allows us to extract values for the infinite frequency sound velocity and for the structural relaxation time which
are found to compare favorably with those obtained using techniques which probe a lower-frequency range. As
a consequence, the atomic dynamics in water is shown to have a homogeneous character down to a length scale
of ~3 nm. Atgq>2 nm !, we find that the viscoelastic contribution to the memory function becagmes
dependent. Thus this work provides a view on the evolution of the collective dynamics of water acrgss the
region where the continuum approximation inherent in the hydrodynamic formulation begins to fail. The
physical consequences of such a result are discussed in some [&883-651X99)03911-7

PACS numbgs): 61.20—p, 63.50+x%, 61.10.Eq, 78.70.Ck

I. INTRODUCTION observed in the dynamic structure fac&{q,w) as obtained
either by numerical computatiof8—5|, or, experimentally,
Water has always occupied a unique role in the physics oby measurements using different techniques. These measure-
liquids, at least for the obvious reason of its relevance to lifements include ultrasonidt)S, w/27~ 10 KHz to 100 MH2
on earth. From a very fundamental point of view, water[6—8|, Brillouin light scattering (BLS, q~10"2 nm 1)
shows peculiarities which would distinguish it from most of [9—11], inelastic (coherent neutron scattering(INS, g
the other liquids and this, consequently, has attracted a lot a3 nm™!) [12], and inelastic x-ray scatteringlXS, q
interest. As concerns density fluctuations in liquid water—=1 nm ) [13,14). Studies of the effect of a similar relax-
the main subject of the present paper—their study finds coration process on the atomic dynamics have been extensively
siderable motivation essentially in two basic and still openperformed on many liquids with glass forming properties
issues which are suggested by the investigation of the supefri5]. In that context, this relaxation is usually referred to as
cooled statd1], and are recalled in the following. structural, ore relaxation, and its characteristic timg, is
The first issue is related to the discovery that, as the temknown as the structural relaxation time. Given that the struc-
perature is decreased, certain thermodynamic properties, e.gural relaxation is a typical feature of all liquids, this second
the thermal expansion coefficient and the isothermal comissue refers to a “normal” liquid behavior of water.
pressibility (and therefore also the density fluctuatipns When consideringS(q, ) spectra, the structural relax-
seem to diverge as though they were reaching a critical pointtion is usually characterized by studying its effect on the
found to be independent of the specific considered propertgound waveg15]. In fact, using a spectroscopic technique
and very close to the homogenous nucleation temperatufghich probes the atomic dynamics at the frequeadgr,
[1]. There are several models which attempt to account fogifferent responses are obtained whetlags much higher or
such an enhancement of density fluctuations, and a review @huch lower than H, : in the former case, one probes the
the most interesting ones can be found in R&f. Unfortu-  system on such a short time scale that the atomic structure
nately, the experimental evidence that could distinguish beeannot rearrange itselunrelaxed limi}; in the latter case,
tween these models is still inconclusive. As a general coneonversely, the system structure can ref@taxed limiy. As
sideration, all these models emphasize the “peculiarity” ofa consequence, the speed of sound shows a characteristic
liquid water with respect to other liquids. Indeed, the con-dispersion with both frequency and wave vector, i.e., in-
temporary occurrence of the hydrogen bond and the 1:1 ratioreases from a low value in the zero frequefwgve vectoy
of water donor to acceptor groups strongly enhances the mdimit to a higher value in the opposite limit. In the frequency
lecular structuring ability. However, similarities between wa- (wave vectoy range between these two limits, the relaxation
ter and silica have also been suggegtgd process can be directly accessed, since it lies inside the
The second issue, which has recently attracted a lot gfrobed frequency window, and its spectral parameters, e.g.,
interest on liquid water, refers to dynamical, rather than thers,, can be determined. With regard to this, the “best sen-
modynamic, properties and, specifically, the origin of thesitivity” condition is usually defined by the relatioa 7y~
relaxational dynamics in the THz frequency range which isl.
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The characteristic time,, has a strong temperature de- probing the atomic dynamics in tfreerange where the con-
pendence which parallels, in first approximation, that of thetinuum description inherent in the hydrodynamic formulation
shear viscosity. While in most simple liquids, and in water asbegins to fail. This kind of transition had not yet been ex-
well, the viscosity at the melting point is of the order of £0  perimentally observed in any liquid system. In fact, so far,
Pas, much higher values can be reached in glass formir@nly in the case of compressed noble gases had it been pos-
liquids which, owing to their often complex intermolecular Sible to establish a contact with the hydrodynamic regime
potentials, easily frustrate the tendency to crystallization andil7].
thus can be supercooled and remain in the liquid state at The paper is organized as follows. In Sec. Il the IXS

temperatures well below the melting poifit,. As a conse- Measurements are discussed; in particular, we briefly remind
guence, in these Systerﬁ-@I can be easily increased from the reader about the connection between the dynamiC struc-

10712 s, the typical value in the normal liquid phase, up toture factor and the IXS cross section, and then we describe
macroscopic values when the calorimetric glass transitiotne experiment in some detail. In Sec. Ill we present the data
temperatureT, is approached. As a matter of fad, is analy5|s, W|th some coverage _of the generalized hydrody-
usually defined as that temperature whefg=10? s. For ~hamic formalism, and of the fitting procedures that we used
glass forming systems the best sensitivity condition for tra{0 describe the experimental spectra. In Sec. IV, our results
ditional spectroscopies like US and BLS can be easily mefre dlscus_sed and compa_red to those in the Ilteratur_e. Finally,
by choosing the temperature appropriate to briggnto the the paper is concluded with a summary presented in Sec. V.
desired time range, and the structural relaxation can be di-

rectly studied, at least in some temperature range bélgw N Il. EXPERIMENT
For water, conversely, due to its low supercooling capabili-
ties, 7y cannot be appreciably increased above the'ig A. IXS cross section

time range, and a detailed experimental characterization of 1 experimental method utilized to study the high-

the structural relaxation is still lacking: the low-frequency frequency dynamics of water consists in a scattering process
techniques are very far from the best sensitivity cond|t|on{18], where an incident photon beafthe probg of energy
which explains the often contradictory results reported so fa;@mi momentum#k;, and polarizatione is brought into
[6-11]; the high-frequency techniques, which in principle jneraction with a systertthe targel, and the photons which
are the best suited for such a study, have reported up t0 N0 scattered with an enerdyo;, momentumik; and po-

only partial result§12,13. larization €; are detected. These scattered photons carry in-

Given such a scenario, we have performed an IXS experigmation on the spectrum of the excitations of energy,

ment aiming at the experimental determination of the:hw-—hwf and momentum;iq=7k,—#k;, which are
. 1 i y i y

(g, @) spectra as a function of wave numki@e7 nm =) created(or destroyeglin the target during the interaction. In
and temperaturé273-473 K, varying the p:re?ssuré()—l._S the condition of weak interaction between probe and target,
kbar) in order to keep the density at=1 g/cn. The main  {he \whole scattering process can be described in the frame-
motivation is to investigate in detail the high-frequency yqrk of the linear response theory. Here the differential scat-
atomic dynamics of water, and, in particular, its dependencgering cross section per unib and unit solid angleQ

on both wave vector and temperature. Very recently, W25 .,50) is determined by a perturbative treatment of the
haYe p_rese_n_ted an analysis of these IX,S spectra in terms Ofifamiltonian term describing the interaction between the
quite simplified mode[14]. There the aim wasgii) to show probe and the target. In the case of photons inig-keV

that, in the case of IXS, the condition of best sensitivity for o6 i absence of resonant conditions and considering en-
the structural relaxation is actually met in the spanned ther;

modynamic range, and thus the rich phenomenology of thergiesﬁw in the range of the typical acoustic phonon ener-
, L2 . ; i ~1 , the rel in th -
sound dispersiohl5] can indeed be observed also in water;ales(Up to=~100 meVj, the relevant term in the probe-target

- : ! . 2 ~Uinteraction Hamiltonian is due to the pure charge scattering
and (i) to give an estimate of the structural relaxation time

exploiting the reduced moduli classical analy4i§]: the ob- process or Thomson term
tained values of, were in the 10%s range. 1

In the present paper, we report an analysis ofSfeg w) Him=§foz A%(r ), 1)
spectra of water, based on a more refined and informative !
hydrodynamic model which accounts for both elastic and
inelastic spectral components. Using this analysis, we showherer ,=e?/m.c? is the classical electron radiues, (m,) is
that up toq=2 nm ! the generalized hydrodynamic for- the electron chargémass, A(r,t) is the electromagnetic
malism[16] with a g-independentviscoelastic contribution field potential vector, and; is the position of thgth elec-
to the memory function for the density fluctuations can stilltron. In deriving Eq.(1) we have neglected the “magnetic”
be consistently used. This formalism allows us to extracterms (whose order of magnitude is-% w;/mec? smaller
values for the infinite frequency sound velocity and for thethan the Thomson termthe term proportional t& - A(r,t)
structural relaxation time. Such results are discussed an@elevant in resonant conditions and vanishing in éhe w;
found to favorably compare to literature ones obtained bylimit of interest herg and the direct photon-nuclei interac-
means of lower frequency techniqué&s-11. Thus a consis- tion term[whose order of magnitude is./my smaller than
tent experimental picture of such a relaxation process is dehe photon-electron interaction term Ed), wheremy, is the
rived. Moreover, fog>2 nm !, we find that it is necessary nuclear mask Exploiting the Fermi golden rule and the adia-
to introduce & dependence into the viscoelastic contributionbatic approximatior(i.e., the factorization of the electronic
to the memory function. We show, therefore, that we areand nuclear eigenstaje®ne obtains
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Fo K q=2 nm ! [19], i.e., the electronic charge distribution is
EPTe) =ro(€ €) k_f IEF P almost spherical; consequently, independently of its specific
nen spectral form, the scattering cross section can be considered

