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ABSTRACT. Deep Inelastic Neutron Scattering (DINS) measuremenis baen performed on a
liquid water sample at two different temperatures and piress The experiments were carried out
using the VESUVIO spectrometer at the ISIS spallation meusiource. This experiment represents
the first DINS measurement from water using the Resonanceci@etconfiguration, employing
yttrium-aluminum-perovskite scintillator and?8%U analyzer foil. The maximum energy of the
scattered neutrons was about 70 eV, allowing to access andad kinematic space with energy
and wave vector transfers at the proton recoil peak in thgardreV< how < 20eVand 25 A1 < q
<90 A1, respectively. Comparison with DINS measurements on wadormed in the standard
Resonance Filter configuration indicates the potentiahathges offered by the use of Resonance
Detector approach for DINS measurements at forward stajtangles.
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1. Introduction

The Resonance Detector (RD) [[-4] is a neutron detectiohadetecently developed on VESU-
VIO at the ISIS spallation neutron sourd¢ [5]. VESUVIO is amerse geometry time of flight
spectrometer where a “white” neutron beam is scattered sdinaple and the scattering process is
reconstructed by recording both final energy and time of flaflthe scattered neutrons. Neutron
detection in the RD configuration is performed in a two-stegrpss: an analyzer foil — exploiting
the (ny) resonance reactions occurring in selected isotopes s or 1°/Au — is used for
converting neutrons intg's, and these are recorded with yttrium-aluminum-perdesRfAP) scin-
tillators or cadmium-zinc-telluride (CZT) semiconductietectors. Thanks to this combination of
analyzers and detectorld [, 7], neutrons up to final enemfi@dout 70 eV have been measured
successfully on VESUVIO.

In this paper we report on the first use of the RD method for Deelastic Neutron Scattering
(DINS) measurements on liquid water at two different thedlgr@mic conditions. The RD mea-
surements were carried out parasitically in parallel to sneaments performed with a Resonance
Filter (RF) set up on VESUVI(]8]. In the RF configuration, whiis the standard on the instru-
ment, the neutron time of flight (TOF) is recorded usth@glass scintillators as neutron detectors;
the final neutron energy is selected by neutron resonanceios in an analyzer filter, while the
scattering signal is provided by the difference betweenitwlependent measurements with and
without the analyzer (i.?’Au in the present experiment). The RD measurements on ligater
presented in this paper were meant to develop a specific datgsé in order to extract useful
physical information from the RD data and to demonstrateptitential of the RD approach when



compared to the RF measurements. In particular the RD nerasuts reported in this experimen-
tal work on a water sample are the first of this kind. The experit has been performed in a range
of final neutron energie&, up to a value ok of about 70 eV, not accessible on VESUVIO when
operated with the RF configuration. In fact this-glass neutron counters used on VESUVIO in
the RF configuration suffer of heavy detection efficiencygéssand low signal to background ratio
for final neutron energies above 10 €Y [6], thus limiting thergy range for their effective use in
DINS measurements.

These measurements demonstrate that, using the RD metisquhssible to access a kinemat-
ical (g, hw) region corresponding to 1 e¥ hw < 20eV and 25 A1 < q < 90 A1, at the proton
recoil peak, with a single fixed-angle detector. The kinéeahtspace will be further extended
when RD detector arrays covering a broad angular range aéthime available.

2. Experiment and data analysis

Figure[l shows a schematic layout of the experimental sebughé RF and RD measurements on
VESUVIO. In the figuren is the incident neutron beam. The sample, placed insidelsmiilum
vacuum chamber, was at a distahge~ 11 m from the water moderator.

The®Li-glass detector banks for the RF measurements, namely &,d@hd D, were equipped
with a total of 32 scintillating elements, each coupled tchatpmultiplier tube, covering the an-
gular range 3070°. The average distance of thki-glass detectors from the sample was about
L1 ~ 0.7 m. Thel®Au analyzer foils, placed between the sample and the deteciere at an
average distance from tiSei-glass detectors of about 0.35 m.

Vacuum tank

\ P7Au filters @
! SLi-glass

Dn
Lo

moderator

Figure 1. A schematic view of the VESUVIO spectrometer showing theugebf the DINS experiment
on liquid water, in both RF and RD configurations. In RF and RBasurements, scattered neutrons are
recorded by théLi neutron detectors (banks A,B,C,D) and by the YpBetectors, respectively.