2 all coherent, and Eq4) can be directly used with a confi-

X <|:n|2 fi(@expig-R)|[1n)| 8(w0—wi—w). dence higher thar-2% in the whole spanneg range.
]
B. IXS setup: ID16 at the ESRF

2 The experiment was carried out at the very high energy
P resolution IXS beamlinglD16) at the European Synchrotron
Here(lo| ((Fl) are the mma!(fmal) nuck-agr- states?, padiation Facility. The x-ray source is col?npose)é of two un-
represents the thermal population of the initial states, andjators with a magnetic period of 42 mm and a total length
fj(q) is the form factor of thejth particle whose center of of 3.2 m. The utilized x-ray radiation is the one correspond-
mass position iRR; . At this stage, it is possible to relate the ing to the undulator emission on the fifth harmonic, chosen
scattering cross section to the dynamic structure factoro optimize the photon flux at the energy used in the present
S(g,w), which can be written as experiment(21.748 keV). After being premonochromatized
to a bandwidth of 10* by a cryogenically cooled &i 1 1)
double crystal monochromator, the beam is backscattered by
S(q,w)= E P, the main monochromator, consisting of a flat, symmetrically
nFa " cut silicon crystal oriented along th@ 1 1) direction. The
Bragg angle of the monochromator is 89.98°. The family of
crystalline planes used by the monochromator has to be cho-
sen as a compromise of resolution and output flux require-
ments; in the present experiment we chose to work with the
(3 Si(11 11 12 reflection, which allows an overall instrumental
energy resolution of 1.6-meV full width half maximum
In the simple case of a monoatomic systenfd)=f(d)  (FWHM) and a flux of 7< 10° photons on the sample with
being independent of thgth atom, Eq.(2) reduces to the 200-mA current in the storage rif@0]. The monochroma-
expression tized beam is then focused by a grazing incidence toroidal
mirror on the sample position to a spot size of 1%6rtical
k. X 350 (horizonta) um? FWHM and with a divergence of 75
rg(ei-ef)zk—'|f(q)|28(q,w), (4)  (vertica) X120 (horizonta) uRad FWHM. The radiation
f scattered in the nearly forward direction is analyzed by five

and thus in this case the inelastic x-ray scattering cross Se&r]dependent analyzer systems, mounted one nextto the other

tion is directly proportional td(q, ). The same result can With a constant angular offset at 0.5 m from the extremity of

be generalized to the case of an isotropic molecular s stea 7-m-long arm. Such an arm is capable of rotating, in the
9 P YS®lhsrizontal plane, in the scattering angles range comprised

whenever the internal degrees of freedom of the molecule etweend,=0° and 13°. The exchanged wave numgean

have energies much higher than those corresponding to the . . o .
collective acoustic excitations. In such a case, of cours,(I;be accordingly varied, being=2k; sin(642). The angular

offset between two neighboring analyzers corresponds to a
f.(q) represents the molecular form factor of thth mol- . PR
] . . difference of 3 nm+ in exchanged momentum. Each ana-
ecule. In the case of a general, anisotropic monomolecul

. q{/zer consists of~10000 small silicon crystals of surface
sys;em the atomic form f.aCtOf.i(Q) hold; a depgndence O Size 0.7<0.7 mn? and 3-mm height, glued with-10" tol-
the jth molecule through its orientation in space; thus we are

. X erance in their relative alignment on a spherical substrate of
not allowed to relate the scattering cross sectios(, w) diug 2 h | h fl
directly. However, it is always possible to writé(q) Q.S-m radius 20]. The analyzers operate at the same refiec-
— £( )'f.‘(Sf-( ) Wf,1eref( ) represents the orientat]ionall tion as the monochromator in Rowland geometry with 1:1
—'q L9, q P y magnification; each of them collects the radiation scattered at
averaged molecular form factor anif;(q) represents the

deviat £t f f Th . ent the chosen scattering angle, and focuses it onto a Peltier-
t_ewa} lon OI tj'(Q) rom (t?]). ?n’ ?ssumlng nf[)t onenta- .q51ed, Si-diode detector. The dark counts due to the elec-
lonal correfation among the molecules, the Scallening Crosg, i ang environmental noise arel count/min. The de-

igﬁ?r?gu(t:i?; bri V\;gtstgr?tgg tgﬁcséurg (;firtlwg teéﬁ)"h:nco?wgir;ﬁ tectors energy resolution is400 eV. Slits in front of the
P 9 y &9, analyzers set the desired momentum resolutief,4-nm *

?e'lrcetg:ly t?]egle:]gé?dgﬂgget:tz;sg;r?rﬁ);(;goyﬁg&eigé_Og:he;ormFWHM in the present case. The energy scans are performed
' y ’ by varying the monochromator temperature with respect to

contripution which, thrqugh_théfj(q)_ term, directly CON" * that of the analyzer crystals; the main monochromator and
nects the local fluctuations in the orientational dynamics to

the molecular center of mass motions. Clearly, the ratio manalyzer temperature is controlled with a precisiord.2

. X . N ' mK. The spectrometer is described in further detail else-
the integrated intensity of contributiofii) to the coherent where[20]
one is smaller tharR= (6f ,,,/f(Q))%, where 6f ., is the '
largest possible deviation from isotropy of the molecular
form factor and can be determined from the knowledge of
the distribution of the electronic charge. In the case of the Distilled and deionized water has been used to fill a
water moleculeR~0.016 atq=7 nm ! andR~0.001 at ~1 cn? stainless steel cell made of INCONEL 751. This

2
X <Fnl$ explia-R)|1y)| S(o—wi— ).

o
dwdQ)

C. Experimental details and results
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TABLE I. The first two columns report the temperatdiie and  and transport parametef1]—relevant in the following—
pressurgP) of the thermodynamic points where IXS spectra haveare also reported. Finally, we have performed a further set of
been collected. Columns 3-5 report three corresponding thermodyneasurements at a temperature of 277 K and a pressure of 3
namic properties to be used in our data analysis, i.e., the masgyar, in order to study the dependence on density of the
density (), the adiabatic sound velocitg(), and the ratio of con-  gynamic structure factor. The pressure stability was usually
stant pressure to constant volume specific heals Column 6 petter than 2%, while temperature fluctuations were less than
reports the coefficierD+= x/y, wherey is the thermal diffusivity. 0.2 K.

The last column, finally, reports .the shear viscosity,)( Lines Each spectrum has been obtained by typically averaging
rln;:s-ri?noét Ee g:rt:/ecrgglis‘):or'r?;%cfg dt:f 01 f’ﬁ?:hgeg:z;;/ (five scans, and the acquisition time was about 150 min. for
=11 ’g/cm°’) Tlhe data in C(,)Iumns 3-7 have been obtained fromeac?1 scan. The data ha_ve been normallzeq to the 'r_‘tenSIty of

' ' the incident beam. The instrumental resolution functions, one

Ref. [21]. for each analyzer, have been assumed to be represented by

T p o Co D:x10° 7 the spedctrum of af plegigflass sample&t(a)asure?) aqtt;er
responding to its first diffraction pea nm -), and at

(0 (bay (gren) (mi9 4 (cnt/s) _(cP T=10 K; in such conditions, in fact, the scattering is domi-
nated by its purely elastic component. The measured resolu-

273 90@G7) 1.0421) 15676) 1.0061) 1.501) 1.671) tion functions are well represented by a Lorentzian shape

277 1.0@1) 1.0001) 143Q020) 1.0001) 1.351) 1.581) with a 1.6-meV FWHM.

300 1.001) 0.9971) 151020) 1.0121) 1.481) 0.851) Examples of experimental spectr®) compared to the

313 1862) 1.00q1) 15637) 1.0281) 1.591) 0.661) appropriate normalized resolution functiof@otted ling are

328 90@30) 1.0221) 170020) 1.0542) 1.771) 0.531) reported in Figs. 1 and 2. In the former, the evolution with

333 40@3) 1.0001) 16278) 1.0541) 1.731) 0.481) both P andq of the scattered signal measuredrat277 K is

353 6905 1.00%2) 16876) 1.0831) 1.841) 0.371) presented; in the latter, instead, the evolution wWitbf the

373 102020) 1.0012) 17427) 1.1141) 2.021) 0.311) scattered signal measured at selecfedlues is shown. Asa

393 136010) 1.0043) 17892) 1.1371) 2.151) 0.271) general consideration, all spectra show a very clear inelastic

413 153010) 0.9932) 18012) 1.1641) 2.271) 0.231) signal which definitively increases with both increasing pres-

sure(density or temperature. Moreover, the measured signal
shows a spectral shape which, @2 nm 1, closely re-
sembles the hydrodynamic Brillouin triplet and which
evolves, with increasing, toward a structureless broad band
centered atw=0.

In order to relate the measured signal witho/dwd(),
and thus withS(q,w), it is necessary to take into account
cell can be pressurized by a hand pump up to 5 kbar anBoth the photoelectric absorption and the multiple scattering
heated up to 700 K. The x-ray incident and scattered bearpontributions. In fact, the flu1k\I1 of photons which are col-
enters and leaves the liquid sample through two single crydected after one scattering event in the solid angle and in
tal diamond cylindrical windowsthickness 1 mm, diameter the frequency intervah w/27 can be related to the incident
2.3 mm. The distance between the two windows, i.e., thephoton fluxN, by the expression
sample length along the beam, is 10 mm, comparable to the

433 150020) 0.9782) 17784) 1.1881) 2.351) 0.201)
453 155050) 0.9652) 176Q10) 1.2152) 2.452) 0.1835)
473 200030) 0.9681) 18076) 1.2271) 2.601) 0.1755)

277 301030) 1.1091) 202040) 1.02q1) 1.701) 1.591)

x-ray photoabsorption length of water at the considered en- o
ergy. The high pressure cell has been kept in vacuum in N;=N,——~AQAwnLe #t, (5)
order to minimize both temperature gradients and scattering dw )

from the air surrounding the cell itself. Temperature has been
measured by a Cr-Al thermocouple in thermal contact with”

the main body of the cell. The cell was connected to th o : )
y he contribution to the actually measured signal which

pressure system by a 1-m-long stainless steel capillary whic . . ) e
ensured a good thermal insulation between the cell and thePMes from multlple scattering events Is clgarly more diffi-
room temperature environment. The pressure was monitoréglt t formalize, and depends on the details of the sample
with a calibrated gaugéNova Swiss whose precision is Shape and the spectrometer optics. Howeve,ifepresents
~1%. the flux of outcoming photons corresponding to two scatter-
IXS spectra have been measured at different exchangdBd events, the ratidR; (q) of the integrated(over fre-

momentag, temperatured, and pressureB, as reported in  quency intensity ofN, to that ofN; can be estimated for the
Table I. Here we concentrate on theange between 1.0 and present measurements and for theO scattering geometry.
7.0 nm . Most of the thermodynamic points were studied atIn fact, it can be shown that an upper estimate is given by

four different exchanged momenta.o, 2.0, 4.0, and 7.0

wheren is the molecular number densitly,is the longitudi-
al sample length, ang is the total absorption coefficient.

nm-1); in a few cases a narrower grid has been used. We (2
have performed measurements in the 273-473-K tempera- Ry Aq=0) f deo[f2(6)S(6)]>~0.017. (6)
ture region, using pressuf®—1.5 kbay to keep the density ZZS(O)

=1 glcn?, according to the equation of stg®d]. In this
way, we have spanned a large range of thermodynamic con- Here Z=1{(0) is the number of electrons of the water
ditions, as shown in Table I, where a few thermodynamicmolecule =10); h is the transverse optical acceptance of
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P=1 bar P=3 kbar

q=2.25nm"
FIG. 1. Examples of th& and

g dependences of the IXS spectra
of liquid water (open circley at
277 K; the data on the left hand
side refer to ambient pressure (
~1 glen?), while those on the
right hand side refer to a pressure
of 3 kbar (p~1.1 gl/cn?). The
spectra are shown together with
the fits to generalized hydrody-
namics(full line), as discussed in
Sec. lll, and the experimental
resolution function(dotted ling,
normalized to the intensity maxi-
mum. The measured empty cell
signal (open squares after being
multiplied for the transmission of
the water sample,=0.48, is com-
pared to the spectra at ambient
pressure.

g=5.25nm"”"

Intensity (counts /s)

. 0
4 6 -6

Brillouin shift w/2n ( THz )

the spectrometerh(=2 mm); S(6)=S(4= sin(@)/\) is the  Wwhile for f(q) we have used the tabulaté@q) values cor-
structure factoS(q), evaluated at the scattering angteand ~ responding to the=" ion [23]. The latter choice is, once
similarly for f(6). To perform the calculation of relatiofs) =~ More, an upper estimate because the form factor of water is
we have use®(q) values taken from a molecular dynamics expected to decay faster than that of fe ion. We find
(MD) simulation of water T=310 K, p=1 g/cn?) [22], that, in theq=0 case, the integrated contribution coming

q=2 nm’ q=4 nm’' q=7 nm’"
2.4
1.6 T=273 K
0.8
0.0
1.2
Q 0] T=300 K
75}
+— 0.0
<] 1.6
2
3 08 T=333 K
p—
>~ 0.0
*a 16
S os T=373 K
N
E 0.0
1.64
0.8 T=413 K
0.0
1.6
08 T=453 K
0.0

Brillouin shift w/2n (THz)

FIG. 2. Examples of th& dependence of the IXS spectra of liquid watapen circlesat the indicated temperatures and wave numbers.
The data are shown together with the fits to generalized hydrodyndfuickne), as discussed in Sec. lll, and the experimental resolution
function (dotted ling, normalized to the intensity maximum.
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from two-scattering events is lower than2% of the single- FPD (1) i Id(t')
scattering signal. It is worth to note thRj ;(q) further de- qz +w§(q)<1>q(t)+f dt’mq(t—t')Q_:O;
creases with increasingsince, forq>0, the integral of the at 0 at’

squared expression in relatigf) has to be changed into a (10

convolution mtegral._ . . analogously, in the frequency domain, the dynamic structure
In summary, we find that the anisotropic part of the water,

. . ~“'factor can be written as
molecule form factor and the multiple scattering contribu-
tions to the measured intensity have very different depen- 2v2g2
dences om: at lowq (q=~2 nm ') we expect a maximum (g, 0)= —
of ~2% contribution from multiple scattering, but essen-

tially no contribution from the anisotropy in the form factor; \yhere Im denotes the imaginary part. The parametg)
the opposite situation holds at highis. Thus[Eq. (5)] we jntroduced in Eqs(10) and (11) is completely determined

can safely assume that the measured intensity is proportionghce one requires that the second sum ruleSar, ») be
to S(qg,w) with a confidence better than2%. fulfilled, and it turns out to be

Finally, the contribution of spurious scattering from the
empty cell has been measured in all the considered scattering ) (qQv,)?
geometries; examples of such measureménien squares wo(d) = S@) (12)
corrected for the transmission of the water sampte (
~0.48), are shown in Fig. 1 as compared to the total meawherev, is the classical thermal speed which is defined in
sured signalopen circleg Although this spurious signal has terms of the molecular mad$d and the Boltzmann constant
an integrated intensity which amounts 466% of the total Ky asv2=KgT/M. Moreover, in Eqs(10) and(11) we have
signal, with almost no dependence qgnit is of negligible introduced the second memory functiom(t) (mg(w)) of
relevance for the results to be presented below, as will béhe so-called Zwanzig-Mori expansion df(t) (S(q,w))
discussed in Sec. lIl. [24]. Alternatively, Eqs(10) and(11) can be simply consid-
ered as equations which defing(t). As a matter of fact, the
IIl. DATA ANALYSIS real advantage of Eq$10) and(11) is that the introduction
) . of simple models for my(t)—instead of directly for
In Sec. 1A, we will recall a few general ideas of a ¢ (t)—guarantees that at least the first two nonzero spectral
Simple formalism Wh|Ch iS Often Used to describe the atomiqrnoments OfS(q,(I)) are a|Ways respected_ C|ear|y, at th|s
dynamics at high frequencies and wave numbers, i.e., thgtage[Egs. (10) and (11)], being formal expressions, cor-
so-called molecular hydrodynamics. For a complete discus,-ecuy describe the atomic dynamics at any tiffrequency
sion of this topic, we shall refer to well known monographs snd wave number.
[16,17. In Sec. llIB, then, we will discuss the specific  According to the different kinds of dynamics which are
model that, within the introduced formalism, we have used tqyroped, the §,w) space is usually divided into different re-
describe the measured spectra. Finally, in Sec. IllC we W"cBions. Two quantities can be introduced as reference points
discuss a few relevant details on how the experimental spe¢n sych a space: the average intermolecular distanaad

Ml w?~ wo(q)?~ i wmg(@)] 7%, (11)

tra have been actually compared to the chosen model.  {he characteristic time of the so-called structural relaxation.
Among all the relaxations which can be active in a liquid
A. Theoretical background system, and which mirror its different available dissipative

[processes, the structural relaxation plays a particularly im-
portant role since it is related to the cooperative processes by
which the local structure, after being perturbed by an exter-

We are here essentially concerned with the normalize
correlation function®(t) of the density fluctuations

(8p* (0)Spy(t)) nal disturbance or by a spontaneous fluctuation, rearranges
q()= f—q (7)  toward a new equilibrium position. This relaxation is inti-
(6pq(0)6py(0)) mately related to the many-body effects which differentiate

liquids from, e.g., diluted gases, and can be considered as a
where dpq(t) is the g component of the fluctuation of the sort of fingerprint of the liquid state. With referenceaand
microscopic number density(r,t). The dynamic structure 7, we can introduce two regions of the,) space which
factor S(q, ) is then defined as are relevant for the discussion that follows.

(i) The conditiongga<1 andw7<<1 define the region of

_ o ot the (q,w) space where simple hydrodynamics holds. In this
S(q’w)_S(Q)wadte Dq(1), (8) region the fluctuations are collision dominated. Here the

changes in the liquid structure induced by the density fluc-
tuation are supposed to take place sufficiently slowly for the
system to be considered in a state of local thermodynamic

1 (e equilibrium. Under this condition and in the continuum limit,

5(q):<5pa<(o) Spq(0)) = z_f dwS(q,). (9) it is possible to obtain a closed set of equations describing
) —e the space-time variations of the conserved variables, namely,

the particle number and the current and energy densities.