Isotope Ej (eV) ogp(b) T[o(meV)
238 6.67 23564 25
238 20.8 37966 34
238 36.6 42228 57
238 66.0 20134 48

Table 1. Physical parameters of the nuclear resonances for*fueanalyzer foil used for the RD configu-
ration: E; is the resonance energy of the analyzer f@jljs the resonance cross section at peak position and
o is the resonance intrinsic Lorentzian width.
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Figure2. Time of flight DINS spectra from (a) Al empty container and {gter sample ai =293 K and
p=1 bar. Vertical continuous, dashed and dotted lines indjcaspectively, the positions of the recoil peak
from 27Al and %0 atoms, of the H recoil peaks and of the container recoil pe@kto neutrons scattered off
the cell and absorbed, at the eneEyy4.906 eV, by thé®’Au analyzer foils, used for the RF measurements.

The detector for the RD measurements was placed close fhitiggass detector bank B (see
figure[l) at a scattering angle#2~ 27° and at the same distantg from the sample. It was
made of a cylindrical YAP scintillator (3.5 cm diameter andnén thick) combined with 38U
analyzer foil of (3.5 x 3.5) crharea and 3Qum thickness. The physical parameters of the nuclear
resonances for thie*8U analyzer foil are listed in tablg 1. Data were acquired sithower Level
Discrimination (LLD) threshold corresponding to about ¥Vkequivalenty energy. This setting
allows the calibration of the angular position of the RD mlodwsing a cadmium analyzer (see
below).

DINS measurements were performed on liquid water below titiead point, at two different
thermodynamic p, T] conditions, namely [1 bar, 293 K] and [100 bar, 423 K], at WBBO us-
ing both the RF and RD configurations. Two different sampletainers have been used for the
measurements: an aluminum (Al) sample container for theraxgnts at [1 bar, 293 K] and a
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Figure 3. Time of flight DINS spectrum from TiZr empty container (a) amdter sample af =293 K and
p=1 bar (b). Vertical continuous, dashed and dotted linespeetively, indicate the positions of the recoil
peak from*8Ti, 91Zr and'®0O atoms, of the H recoil peaks and of the container recoil pleakto neutrons
scattered off the cell and absorbed, at the en&xgyt.906 eV, by thé®’Au analyzer foils, used for the RF
measurements.

titanium-zirconium (TiZr) container for the experiments[a bar, 293 K] and [100 bar, 423 K].
The experimental signal recorded by theetector is a time of flight spectrum. It represents the
number of counts collected in a time channel of widthcentered irt. Figures[R[13 anfl 4 show
examples of the normalized time of flight DINS spectra of wateAl and TiZr containers in the
experimental region 50s - 450us. The top diagram in each figure represents the scatterewy sp
trum from the empty container which provides a direct mezm@nt of part of the background;
the bottom diagram is the time of flight DINS spectrum of wated container. In figurd$ 2 ad, 3
and[4, vertical continuous lines at 1p@, 130us, 180us and 32Qus identify the position of the
recoil peaks of thé’Al and 160 and*Ti, °1zr and*®0O nuclei, respectively. Each line corresponds
to distinct values of the final neutron energy, of the?38U analyzer foil (see tablg 1). In all figures
vertical dashed lines, at 90s, 124us, 160us and 29Qus, identify the positions of the H recoil
peaks at distinct values of the resonance eneigiedn figures[B(b) and]4(b) the broad peak at
about 70us can be ascribed to signal saturation mechanisms in theadgtasition electronics,
due to the high count rate from the@ in the TiZr sample container. Indeed this feature is not
present in data from water in Al sample container (see fifj(in}) 2where the scattering power is
smaller as compared to TiZr alloy.

In order to derive the DINS spectra of the H recoil peaks, thekground and the sample
container components need to be subtracted from the expet@mtime of flight spectra. The
background signal is composed of a continuum, which can teal fénd subtracted from the data
(see below), and by peaks, such as those due to neutronsredattf the walls of the Al and Tizr
containers. In the latter case some of the peaks are spdditfie parasitic conditions of this present
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Figure4. Time of flight DINS spectra from TiZr empty container (a) andter sample at =423 K and
p=100 bar (b). Vertical continuous, dashed and dotted lind&ate the positions of the recoil peak from
48Tj, 91zr and®0 atoms, of the H recoil peaks and of the container recoil ple@kto neutrons scattered off
the cell and absorbed, at the eneBy4.906 eV, by thé®’Au analyzer foils, used for the RF measurements.