An equation of motion ford,(t) can be written in the This description becomes explicit when the values of appro-
form of a generalized Langevin equatifit6,17] priate thermodynamic derivatives and transport coefficients

where we have introduced the static structure factor
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are specified. The results of such calculations are available ipected afy values sufficiently high such that the concept of
analytical form and can be expressed by Efp) with the  pure transverse or longitudinal character of the modes in a
memory function16] liquid system begins to lose significance. In the case of wa-
. ter, such transverse contribution becomes definitely relevant
My_o(t) = w2(q)[ y—1]e PT9"'+21g25(t), (13)  only atq values beyond the 1-7 nm range which will be
considered her§25,4], and thus, in the following, we will
where y=Cp/Cy is the constant pressure to constant vol-simply disregard it. At this stage, in the molecular hydrody-
ume specific heat ratid)= «/(pCy/), wherex is the ther- namic approach that we just recalled here, a specific model
mal conductivity; and; is the kinematic longitudinal viscos- for my(t) has to be introduced, and this will be described in
ity. Sec. llIB.
(ii) If condition w7<1 fails andga~1, one enters the
region of so-called molecular hydrodynamicks]. In this
region the atomic dynamics is influenced both by structural
and relaxational effects. For what concerns the former, their In the framework of Eq.(14), the simplest choice for
intervention directly comes into play through the structureK(q,t) is an exponential decay. This choice, which is usu-
factor S(q). For what concerns the latter, instead, an approally known as theviscoelastianodel, allows for a reasonably
priate viscoelastic model has to be introduced. In fact, if argood description of the evolution &(q,w) with q for g
external disturbance is applied to a liquid system, the ob=0,,, whereq,, denotes the first diffraction peak position.
served response depends on the relative duration of the pdriowever, forq~q,,/10, as in our caséwvater has a struc-
turbation w1 as compared to the relaxation time If w7  tured first diffraction peak which approximately covers the
<1, the system can respond to the perturbation, and quickl20—-30-nnT! range, the viscoelastic model begins to fail
takes up a new configuration; this corresponds to the simplg26]. This is usually explained by saying that, when decreas-
hydrodynamic region referred to previously. If, conversely,ing q belowq,,, the memory function splits into two contri-
o7>1, the system has no time to respond before the pertubutions.(i) The first one is related to molecular vibrations in
bation is removed and the pre-existing equilibrium state ighe local environment, which induce a loss of correlation at
unchanged; in this situation the system behaves as a solithe very early stages, usually on a 18s time scale, with
and actually the conditiom7>1 can be used to define the almost no temperature dependence. To keep consistency
purely elastic state. Measurements made in between thegdth the current language used in the literature on glass
two time scales, i.e., in the “relaxation region,” enable oneforming liquids, we will refer to this contribution as to the
to determine the relaxation time. microscopic decay27]. (i) The second contribution, in-
The smooth transition from the simple hydrodynamic re-stead, is thought to be basically due to the couplings of dif-
gime to the molecular one is the main argument used tderent g components of density fluctuations, and—as a
extend the hydrodynamic description by retaining the formaWwhole—corresponds to the structural relaxation referred to
structure of the equations, but replacing the thermodynamipreviously[27]. This latter contribution is characterized by a
derivatives and the transport coefficients with functionsdecay time which strongly depends on temperature, changing
which can vary both in spader wave numberand time(or ~ from ~10 2 s in the normal liquid phase up to about 100 s
frequency. Thus Eq.(13) can be generalized in the follow- close to the glass transition temperature. As a consequence of
ing way [16]: this conceptual picture, and beginning with the MD study by
Levesqueet al. on the Lennard-Jones liquid near its triple
mq(t):wg(q)[y(q)_1]efDT(q)thJr K,(q,t), (14  point[28], it is customary to represent the functién(q,t)
as the sum of two exponentials. As a general result of this
where y(q) andD+(q) are theg-dependent generalizations approach, the characteristic time of the microscopic decay
of the corresponding thermodynamic quantities, Kpgy,t)  turns out to be at least almost one decade in time faster than
is directly related to the longitudinal kinematic viscosity. In the characteristic time of the structural relaxatj@s]. As a
fact, the requirement that Eq14) joins Eq. (13) in the  consequence, and in order to use a model with a minimum
simple hydrodynamic regime imposes the condition number of parameters, here we will represent the micro-
scopic decay with a simple Markovian term. As a matter of
. * o fact, in Sec. IV this simple approximation will be shown to
lim fo dtKi(q,)=9%;. (15 pe detailed enough to represent our experimental data. In

B. Choosing the model formy(t)

a0 summary, our model foK,(q,t) reads
In addition to Eq.(15), further constraints could be im- 9
posed onmg(t) by the knowledge of higher spectral mo- Ki(q,t)=27y,(q) 8(t)+ —A%(q)e” Ym(@) (16)
p

ments. However, for the sake of the present data analysis, in
order to minimize the number of free parameters, it is not
very useful to go beyond the second spectral moment fowhere 2y,(q) 6(t) represents the very rapidly decaying mi-
S(q,w). croscopic contribution t&,(q,t), my(q) is theg-dependent

It has to be emphasized that the formulation presentetime which characterizes the long time tail Kf(qg,t), and
here is a generalization of the formalism used at tpuand ~ A?(q) is the structural relaxation strength which is related to
thus does not take into account the transverse contributiortsvo further important quantities..(q) and c,(q)—the
which are known to enter in the density-density dynamics ofg-dependent generalizations of the usual infinite frequency
water at highqg [25,4]. This latter effect can in fact be ex- and adiabatic sound speeds—}&5]
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A%(q)=p[cZ(q)—c3(a)]. (17) ity relaxes; see Eq16). In the present situation, where we
assume a single exponential decay for the structural relax-

In fact, the second term on the right hand side of @§)  ation, one can show that5] (i) my(q) is also the relaxation
is in principle able to describe the classical phenomenologyime for the long time tail of the longitudinal modulus|
of the dispersion and absorption of the sound waves, e.g., the pc?, wherec is the longitudinal speed of soungi) ()
transition of the sound speed from its low-frequency, adiais the relaxation time for the long time tail of the longitudinal
batic value,c,(q), to the high-frequency, limiting value, compliance,), defined asl=(M) 1. Moreover, in the same
¢..(g). Since we have shown in a previous study that such aingle exponential approximation it can also be shown that
transition actually occurs in liquid water at the frequenciesthe S(q,w) spectrum is characterized, at frequencies much
and wave numbers probed by I{$4], the inclusion of the lower than the Brillouin peak position and in the unrelaxed
exponential term in Eq.16) to represent the structural relax- limit, by a relaxation regiorimountain peakwhose charac-
ation is crucial in order to obtain reliable values for the re-teristic time is7c(q) [16]. Thus 7c(q) is the characteristic
laxation parameters. Moreover, though in principle more rigtime that should in principle be compared to those obtained
orous and detailed expressions than a simple exponentilom analyses of other susceptibility specteag., depolar-
decay could be used to represent the structural relaxatiozed light scattering, dielectric relaxation, etc.Conse-
contribution[27] (as, for example, has been done in a recentjuently, in order to facilitate such a comparison, we prefer to
analysis of depolarized light scattering spectra of wi2éy), express Eq(18) directly in terms ofrc(q) instead than in
nevertheless—as we will show—we can fully account forterms ofr(q).
our experimental data with a single exponential approxima- Finally, in concluding this subsection we want to relate
tion, and thus there is no real need to use a more complethe present model to the one that we used previously to ana-
expression. lyze the inelastic x-ray scattering data, namely, daenped

The first term on the right hand side of E@.3), corre-  harmonic oscillator model (DHO)30]. In fact one can see
sponding to the thermal contribution, in contrast to the vis-that in the limitsy~1 andw7c(q)>1, which are both ap-
cosity term(the second term on the right hand sids char-  propriate for undercooled liquids and glasses probed at the
acterized by a finite decay time; it is consequently moretypical IXS frequencies and wave numbers, EB) reduces
sensible to modify theS(t) decay of the viscous term than to to
speculate about possible deviations of the thermal contribu-

tion from a purely exponential decdyl7]. Thus we will 2

— 2
approximate the thermal contribution with its counterpart at [Mg(t) IoHo=27,(a) (1) + ?A (q). (19
low g’s, i.e., we will assumei) w,(q) = w,=qcr, Wherecy
is the isothermal sound velocityii) v(q)=1y, and (iii) With this memory function, the dynamic structure factor

Dr(q)=D+. Assumption (i) is quite safe sincew?(q) [Eq.(11)] reads

«[S(q)]~* [16], andS(q) is almost flat in theg range con-

sidered here (&q<7 nm ). Assumption(ii) is also well  S(q,w) ( ) 202(9) v(q)
verified in water in the consideregirange[5]. Assumption oo ~ (17T 5> > >
(iii), however, is in principle quite poor sinde{(q) de- S [0~ ox(@) ]+ loy(q)]
creases by almost a factor of 3 whgimcreases from its zero
limit up to 7 nm ! [5]. However, this is not really a relevant wherew..(q) = qc..(q) andf,=1— (0o(q)/0.(q))? the lat-
problem. In fact, ag=0, being 6*A%)/(pwg)=3[35]and 1o being known in the literature of glass forming systems as
being y=<1.2 (see Table), the strength of the thermal con- e nonergodicity paramet§27]. Equation (20) is exactly
tribution, pwg(y—1)/g?, is about one order of magnitude the expression we have used in our previous analyses of
lower than that corresponding to the structural relaxationyndercooled liquids and glasskg0] and also of watef14].

A?, and such a situation is not expected to change mucih the latter case, however, since both conditigns1 and
when increasingj in the q range probed here. Thus, assump-r.(q)>1 are progressively violated with increasing tem-
tion (iii) simply amounts to neglect treedependence of the perature, Eq(20) represents only a rough description of a
characteristic time of an exponential contribution whoseyjch phenomenology, thus motivating, in fact, the develop-

Strength is~10% of that of the structural relaxation. ment of the more physica| model given by EQS)
In summary, to describe our experimental spectra, we will

use Eq.(11) together with the Fourier transform of the fol-
lowing model for the memory function:

+27f6(w),
(20)

C. Fitting procedure

In the two previous subsections, we have discussed clas-
mq(t):wé(y— 1)e*DTq2t+270(q)5(t) sical models forS(q,w). In fact, quantum effects that arise
from the overlap between the single-particle wave functions
can be safely neglected in the study of liquid water in the
thermodynamic range of interest here. However, the quan-
tized character of the energy transfers at a microscopic level

In this equation, we have introduced the relaxation timeleads to a natural imbalance of the spectral properties which
7c(q) defined aSTc(q)=TM(q)[wi(q)/wg(q)]. From a is expressed by the detailed balance condifi®8,17. In
physical point of view the difference betweemn,(q) and order to fulfill such a requirement, we follow the common
7c(q) is well known[15]. The former is the characteristic empirical prescription of multiplying the classica(q, w) by
time with which the long time tail of the longitudinal viscos- the factor x(n(x)+ 1), where x=Aw/KgT and n(x)+1

2
+ q_A2(q)e—(wi(Q)t)/(wg(q)TC(q)). (18)
p
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FIG. 3. Two typical examples of the measured spe@b@en
circles compared to the best fits of E(®21) (full line). The spectra 0 v T T T
refer to theq, T, andP values indicated in the figure. A log-linear 0 2 4 6 8

scale is used in order to emphasize the goodness of the fits. In the
insets, the deviations of the fitted functions from the experimental
data are reported in standard deviation units.

q(nm™)

FIG. 4. The three relevant fitting parametesgq), c..(q), and

1 . . 7c(q) of Eg. (21 to the set of spectra measuredTat 277 K and
=[1-exp(=Xx)]"". Thus, in order to represent the experimen-p_ 1 par as a function of. The results corresponding to a single

tal spectra, we use the function run of measurement®pen trianglesare compared to the average
_ results over the two runs that we have perforn@gen circley and
f(a,0)=[R(w)]@[lo(n(w)+1) to the results obtained after having subtracted the empty cell con-

X Im[ w2— w(z)Jr i wmq(w)]—1]+ B, (22) tribution (cro_ssed squarbﬁom the _original spectra. Moreover, the
results obtained with a global fitting routine which constraints
v,(q) to have ag? dependence are reportécrossed diamondls
where my(w) is the Fourier transform of EQ18). In EQ.  These parameters are all statistically consistent. The functions Egs.
(21), R(w) is the experimental resolution functio®, stands  (22)—(24) used to represent thgdependence of the fit parameters
for numerical convolution], is an overall intensity factor, are also reportedotted lines.
andB is an additional background term which accounts for
the electronic background of the detectors and for the enviThese examples are reported on a log-linear scale in order to
ronmental background. better appreciate the goodness of the fits. Moreover, in the
We fit Eq. (21) to the measured spectra by imposing, attwo insets of Fig. 3 we report the deviation of the fitted
each temperature, coefficients which define both the thermalinction from the experimental data in standard deviation
diffusion term in the memory functiofi.e., v, ¢y, andDy) units, in order to show the statistical consistency of €4)
and the parametes, . These coefficients are taken from Ref. to the experimental data in the whole spanned frequency
[21] and are reported in Table I. Thus, in the fitting routine, range. Further examples of EQ1) (full lines) best fitted to
we have five free parameters lefi) an overall intensity experimental datéopen circlesin a large range of tempera-
factorl, ; (i) the background terrB; (iii ) the strength?(q) tures and wave numbers are reported in Figs. 1 and 2.
of the structural relaxation, or, alternatively, the limiting In order to assess the reliability of our rough data, and
speecc..(q); (iv) the compliance relaxation time-(q); and,  referring to Fig. 4, we discuss the results obtained for the
finally, (v) the instantaneous memory coefficienf(q). For  three relevant fitting parameteng,(q), ¢.(q), and 7<(q)
the actual fitting routine, we have performegtaminimiza-  corresponding to the measurements performeti=a277 K
tion using the standard nonlinear least squares Levenbergnd P=1 bar as a function of]. At this temperature, we
Marquardt algorithn}31], with a mixed quadratic and cubic have performed two different runs of measurements with
line search procedure. In all cases, the figalvalues have slightly different sample environments. The results corre-
been found to be consistent with their expected values. Thisponding to a single ruiopen triangles and the average
result can be readily appreciated looking at Fig. 3, where weesults of both rungopen circley are seen to compare rea-
report two typical examples of the measured spe@den  sonably well, within the estimated error bars. As a result,
circles compared to the best fitting Eq21) (full line).  experimental reproducibility is guaranteed. Moreover, in or-
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TABLE Il. Columns 2-5 report the coefficients describing the the fitting procedure discussed in Sec. Il C. For what con-
dependence of the fitting parametegq), c..(q), and7c(q) cor-  cerns the other two fitting parameters, namélyandB, we
responding to the temperatures reported in column 1. Column @btain values which are in overall agreement with our expec-
reports the ratio between the longitudinal kinematic viscosity, ob+gtions based on the experimental setup. They are clearly of

tained as a result of the present analysis, and the shear kinemaiig, relevance for the following discussion, and so they will
viscosity, taken from Table I. Column 7, finally, reports the numberno longer be considered here.

of spectra at different’s which, at each temperature, have been
found to give stable fit results. Lines 1-13 report data correspond-

ing to thep=1 g/cn? measurements; line 14, conversely, corre- A. q dependence

sponds to a higher densitp£1.1 glcnf). In order to have some feeling on the reliability about ghe
dependence of the obtained fitting parameters, we have ad-

T YoX 10° Ce TC & ditionally performedglobal fits of the whole available set of

(K) (cmfs™h) (kmsh)  (py  (nmY)  wplvs N experimental spectra at differeqts and at a given tempera-

ture by imposing some additional constraints. As an ex-
ample, in Fig. 4 we report the results obtained by imposing a

Z? ;Zgg 2153 244'(;(?8) ?'17(113 246?8)7) g g° dependence ony,(q) (crossed diamondsThe param-

' ' : : ' eters we obtain in this way are statistically consistent with
300 2.9918)  2.864) 243 9.7116 496 3 the others which have been previously discussed. Similar
313 3.62 2736) 12313 122) 364 3 results have been obtained by imposingg#ndependent
328 342) 2866 0768 186  3.34) 3 c..(q). From this kind of analysis some general results have
333 3.3917) 2.735) 0.8§7) 12918 3.93 3 been derived.
353 29218 2907) 0709  123) 4.36) 3 (i) The parametew,(q) shows, with increasing, a defi-
373 3.4815 2625 0485 174 374 5 nite increase which can be well represented hy’ alepen-
393 28714 2.826) 0433 163 413 3 dence[dotted line in the Fig. @&)],
413 3.2115 2.617) 0.466) 10919 4.76) 3
433 25118 2.8410) 0.2847) 1599 394) 3 Yo(4)=Do0?, (22
233 33 (?12;) 2222;2 ) Obl.gf(zlt)n ) 35'(1;1) ; and this is the parametrization ¢f(q) that will be used in

the following.

(i) The parametec..(q), conversely, can be described
with a g-independent valugdotted line in Fig. 4b)]. Actu-
ally, although a slighy dependence at the lowegtvalues
der to check the role of the spurious scattering coming frontan be noted in some local fit rups.g., open circles in Fig.
the cell itself, in Fig. 4 we also present the results obtainedkb)], we find it to be correlated with the specificdepen-
after having subtracted from the spectra the empty cell condence of y,(q) (see crossed diamonds at logis); thus,
tribution (corrected for the transmission of the water samplegince we represeng,(q) with a simpleg? dependence, we

t=0.48). These resulterossed squargsre once more sta- shall represent..(q) with a g-independent value:
tistically consistent with those derived neglecting the empty

cell contribution(open triangles and open circjesor this C.(q)=Cs. (23

reason, in the following, we will only discuss the results

corresponding to the rough data, without using any addi- (i) The parameter(q), finally, shows a definite de-

tional subtraction procedure. creasing trend with increasirgwhich is very stable against
The stability of the best fitting parameters and the corredifferent fitting procedures. This behavior is well repre-

lation coefficients among the final results have been carefullgented, in our limited| range, by a linear depender{c®tted

analyzed. It has been found that fitting E2]1) to the spectra line in Fig. 4¢)]:

collected atg=1 nm ! and at all temperatures leads to

strongly correlated and unstable results. For this reason, 7c(d)=T7o(1-0a/§),

these spectra_ have been C?Tp'ete'y disregarded in ﬂ%@nd this is the parametrization ef(q) that will be used in
present analysis. Fa@r=1.5 nm " the results are generally he following. Further examples of the,(q), c.(q), and

stable and the parameters are sufficiently uncorrelated, W'tbc(q) values obtained at few selected temperatures are

the exception of those corresponding to the highest temperay swn in Fi .
: g. 5, where the fits of Eq&2), (23), and (24)
tures (T=453 K). There, in fact, due to the low speed of are also reported. The whole set of tBg, c.., 7o, andé

sound and t_he consequent merging of the inelastic featur%lues obtained at the investigated temperatures is reported
under the tails of the quasielastic peak, only the spectra co|f1 Table II

lected atg=4 nm ! give reasonably safe fitting results. The
number of spectra at differenfs which, at each tempera-

ture, have been finally considered as meaningful for this kin
of fitting analysis is reported in the last column of Table II.