RD configuration and therefore not intrinsic of the RD methad example is represented by the
broad peaks in figurds$ B, 3 afjd 4 marked with vertical dottesslat a time of flight value of about
365 us. These peaks, recorded by §hdetectors in the RD measurements, are associated to those
neutrons which scattered off the sample container and averladéd, at the enerdgy;=4.906 eV,

in the 1*Au foils in front of the®Li scintillators used for the RF measurements. This desorip

is consistent with the time delagyt, observed in figur§] 5 between the positions of the absorption
dip recorded by théLi-glass detector bank B, close to the YARJetector (lower plot), and the
peak observed in the RD spectra (upper plot). This time dgbgut 12us) is the time it takes a
4.906 eV neutron to travel the distance of 0.35 m betweet’the filter and theéPLi-glass detector.
The peak is weak and less pronounced in figlire 2 as comparkdde in figure§| 3 arld 4 because
of the lower scattering power of the Al sample container anpared to the TiZr. Another peak
component in the background signal comes from neutrontesedtoff the H atoms in the sample
and absorbed in t€’Au analyzer foils. The result of this can be appreciated ffigure[¢ which
shows the time of flight DINS spectra from water in the Al camé®, in RD (upper plot) and RF
(lower plot) configurations. In figurlg 6(b) the dip, centeegdibout 33Qus, is the H recoil signal
corresponding to the final neutron eneif§y=4.906 eV of the'®’Au analyzer foil in front of the
6Li detector bank B (se figurd 1). In figufe 6(a) the peak at aB80tus represents the H recoil
signal, corresponding to a final neutron enegy6.671 eV of the38U analyzer foil in front of the
YAP detector. In analogy with the observation of figlire 5 welad to believe that their must be
some contamination of the RD spectrum that is correlatel thi¢ dip in the RF spectrum. More
precisely, the time interval within the dashed lines of fegfiwhere the two signals overlap may be



1.80x10°

i

1.40x10°

Intensity (counts/bin)

1.20x10° T 7 . T " T
L0 105350 340 350 360
B X

S _ bt s N
1.30X 107 —'5® "spe*s® umangga® go%s LI
L W iiiiiijiﬁﬁﬂiini . —

|
1.20x10° e, ! L
|

1.10x10°

Intensity (counts/bin)

1.00x10° -—
330 340 350 360 370 380 390 400
TOF (us)

Figure5. Time of flight DINS spectra in the 330s - 400us region from the empty TiZr sample container
recorded in the RD (upper plot) and the RF (lower plot) configjons, using the YAR detector and the
closestLi scintillator, respectively. The time delagt=12 us, is the time for a 4.906 eV neutron to travel
the distance between th&Au filter and thefLi-glass detector.

contaminated by background. This contamination can bédyemagiided in a dedicated experiment
by removing the gold foils; for the present parasitic measwants the only way to deal with this
background component was to exclude the contaminated paatis from the analysis.

A further step in the data reduction is to remove in the watecsum the signal coming from
the sample containers, i.e. (a) spectra from the (b) specfigures[PF4. In the difference spectra
the container dependent background is removed with quibel gocuracy. Results for the water
data in Al container are shown in figuile 7. The shape of theasignbetween the H recoil peaks
can be used to interpolate the background underneath ths.p@ahe time intervals between the
peaks, the residual background has been fitted by an apgi@function [p]. The fitted function is
shown, as a full line, in figurf 7. Subtraction of the fittedkground continuum leads to the time
of flight spectrum shown in figuiig 8. The same procedure has &eglied to the whole set of time
of flight spectra. This approach is not entirely free fromteggatic uncertaintiese(g. due to the
broad gold contamination peaks hiding beneath the H reeakg) and one of the purposes of this
work is to show that it leads to results consistent with thatsained from DINS measurements in
the RF configurations.