277 5.3217) 3.303) 1.52) 50900 3.06) 5

(24)

From a qualitative point of view, the obtained results for
he q dependence of the fitted parameters confirm those ob-
ained in previous analyses. In facig(q) decreases with
increasingq, as has already been found in similar analyses
performed by MD techniques on watg8—5] and, more in
general, by both MD and INS on several systé@ig. While

We will now discuss they, T, andp dependences of the more sophisticated models have been proposed to describe
parametersy,(q), c.(q), and7c(q), obtained as a result of theq dependence ofc(q) in order to be consistent with the

IV. DISCUSSION
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FIG. 5. Examples of thg dependence of the best fit parameters of E§8). and (21), y,(q), c..(q), andrc(q), corresponding to the
following thermodynamic pointsT=273 K andp~1.04 g/cni (full symbolg; T=373 K andp~1.00 g/cni (crossed symbojsand T
=277 K andp~1.11 g/cni (open symbols The data are shown together with the fits of E@®), (23), and (24), which are used to
determine their long extrapolation.

very highg, single particle behavidi32], here, in the limited broader until the conditionnr-~1 is reached, where the

g range we analyze, we use the very crude linear approximaelaxational and propagating dynamics are on the same time

tion Eq.(24). In principle, it has to be expected that at lower scale. Under this condition, the Brillouin peaks progressively

g’s, e.g., those approaching the hydrodynamic regiraéq) broaden to the extent that they almost disappear merging in

loses itsq dependence and flattens toward a plateau. Howthe tails of the relaxation ban@ee the spectrum at 373) K

ever, this is not in real contradiction with the simple linear (iii) At even higher temperatures, the Brillouin peaks show

model of Eq.(24), since the obtained values are of the up again, become more and more narrow, and shift to the

order of 13 nm? (see Table I}, and consequently the varia- fully relaxed positionw=qc,. In this same temperature

tions predicted by Eq(24) are practically negligible at low range, the relaxation band has become broad enough to ap-

g’s. Moreover, the valuer, almost coincides—within the pear as a progressively negligible background, and its only

error bars—withr(q=2 nm ). For what concerng,(q),  effect is to contribute to the Brillouin linewidth through a

its g dependence implies that the instantaneous memorierm which, in the pure hydrodynamic limit, is proportional

term describing the microscopic relaxation contributes quato the longitudinal kinematic viscosity. Under this condition,

dratically in q to the linewidth of the Brillouin line. This the central contribution is entirely given by the slowly relax-

behavior extends to liquids the similar results obtained so faing thermal diffusion motions.

in different glasses by IX$30]; in fact, in those systems the At g values higher than 2 nnt, the Brillouin peaks are

condition w7c(q)>1 is very well satisfied, and so the only increasingly damped, to the extent thatgat 7 nm ! they

contribution to the Brillouin linewidth is expected to come are practically indiscernible. Aj=4 nm !, thewr~1 con-

from the very short time decay of the memory funct|@3]. dition seems to be reached only at the highest explored tem-
Using the best fit parameters reported in Table Il, in Fig.peratures, so that the transition from the unrelaxed to the

6 we present th&(q,w) [Egs.(11) and(18)] model spectra relaxed limit in not fully observed.

(not convoluted to the resolution functipwhich correspond

to the experimental data reported in Fig. 2. From an inspec- B. T dependence

tion of these model spectra, as compared to the experimental .

ones, some general conclusions can be drawn. In the data at Once theg _dependence of the fit parameters has beeq

q=2 nm L, an evolution with temperature is clearly visible, assessed, an important check of consistency of our results is

and it has the typical qualitative behavior expected when fbtained through Eq(15) which, within our specific model

relaxation is active in the explored dynamical range. Such a Eq. (18)], reads

evolution can be described in three different stépsAt low lim 192+ A2 2(q)/ 2 —v
temperatures, the Brillouin peaks stay in their unrelaxed po- q_,o[%(q) a (@7e(@wp(@(pos(aN]=v.

sition, w=qc,,, while the quasielastic linémountain peak (25)

of width 1/7¢ is very narrow, given thabrc>1. (ii) As the

temperature rises, the central line becomes broader and The =0 extrapolations of the fitting parameters can be
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FIG. 6. The line shapes of model equatigh$) and(18), which best fit the spectra reported in Fig. 2. The fit parameters used to generate
this set of line shapes are reported in Table Il. Whilgat2 nm™! the w7c~1 condition is met at=373 K, atg=4 nm ! it seems to be
met only at the highest explored temperatures, so that the fully relaxed limit is not reachege 7Ahm * the Brillouin peaks are hardly
discernible.

obtained through Eq922)—(24). On these quantities, Eq. appears to be very good. In Fig. 7 we also regigrthe shear
(25) imposes a severe constraint. Specifically the values ofiscosity data(from Table ) multiplied by a factor of 4
the longitudinal kinematic viscosity obtained via EQ5  (dotted ling, which is the almosT- andP-independent ratio
from the fitting parameters derived from the IXS spectrabetween the longitudinal and the shear viscosifigds and
must be compared with those obtained using other techdj) BLS data(down trianglesatp~1 g/cn? [10]. The con-
niques. The longitudinal kinematic viscosity data (full  sjstency between this whole body of data is once again very

circles for thep=1 9/?’“3 data and open circles for the  good. The results reported in Fig. 7 allow us to draw four
=1.1 g/cn? datg obtained by means of E¢25) from the important conclusions.

fitting parameters reported in Table Il are shown in Fig) 7 (i) The low<q limit of our fitting parameters correctly re-
on a Ilmtea%[hscale and ml F'g(fm on ?hcortresrﬁ)qndmg ALr_hﬁn' E{)roduces the longitudinal viscosity. Since tipe 0 extrapo-
Ius pbcl)' ¢ ere are ony a few c:h er t?]c nlqu?? V\(’“'C a}r ations of the fit parameters practically coincide with their
capaple of measuring,, among tem e most radiional o atlg=2 nm !, we can conclude that @<2 nm?!
ones are USthrough measurements of ultrasound absorp-We are still probing a “pure” viscoelastic region where the
tion) and BLS(through measurements of the linewidth of the st p 9 P 9

Brillouin peaks. In the fully relaxed regime 7<1, both US dynamics is y\{ell def:oupled fromithe structure. At larger
and BLS giver, values which are model independent; for values, specifically in 'the 2-7 nn range, one starts to )
water, this situation occurs at temperatures higher taag0 probe a frequency region where the structural effects begin
K for US [7,8] and~ 270 K for BLS[9,10]. When condition to enter into a description of the dynamic structure factor
wr<1 begins to fail, some kind of viscoelastic model has to(Mmoleécular hydrodynamic region Therefore, it has been
be applied and, as in the present cagecan only be ob- possible, to bridge with continuity the hydrodynamic and the
tained as a result of a fitting procedure. As far as the Ugnolecular hydrodynamic regions in a system at liquid densi-
measurements in water are concerned, there is a very extef€s- . . _ o

sive literature(see Ref.[7] for a comprehensive review (i) The IXS spectra in the lowrregion and in proximity
Here we will compare our results with those of REF]  of the maximum sensitivity regiony 7o(T)~1, can be reli-
(crossed diamondgissince there seems to exist a general con-ably used to obtain the longitudinal viscosity. Thus the IXS
sensus on the correctness of these fi@atlaThe comparison technique in this respect shows its full potentiality as a very
between the US and our results is shown in Fig. 7, and ihigh-frequency hypersonic technique.
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FIG. 8. T dependence of the infinite frequency sound velocity
(a) and of the related structural strendth) for our IXS data(full

FIG. 7. T dependence of the kinematic longitudinal viscosity, circles for the p~1 glcn? data and open circles for the
v, obtained from the best-fit parameters reported in Table Il using=1.1 g/cn? data. For comparison, US resultsrossed diamonds
Eq. (25) (full circles for thep~1 g/cn? data and open circle for corresponding to a density ef1 g/cn? [6], are also reported for
thep~1.1 g/cn? datg. The data are shown both on a linear scale both quantities. Moreover, for the sake of comparison, we also re-
(@) and on an Arrhenius plot). Our data are compared with US port in (a) the adiabatic speed values taken from Tabléull tri-
measurements at 25-50 MHzrossed diamondg7], and BLS  angles for thep~1 g/cn? data and open triangle for thp
ones at~10 GHz (open squar@g10]. Both the reported US and ~1.1 g/cnt data.

BLS data correspond tp~1 g/cn?. Moreover, v, values from

Table I, multiplied by a factor 4which is the almostT- and  clude that temperature influences both shear and bulk vis-

P-independent ratio between the longitudinal and the shear viscossosities not only via free volume. Similar results were re-

ity [7]), are also showiidotted line$ in order to give an indication cently obtained in several glass form¢gs).

of the expected dependence aof, . The good agreement among all At the present stage, since our model is validated by Fig.

the reported data can be appreciated. 7, we can discuss th& dependence that is obtained for the
fitting parameters. Th& dependence df,, is reported in Fig.

(iii) The ratio between the longitudinal and the shear ki-8(a), while that of the corresponding strengiff is reported
nematic viscosities appears to be constant in all of the exn Fig. 8b) (full circles for thep=1 g/cn? data, and open
plored conditions, thus extending to a larger thermodynamicircles for thep=1.1 g/cn? datg. The values ot., and of
range previous analogous observatipfis The v, /v, ratio,  A? both decrease with increasing temperature: the first one
obtained from our determinations of and thevg values of has a value of~3150 m/s at=273 K, and decreases to
Table 1[21], is reported in the last column of Table II. This ~2600 m/s at high temperatures; the second one has a value
ratio is 4.0£0.7, and this is consistent with previous deter-of about 7.5 GPa a+273 K, and decreases te4 GPa at
minationg[7]. It is worth remembering that the occurrence of high temperatures. The systematic decrease of the structural
a T-independenty, /v ratio seems to be a prerogative of relaxation strength with increasing temperature agrees with
many H-bonded liquid§34]. very general considerations that ascribe the occurrence of the

(iv) The overall shape of, shows aT dependence stron- structural relaxation to the many-body interactions character-
ger than the Arrhenius one, resembling the Vogel-Fulcheristic of the liquid state and which sensibly weaken when
Tamman temperature dependence often found in glass fornincreasing the temperature. For the sake of comparison, in
ing liquids [15]. As a matter of fact, the stronger-than- Fig. 8@ we report thec, data (full triangles for thep
ArrheniusT dependence of both shear and bulk viscosity in=1 g/cn? data, and open triangles for the=1.1 g/cn?
water had already been observed and interpreted either asdata obtained from thermodynami¢3able ). Moreover, in
critical-like anomaly[11] or a typical behavior for a glass Fig. 8@a) [8(b)] we also report the valugsrossed diamonds
forming liquid [29]. In principle, the assumption that free of the limiting speedstrength obtained in an US study per-
volume effects influence the dynamics can also account foformed on water plus glycerol mixturg6]. In that study, the
this characteristic behavi@85]. In this respect, the choice of limiting speed was measured as a function of the relative
keeping the density constant over the whole expldPed  glycerol concentration, and a linear dependence was found;
region is aimed at limiting as much as possible the variatiorthe values reported in Fig. 8 are the extrapolation of that
of the free volume effects. As a consequence, we can corrend toward the pure water case. Those data are in reason-

1000/ T(K™)
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ST - - - T thermodynamic range spanned in the present experimgnt,
i 2 can be well described by an Arrhenililependencédotted
lines in Fig. 9, i.e., a temperature dependence of the form

7o(T) =t,elFa’keT)] (26)

T (ps)

@ Y ] with an activation energye,=3.8£0.6 Kcal/mol, andt,
S ] =(3*x2)x10 Ps.

é‘%@ g; e In Figs. 9a) and 9b), we also report the relaxation time
oL ' ":&a s e for the compliance obtained from the US study referred to
250 300 350 400 450 500 previously[6] (crossed diamondsThe agreement between
these sets of data can be easily appreciated, thus confirming
once more that the present IXS measurements are actually
b) § N probing the hydrodynamic properties of water. Moreover,

(I here we present data for the hydrodynamic relaxation time
&= 7o, IN @ T range which was not previously accessible to
% E traditional low-frequency techniques. More generally, we
demonstrate the capability of IXS to give reliable values for
o @ the relaxation parameters in liquid systems at temperatures
i.@ ¥ where the relaxation time is of the order of 8 s, i.e., at
e i temperatures and frequencies which somehow represent the
. . . . . onset region for the “hydrodynamic” structural relaxation.
20 24 28 32 36 40 This shows that it is now technically possible to join the
1000/ T (K™) traditional mechanical, US, and BLS measurements to the
IXS ones in order to study the structural relaxation dynamics
entering theS(q,w) spectra in a frequency region spanning
more than 14 orders of magnitude, going from thé-§Qo
the 10 '%s time scale.

T (ps)
Q

FIG. 9. T dependence of the IXS log-extrapolations of the
fitted compliance relaxation times,7c (full circles for the p
~1 glcn? data and open circle for the~1.1 g/cni datg. The

data are shown both on a linear scédgand on an Arrhenius plot . - .
(b). Our data are compared witlii) IXS data (crossed squargs For the sake of comparison, in Fig. 9 we also regorthe

obtained from a reduced moduli analysis based on the description mpliance relaxation tlme“s obtained In a rgcent IXS study
the inelastic component of the IXS spectra in terms of the simpl 14] (Crossed, Squ"’.‘rhsand(”) Fhe relaxation times derived
DHO model discussed in Sec. [[L4]; (i) US data(crossed dia- fom depolarized light scatterin@LS) spectra correspond-
monds obtained from a study of water plus glycerol mixtuféd ~ ing to a density of=1 g/cn? (up triangles from Ref[37],
and (i) DLS data which refer to the slow relaxation time which and down triangles from Ref38]). The data of Ref[14]
comes out in a simple description of the depolarized light scatteringlave been obtained in a simple analysis of the generalized
spectra in terms of two additive Lorentzian contributiqng tri-  reduced longitudinal moduli derived from the peak position
angles from Ref[37] and down triangles from Ref38]). All the of the inelastic IXS signal described by a DHO line shape;
reported (i)—(iii ) data correspond tp~1 g/cn?®. In the spanned they are a factor of<2 shorter than those presented here.
thermodynamic range, our present IXS data are well described bgince the DHO analysis corresponds to mapping the memory
an Arrhenius behavio(dotted ling, with an activation energy of function with a single instantaneous procésee Sec. I,
3.8+0.6 Kcal/mol. Such a value seems actually to be common ta nderestimated values for the relaxation times are to be ex-
all the reported sets of data. pected with respect to the results of the more refined analysis
presented here. However, it is remarkable that also the
able agreement with our present results. Actually, a closesimple DHO analysis correctly describes thedependence
inspection shows that while at300 K the two sets of data of 7, and gives a reasonable value for the activation energy.
show a complete agreement between themselves2a@B8 K The DLS data refer to the “slow” relaxation time which
there are discrepancies exceeding the estimated error bat®mes out in a simple analysis of the DLS spectrum in terms
However, the general agreement between our data and tl two additive Lorentzian processgd7,38. In principle the
US ones further confirms that the IXS experiment is probingDLS spectra correspond to a different correlation function
the dynamical region where hydrodynamics still holds. It isfrom the density-density one which is of interest here. How-
worth noting that in Fig. 8 we did not report the existing BLS ever, in Fig. 9 we report the DLS relaxation times, since it
results forc., [9,10] since they seem, at the moment, ratherhas been shown that in the case of water the DLS spectra
controversial. In fact, since therc~1 condition is never describe the translational dynamics of the molecules through
reached in BLS experiments, the obtained results are critithe dipole-induced-dipole induction mechanigi@87-39,
cally dependent on the model used to represent the structurahd that the rotational dynamics contribute to less than 10%
relaxation. As a consequence, values varying fretB000  to the total signal37,39. The DLS relaxation times reported

m/s[9] to about 2100 m/§10] have been reported. in Fig. 9 show the same temperature dependence of all the
The T dependence of the relaxation timgis reported in  other relaxation times discussed before, and are a factor of
Fig. 9@ on a linear scale, and in Fig(l9 on the corre- ~2 shorter than those obtained here from the analysis of the

sponding Arrhenius plotfull circles for the p=1 glcn? S(q,w) spectra. This is in agreement with general consider-
data, and open circles for the=1.1 g/cnt datg. In the ations: the DLS spectrum being a Fourier transform of a
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. . , . : . in Fig. 10b). In fact, in this case we can also observe that,
" a) | within the reported error bar®),(T) is almostT indepen-
Il dent [dotted line in Fig. 1()], and its value isDy(T)
1

18

| =(3.1x0.4)x 102 cn¥/s. This last result compares favor-
{ : ably with the value recently found in the fragile glass former

o-terphenyl[33]; more generally, on the basis of the IXS

g€ (nm™)

]

12 it I { 1 results, this value seems to hold for most of the liquid sys-
f tems investigated up to now. For the sake of comparison, in

1 Fig. 10b) we also report th® , coefficient taken from a MD

simulation of supercooled water a&=245 K and atp

01— y y y T y =1 gl/cn? (crossed squayd5]. This value has been calcu-

6 b) | lated by averaging, in the 4—8-nrhq range, over the almost

5 g-independenD,(q) values obtained in Ref5] by using a

generalized hydrodynamic model to describe the dynamic

4 " % 3 [ 1 structure factqr of water; the error bar reported in Fiqplo
_— 5 s - refers to the dispersion of the reporteg(q) data. From Fig.

I3 3 I 10(b) we can conclude that a reasonable agreement between

1 the MD simulation of Ref.[5] and our present results is

found.