A background source deserving special attention occurkénfarm of peaks due to (v,
resonance absorption reactions most likely occurringérstimple container’s surrounding device,
such as the furnace employed in the TiZr measurements, onbaminants present in the container
itself. Figure[P shows an expanded view of the TOF spectrhgrcase of TiZr sample container
at room temperature (full, empty and subtraction of the tindhe time interval 10Qus - 350us.
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Figure6. Time of flight spectra from water sample at [1 bar, 293 K] in #&ieontainer recorded in the RD
configuration (a) and in the RF configuration (fr8iri-glass detector bank B) (b). The dashed lines limit
the time of flight region where radiative captu,r’e, from the'®’Au analyzer foil contaminate the H recoil
spectrum recorded by the YAPdetectors. The peak at about 326 is the recoil peak frord’Al and 160
atoms in the sample container.
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Figure7. Time of flight DINS spectrum of water dt=293 K andp=1 bar, obtained from the difference of

the spectra of figurﬂ 2. The continuous line represents tblegpaund fitted to the experimental data.

The four peaks labelew -y, are most likely induced by neutron resonance absorptioriffiereint
elements. The well defined time position of the peaks allofee@dn estimation of the resonance
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Figure8. Time of flight DINS spectrum of water 8t=293 K andp=1 bar, with background removed.
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Figure 9. From top to bottom: time of flight spectra of water at [1 bar3 29 in TiZr container, empty TiZr

container and difference spectrum. Vertical lines markpdaks induced by the radiative captly’re from
sample container environment.

energy of the possible contaminants in the furnace/comtaifhe possible elements &f8W (E;
7.6eV),123Sp E; = 21.4 eV) as well as different isotopes8fSm E; = 20.7 eV, 39.4eV).

The problem with these peaks is that, depending on sampleandiner thickness, they may
not cancel exactly in the difference spectrum. In the futbeeproblem can be mitigated by noting



that the radiative captunglines with high relative intensity of these isotopes arenfibin the low
energy region (say below 500-600 keV). Thus their intensatly be effectively suppressed by using
a high LLD threshold[[7]. For the present experiment, whel@aL LD threshold was used, there
can be an effect especially if the spurious peaks are lodaeeath an H signal peak. In particular:

e the (n,y) peakyi, placed at about 28fs, is superimposed to the first H recoil peak. Thus
it could increase its apparent width together with the galidl dontribution discussed in

figure[b;

e the y, peak at about 17Q1s is placed on the tail of the second H signal peak and should no
provide significant broadening contribution;

e the \3 peak at about 15@s is in between the second and third H signal peaks and psesent
no problem;

e they, peak at about 12fs is right on the third H signal peak.

If py,j (j =1,2,3,4) is the peak to background ratio for fHg (n,y) peak in the empty can spectrum,
the valuesp,; = 0.13, py» 0.04 andp,4 = 0.09 are found. This means that theyjnspurious
contamination should be much more important for the firstthird H signal peaks rather than for
the second one in the TiZr measurements.

3. Calibrations

The analysis of the H recoil spectra requires independeniviaige of a number of instrumen-
tal parameters. Some of these parameters have been expligndetermined or “calibrated”,
namely the secondary flight palth, the time delayy and the scattering anglef2

As the experimental calibration procedure of a RD specttemis slightly different from
that applied in the RF configuration, a detailed descriptibthe main steps is presented in the
following.

As far as the primary flight path,o and the final energyg, (i = 1,2,3 indexing the distinct
238 resonances, see taljle 1) we have used values calibrategfevious experiment$ [1L0]. The
total flight path(Lo+ L) for the YAP detector has been determined from the positiotine
of flight of the recoil peaks due to scattering off the alumninsample container. For free recoil
scattering processes, the change in neutron velocity &rrdeted only by the conservation on
kinetic energy and wave vector. Hence, the ratio of the fieatmon velocityy,, to the initial one,
Vp, is a function of and of the atomic madd and can be written as:

w ~ cos® + (M2 —sir? 29

F(9)= 3.1
w =F®) iy @D
while the time of flight is given by[[30]:
1
t=to+ [LoF(3)+ L1]V— (3.2)
1
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Figure 10. Diffraction pattern of Pb acquired with the YAP detectorarting they’s from neutron absorp-
tion in a 1 mm thick cadmium analyzer foil. The dashed lineidate the diffraction peaks corresponding
to the set of planar distancdsand Miller indexeslHilm] listed in table[|2.

to being an instrumental (electronics) offset. The coeffisiégF (J) + L1 andty can be determined
by fitting the linear relation[(3]2) to theand v—ll data, which are known for each of the four Al
scattering peaks. The fit procedure yields the values f@ndty needed for the analysis.