In a macroscopic picturd), can be considered as the
250 300 350 400 450 500 residual longitudinal viscosity at infinite frequency. It should

Temperature (K ) be remarked that its effect turned out to be negligible in a
recent lowg, BLS study of supercooled watgt0]. The re-

FIG. 10. (@) T dependence of the parameteffull circles forthe  gyits reported here, which have been obtained from the direct
p=1 glcn? datg which enters the relatio4) used to represent  jnyestigation of the high-frequency dynamics, allow us to
the q dependence of the c_ompllance r_elaxatlon timgq). Wthln observe, instead, a residual viscosity whichp atl g/CfT?,
theT reporte_d ei[or barsl is almostT independent(dotted Ilne),. and at 273 and 473 K, respectively, accounts#&% and
Ibem_g 5(.T)_13—3 nm = ) T dependence .Of the nonrelaxing ~40% of the total viscosity. Given th&,(T), at low tem-
ongitudinal kinematic viscosityDy(T) (full circles for the p - S

peratures, is much smaller than the pure shear contribution,

=1 g/cn? data and open circle for the=1.1 g/cn? datg. Within . > o ;
the reported error barB,,(T) is almostT independentdotted ling, we can confirm that both shear and bulk viscosities relax in

being Do(T) = (3.1 0.4)x 10"3 cnis. For the sake of compari- f[h(_a structgral relaxation process, as already prop{n]s@gld It

son, we also report thB,, coefficient taken from a MD simulation 'S |nte2rest|ng to observe that the presence dfiadependent

of supercooled water &t=245 K and ajpp=1 glcn? (squaré [5]. and g--dependent value for the nonrelaxing viscosity is a
This value has been calculated by averaging, in the 4—8lnqn  general property for a very large class of glasses at tempera-
range, the almost-independend,(q) values obtained in Ref5]  tures higher thar=100 K and for frequencies up te 300

by using a generalized hydrodynamic model to describe the dyGHz [41]. This peculiar property is observed here to hold up
namic structure factor of water; the error bar associated to thato higher frequencies, and also in liquid systems.

value refers to the dispersion of the reporfgg(q) data.

D,(10%cm?/s)

four-body correlation function, it is expected to have a char- C. p dependence

acteristic decay time faster than that corresponding to the Finally, we will now briefly discuss the dependence on
two-body, density-density, correlation function. density of the quantities reported in Figs. 7—®al circles

We observe that all the relaxation times reported in Fig. %or the p=1 g/lcmt data, and open circles for the
are characterized by the same activation energy. In some 1.1 g/cn? data; since we have data at only two different
studies[40], such an activation energy has been associatedensities and at one temperatue=277 K), our consider-
with that of the H bond, which is=5.5 Kcal/mol[1]. How-  ations, at the present stage, shall only be considered as in-
ever, it seems that, rather than the local occurrence dficative.
H-bond formation and breakup, the underlying dynamical The effect of different densities &t=277 K on the total
process is the structural relaxation discussed here. Clearlyiscosity (Fig. 7) is very small. This is in agreement with
this process, which is essentially cooperative in charactefprevious studief7]. At the considered temperature, in fact, it
undoubtedly involves the H-bond network, since it is quitejs known that the usual increase in viscosity with increasing
extended throughout the liquid in the considered thermodydensity is compensated by the opposite effect due to the
namic range. disruption of the H-bond tetrahedral netwdrk]. However,

The parameteg(T), used to represent trgdependence these competing effects differently affect the dynamics and
of 7¢(q), shows the temperature dependence reported in Fighe structure. In fact, with respect to the ambient pressure
10(a) (full circles for thep=1 g/cn? datd. We can see that, situation, (i) they increase the ability of molecules to trans-
within the reported error bars; is almostT independent late and rotat¢42], and thus correspondingly speed up the
[dotted line in Fig. 1], and has a value of(T)=13 structural relaxation dynamidsee Fig. 9 while leaving the
+3 nm . The same result holds also for the coefficientrelaxation strength almost unchandede Fig. &)]; and(ii)
Do(T) (full circles for thep=1 g/cn? data and open circle they simultaneously harden and disorder the local structure.
for thep=1.1 gl/cnt datg, whoseT dependence is reported Moreover, the increase in density is probably directly re-
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sponsible for the increase of both the adiabatic and the infilongitudinal and shear viscosity is almost pressure and tem-
nite frequency sound velocitigsee Fig. 8)]. The disrup- perature independent in the whole spanned thermodynamic
tion of the H-bond tetrahedral network, instead, is probablyrange. Its value is//v4=4.0+0.7, consistently with previ-
responsible for the relevant increase of the nonrelaxing comus result§7]. We also obtain values for the relaxation pa-
tribution to the viscosityD, with density:D, increases by a rameters in the loveg, hydrodynamic range, namely, values
factor ~2 when increasing by ~10% [see Fig. 1(b)]. In for the infinite frequency sound velocityor relaxation
fact, an increase in local disorder is generally associated tstrength (see Fig. 8 and for the structural relaxation time

an increase ob, [30,43. (see Fig. 9. These data are found to compare favorably to
those obtained with lower frequency techniques in a thermo-
V. CONCLUSIONS dynamic range close to room conditions. Thanks to the IXS

experiment, it has been possible to extend the existing data to

The use of the inelastic x-ray scattering technique hag, |arger thermodynamic range which was up to now not ac-
allowed us to study the dynamic structure facBg,») of  assible to lower frequency techniques.

"q'{'? water atp~1 g/cn? as a function of momenturfi—7 The whole set of results obtained for the structural relax-
nm “) and temperatur€273-473 K. We have shown that, 4iion demonstrates the suitability of the viscoelastic model to
in the present case, the contributiondiofrotational dynam- describeS(q,») of water up to the previously unexplored
ics in the scattering cross section, dfidl multiple scattering 1, frequency range, which can be somehow considered as
are both negligible with an accuracy f2%. Thus, the IXS 6 onset frequency range for the structural relaxation. In this
spectra can be directly assumed to represgqiw) convo-  regpect, the IXS technique shows its full potential as a very
luted with the instrumental energy resqlutlon function. high-frequency hypersonic technique: when used together
The S(q, ») spectra are described using the molecular hyyyith the traditional mechanical, US, and BLS techniques, it
drodynamic formalisni16]. Such a formalism is obtained as gjjows us to study the structural relaxation parameters enter-

a generalization of the usual hydrodynamic one, where thf}ng in S(g,w) spectrum in the whole frequency region going
thermodynamic and transport coefficients are allowed tG,om 1072 to 1082 Hz.

have both frequency and wave number dependencies in order 1,4 analysis presented here shows thatgfer2 nm*

to fulfill the first nontrivial sum rules fo&(q,»). As a mat- it js necessary to introduceqadependence of the longitudi-
ter o_f fact, this formalism is phenomenological in spirit since 5 viscosity in order to describe the experimental spectra
it relies on a guess for the second memory functigyit) for  correctly. Such aq dependence essentially results in a
the density-density correlation function. Our present 9UESH-dependent structural relaxation time. Thus with continuity
for my(t) is the sum of three independent contributiofis:  \ve cross they range where the continuum description inher-
The first term describes the thermal diffusion process, andnt in the hydrodynamic formulation begins to fail. As a
the usual hydrodynamic expression is directly used, with nQsnsequence of the present analysis, we show that the atomic
additional momentum or frequency dependencies. Physicglynamics related to density fluctuations in water has a ho-
|n5|ght gnd numerical evidence are used to justlfy th'smogeneous character down to a length scale-8fnm.
choice. (i) The second term describes the microscopic dy-  The microscopic, Markovian contribution to the memory
namics, and is approximated here by a Markovian memory,nction is found to be quadratic ig and, in the spanned
contribution.(iii ) The third term, finally, describes the struc- thermodynamic rangd, independent, in agreement with pre-
tural relaxation process in terms of the traditional Maxwell\io,s results found in other liquids and glasses by IXS
viscoelasticity guesgL5], but aq dependence for the relax- 130 33, This is also in agreement with existing results for
ation parameters is allowed for. With such a guesstiglt),  the attenuation of sound in glasses obtained at lower frequen-
one is capable to account for the entire evolutiorsd,»)  cjes[41], thus extending these results both to the THz fre-
in the whole spanned thermodynamic range. _quency range and to liquid systems. Moreover, we show that
The IXS technique is, in principle, particularly well suited the effect of hydrostatic pressure results in a definite increase
to study structural relaxation in water. In fact, since the Strucyf this instantaneous memory contribution. This may be at-
. o . 12 . . . . ’ .
tural relaxation characteristic time is of the order of 10™°  {ripyted to an increase in the local disorder resulting from the
s at room temperature, the maximum sensitivity condition,aytial disruption of the H-bond network. At the same time,
w7c~1 is metin the frequency range studied by IXS. Con-at room temperature, the breaking of the H bonds seems to
versely, this frequency range is very far from the one studiedpeed up the dynamics related to the structural relaxation
by traditional techniques such as Brillouin light scattering Ofglightly. However, more extended measurements need to be
ultrasonics. We show here that, fg=2 nm*, a hydrody-  performed, hopefully in the near future, in order to investi-

namic description withg-independent thermodynamic and gate the joint effect of density and temperature on the col-
transport coefficients can consistently be used. This is demective dynamics.

onstrated by Fig. 7, where we show that the formalism used
here allows us to derive from the IXS data the longitudinal
kinematic viscosityv,. In the restricted thermodynamic
range wherey, data obtained using lower frequency tech-
nigues are available, we find good agreement with our new We acknowledge C. Masciovecchio, A. Mermet, R. Ver-
determinations. Moreover, we have been able to extend thieeni, and |. Vogel for their help during the IXS measure-
v, data to the whole thermodynamic range spanned by theents, and D. Gibson and L. MeledLL, high pressure
IXS experiment reported here. A relevant consequence ajroup for their help during the construction and testing of
this result is the possibility to show that the ratio between thehe high pressure cell.
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