Independent experimental information is required for angllibration. The two step method
used here consisted in: (a) replacing &8 foil in front of the YAP scintillator with a''3Cd
analyzer foil (1 mm thickness), a well known absorber of therneutrons up to about 400 meV,
(b) measuring the time of flight spectrum from a Pb sample. Sthengest prompy emission
peak of!13Cd is at 558.5 keV so that these photons were recorded by tfesétillator setting
a sufficiently low value fory energy discrimination, i.e. a threshold at 50 keV. In therriad
energy range of the spectrum the position in time of flighthef Bragg diffraction peaks from Pb
(see figurd 10) yields the angular position of the Cd foil. g@r@eaks are present in a spectrum
recorded by a detector placed at angleiPthe relation:

2dsind =nA (3.3)

is satisfied, with

~h

mv
being de Broglie neutron wavelengtth,is the spacing between two subsequent planesnaam
integer. Bragg scattering is elastic, Mg.= v, = v. Thereforev is given by

L

Ve o+L1
t—1o

Using equationg (3.3) anfl (B.5), a relationship betweesth#ering angle and the measured time

(3.4)

(3.5)

—10 -



TOF (us) d(R) [him]
2045 1.489 [311]
2403 1.750 [220]
3491 2.475 [200]

Table 2. Time positions,d-spacing and corresponding Miller indexdsr] for the Bragg peaks in the
diffraction pattern shown in figufe JLO.
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Figure11. Plot of thed-spacing versus neutron TOF and corresponding linear fi fosethe calibration
of the RD angular position.

of flight at which Bragg peaks from Pb occur can be obtained:

nﬁ(t — t())

2dsind = .
m(L0+ Ll)

(3.6)
Thus by plotting the time positions of the Bragg peaks agalrend performing a least squares
fit, a slope value is obtained which is proportional to&inFigure[1]L shows the linear fit to the
experimental datad(vs TOF). The experimental points chosen for the fit are thosesponding
to the peaks located at about 2048, 2403us and 3491us, which can be unambiguously ascribed
to a given set ofi-spacings and Miller indexe#lfn], as shown in tablg] 2. The unidentified peak
located at about=3750us in figure[IP may be contributed by some impurity in the leauida and
was not included in the fit. The angle calibration is basednolependent knowledge &f from
the flight path calibration which, however, requires indejent knowledge of the detector angle.
Thus the two calibration methods were combined in an itegtrocedure until convergence on
a consistent set of@, L; andty values was reached. The calibrated values of the instrahent
parameters derived by this procedure are reported in fhble 3

—-11 -



parameter value

Lo (11.055+ 0.021) m
L1 (0.685+ 0.020) m
29 (26.7+ 2.0y

to (-4.95+ 0.30) us

E; (6.677+ 0.053) eV
E, (20.878+ 0.095) eV
Es (36.688+ 0.142) eV

Table 3. Calibrated instrumental parameters.

4. Analysis

The H signal peaks derived from the measured time of flighttspecan be analyzed to yield
the single particle dynamics of the H nuclei in the samplénimithe framework of the Impulse
Approximation (IA) [I1]. The inelastic neutron scatteringpss-section for unpolarized neutrons
is related to the dynamic structure factog3p) via the relation [12[ 13]:

d? 9
%ZZ) = ﬁl\/gﬂb\zs(%w)ﬂ!bz! —|bI*)Si (9, w)] (4.1)

whereb is the scattering lengttg; the energy of the scattered neutrd, that of the incident
neutron and 2 is the scattering angle. At the highvalues in the experiments, the scattering is
entirely incoherent, that is it occurs from single particlene interpretation of DINS data relies
essentially on the fact that, provided the momentupiransferred between the incident neutron
and the target system is sufficiently high, the inelastictmoeuscattering cross-section provides a
direct probe of the distribution of atomic momenta in thg@earsystem. Within the framework of
the IA, the inelastic neutron scattering cross-sectiorgimagion [4.11) is:

d’0(Eg,E1,28) _ 4 [E1. 5
T 4QdE. h = [1b°|Sa(g, w)] (4.2)
where
= p-hq
Sa(q,w)=h [ n(p) & |hw—h v dp (4.3)
In equation [(4]3Jiw is therecoil energy
HZqZ
oy = (4.4)

The physical implication of equatiof (#.3) is that scattgroccurs between the neutron and a single
particle, with conservation of kinetic energy and momentfrthe particle+neutron system. The
term hey is the kinetic energy the struck particle would have, primgdit were stationary and
absorbed all the momentum transferred by the neutron. d#sgikie center of the observed peak
at a givenq associated with the particle of makk The momentum distribution of the struck
particles broadens this line by a similar mechanism to thpdlaw broadening of spectral lines by
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atomic motions. Since the position dependshbndifferent mass particles in the sample can be
distinguished in the observed spectrum.

If the 1A is valid the two dynamic variablesy andq, can be explicitly coupled through the
definition of the scaling variablgas [12]:

M
y= ﬁ (how —ha ) (4.5)

Equation [4.B) can then be reduced to the form

SA(0, ) = ﬁMqJ(y, a) (4.6)

where
3(.0) =1 [ n(p') 8(y—p'-c) cp @.7)

J(y,q§) is the Neutron Compton Profiland is formally the Radon transform of the momentum
distribution. The quantityg is a unit vector, asl(y,§) no longer depends on the magnitude of
g. The functionJ(y,§)dy (sometimes also indicated Bsy, §)dy in the literature) is physically the
probability for an atom to have a momentum parallel tf & magnitude betwedny andh(y+dy).

In an isotropic system, the directionisimmaterial, and equatiofi (4.7) becomes

00

Jy)=2n [ pn(p)dp (4.8)
DY

The single-particle mean kinetic enerdlx ), is related to the second momentgy) via:

[t ay=of = 2580 @9)

whereaoy is the standard deviation of the Neutron Compton Profile.
The standard expression for the number of neutrons detattide channet in an inverse
geometry spectrometer ig: [14]:

1 .-3/2 2
P E
2} 0 47 1o (4.10)

Clt) = Zﬁ[a 1o (EO)D(El)NWdEl
wherel (Ep) dEg is the number of neutrons incident with energies betw&gandEq + dEy, D(E;)
is the probability that a neutron of enerBy is detectedN is the number of atoms in the beam and
dQ is the solid angle subtended by the detector. The count eatdoe expressed in terms of the

Neutron Compton Profile as:

Eol (E
Cu(t) = = g O)AMMJM(yM) (4.11)
where:
Ay = 3D(El), /%140 Nwb?, (4.12)
Lo m

with Ju(ym) being the Neutron Compton Profile for madsandyy is given by equation[(4.5).
A basic assumption of the IA is that the scattering is incehgrhence if there are a number of
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different masses present in the sample the overall coumtisagimply obtained by summing the
contribution from atoms of different mass. The count ratién:

Ol = 5 Cult) = 20 S Aubduom) 413

In the derivation of equation (4]13) it is assumed thatitistrument parametersolL 1,28 andE;
are known exactly. In reality these quantities can be asdemsly according to some probability
distribution P(Lo,L1,20,E;), which determines the instrument resolution. The meascoeaht
rate,Cn(t), is an average over the possible values of these paramataghted by their probability
of occurrence:

Cn(t) = / Cu(t)P(Lo, L1, 29, E1) dLo dLy d9 dE; (4.14)

The exact incorporation of the instrument resolution fiorctvould entail the evaluation of this
four dimensional integral for each data point, in additioritte convolution irt, required to incor-
porate the uncertainty in the measurement of the time oftfligih reduce data processing times,
the Convolution Approximation is assumed in the data amgly®. the resolution is incorporated
as a single convolution inspace, with a mass dependent resolution funct(y). Thus equa-

tion @.13) is modified to:

_ Eol(Eo)

Cm(t) ﬁz q

%AM M v (ym) @ Ru(y) (4.15)

It is worthwhile mentioning that the IA is strictly valid onin the asymptotic double limij —
o, w — oo, keepingy constant. For finite values of the energy and wave vectosteas, the
longitudinal momentum distribution retains an additiod@bendence ogwhich is known as Final
State Effect (FSE). A detailed description of this contits can be found in referencdsJ15] 16].

5. Resaults

The time of flight spectra of water at each thermodynamieshow four main recoil proton peaks
(see for examples figurg¢hs 7 ajld 8), corresponding to the é&mamiances of the U analyzer (see
table[1). Thus the time of flight spectra, transformed pace within the framework of the 1A
according to equatio (4.5), provide four correspondirgpoase functionss (y), namely the ex-
perimental Neutron Compton Profiles. Due to the poor stedisthe recoil peak corresponding to a
final neutron energy of 66 eV (fourflf®U resonance) has not been considered for further analysis.
A total of nine experimental response functidng/) have been analyzed: sk(y) for the room
temperature sample (for the Al and TiZr containers) andetffioe the higher temperature one (for
the TiZr container). Each group of spectra has been fittedllsmeously using a minimization
procedure based on the MINUIT package] [17]. The fitting pdoce employed a single Neutron
Compton Profile of the proton in the molecular system undetyst(y), convoluted with the reso-
lution functionR;(y), corresponding to the specific final energy. Generally Spgake resolution
function is a convolution of a Gaussian and a Lorentziarshmages: the first component describes
contributions due to the uncertainties on the geometrigedmetersl(y, L1, 23), the time of flight
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t and the Doppler component of the resonance absorption segctien; the Lorentzian component
is due to the intrinsic single nucleus (Breit-Wigner) resmatce cross section. Thus the experimental
response functions; (y) can be formally written as:

F(y) =J(y)@R(y), (5.1)

whereJ(y) does not depend on the value of the indes the resonance index defined in secfipn 3).

In order to compare the results obtained with the two spewter configurations th&y) has
been fitted using different models for the proton momentustribution. The isotropic Gaussian
model, the simplest model to use in the fitting procedurddgie

1 A
J(y) = .exp 202 5.2
(v) Torg &P (5.2)
whereo is related to the mean kinetic energy by the relation:
3
(Ex) = %ﬁ o (5.3)

Previous DINS work performed on non-hydrogen bonded anddgah bonded systems has clearly
demonstrated that it is only a crude model which does noy fadcount for the physical charac-
teristics of the proton dynamic$ J1§421]. A more sophisédamodel, which better describes
the proton dynamics in the case of supercriticalOH[L9] and solid HS [L8], is the anisotropic
Gaussian model for the proton momentum distribution, wh¢ygis given by [IB]:

(coszﬁ + smzﬁ)

1 :
2@ T o) cogd sty ﬂ
= d(cos? ex 5.4
/71 ( )\/ 2no2(t)0?(2) p[ 2 < 2(2) * a2(t) -4
The corresponding mean kinetic energy is:
ﬁ2
Exn = 5 (20°0 +0°() (5.5)

whereo () and o(2) define the widths of two Gaussian momentum distributionspeaedicular
and along the hydrogen bond, respectivgly [20]. In the sppegise of a single isotropic Gaussian
momentum distributiow (t) = 0(2).

A non Gaussian model fal(y) has also been considered, i.e. a general series expansion su
as the Gram-Charlier series, involving Hermite polynomigl,(x) [23]. In the case of a liquid,
where the average distribution of wave vectors is isotrajpie general expansion of a symmetric
longitudinal momentum distribution yields the forin][20]]22

_¥
_exp 2? & y
)= 2102 4 2 22nn! Han <\/§g> (5:6)

Final State Effects can also be incorporated by properlgrtirgy Hz(—- VT ) andHg(—%= VT ) polyno-
mials.

This model, recently used to describe the DINS responsdifumfrom liquid water in bulk
and confined geometry J111,]20], provides at present the nadisfactory physical description of
the proton momentum distribution. The following sectioapart results from the fits of the exper-
imental data, in both RD and RF configurations, using theffit models introduced above.
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Figure 12.  Proton experimental response functiofgy), and results from the fits obtained using an
isotropic Gaussian model fdfy), of H,O sample atjp=1 bar,T=293 K] in a) Al container upper panel (left
panel,E; = 20.8eV, rightE; = 36.6eV) and b) TiZr container (lower panel, |&f = 20.8 eV, rightE; =
36.6eV).

5.1 Proton mean Kinetic energy in H,O at [1 bar, 293 K]

At this thermodynamic condition six experimental protospenseF (y) functions recorded in
the RD configuration were in principle available, three fréirand three from TiZr sample con-
tainers, respectively. However, due to the contaminatibthe first recoil peaks by the back-
ground contributions discussed in section 1, only féyy) functions were included in the present
analysis. These functions, fitted using the isotropic Ganssiodel forJ(y), yielded the value
0y = (4.42+0.18) A~1 which corresponds to a value for the mean kinetic enégy = (122+10)
meV. An example of these results is shown in fighre 12 whiclwshexperimental and fitted re-
sponse functions from water in Al (upper panels) and TiZr@anaontainers (lower panels). The
experimental response functions have also been fitted tisengnisotropic Gaussian model and
non Gaussian model fak(y), introduced in equationg ($.4) and {5.6). These yielded¢kalts
summarized in tabl§] 4. The table also reports results addafrom DINS data recorded with
VESUVIO operating in RF configuration at the sanpeT]] conditions [2]L].

5.2 Proton mean Kinetic energy in H,O at [100 bar, 423 K]

At this thermodynamic condition three experimental protesponse-(y) functions recorded in
the RD configuration were available but only two were inchlidie the present analysis because
of background contamination of the first recoil peak. Thesefions, fitted using the isotropic
Gaussian model fod(y), provided a value oby = (4.7 +0.25) A~1, corresponding to a value

—16 —



- E, =20.8¢eV

T T T T T T T

01
y (A7)

T
-10

Figure 13.  Proton experimental response functiofgy), and results from the fits obtained using an
isotropic Gaussian model fd(y), of H,O sample atp =100 bar,T =423 K], in TiZr container (top panel
E; = 20.8 eV, bottom pandt; = 36.6eV).

for the mean kinetic energ§Ex ) = (1374 16) meV. Figure[13 shows the experimental response
functions and the corresponding fitted functions.

The anisotropic Gaussian model and non Gaussian modélypr have also been fitted to
the data, and results of these fits are also reported in[tabbeydther with values obtained for the
analysis of DINS data recorded in the RF configuratjof [21].

6. Discussion

Although previous works indicate that the proton dynamice/ater is best reproduced by the non
Gaussian mode[[]1] it is of some interest to compare themifft](y) models used for the fit of the
experimentaF (y) functions. The upper plot of figufe]14 shows tifg) functions on a linear scale,
while in the lower plot, in order to highlight the behaviortbg different lineshapes, the response
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Sample (EBD> [meV] <E5F> [meV]
Simple Gaussian J(y)

H2O [1 bar, 293 K] 122+ 10 124+ 3

H>0 [100 bar, 423 K] 134 16 129+ 5

Spherically averaged J(y)
H>0 [1 bar, 293 K] 144+ 15 147+ 8
H>0 [100 bar, 423 K] 168 16 156+ 13

Gram-Charlier expanded J(y)
H,O [1 bar, 293 K] 149+ 12 144+ 3
H»O [100 bar, 423 K] 161 8 156+ 6

Table 4. Summary of theEx) values obtained from RD and RF measurements employingeiiftéorms
for J(y).

functions are plotted onlag scale fory > 10 A=, The differences in relative areas varies between
1% and 20%. The statistical uncertainty in theegion around 10 Al is about 25% for the
F2(y), while the differences among tlé¢y) are about 5%-10%. Thus an improvement in statistical
accuracy by a factor 5 is needed in order to discriminate éetwthe models. The differences
found for the(Ex ) values obtained employing the fitting models mentioned éntevious section,
have been already observed in the analysi¥ wf in molecular systems such ag$i[18] and BO
(both in subcritical and supercritical thermodynamicahditions) [20,[2]. In the former case
an approach based on equati¢n](5.4) was employed and agigeedifferences were found with
respect to a simple Gaussian approach. In th® ldase the employment of spherical averaged
Gaussian (equatiof ($.4)) and Gram-Charlier exparddgd(equation [(5J6)) both pointed out the
inadequacy of the simple Gaussian lineshape in describimgtoton momentum distribution. In
both cases the high momentum tails of the non Gaussian ipesidiscussed above (see fidufe 14),
result in a larger second moment 3fy) and thus in a higher values of the proton mean kinetic
energy (see equatiof (#.9)).

For theFs(y) (E1=36.6 eV) the statistical uncertainty, in the saymegion, is as large as 50%
so that a factor of 10 improvement in accuracy would be neebliede that this is a conservative
requirement since it refers to the analysis of a single rmsoe. The simultaneous analysis of
several resonances is a more sensitive procedure in ordistityuish among the different models.

In future experiments using the RD configuration a factor®@iriprovement in statistical ac-
curacy will be achieved by 100 times better statistics,inereasing the data accumulation time
and building a set of RD detectors covering a larger area. dtfitian an increase of the sig-
nal/background (S/B) ratio by nearly an order of magnitudkebe achieved by raising the thresh-
old above 500 keV[]7]. In this way it has been shown that it issilale to record recoil peaks above
70 eV final neutron energy][7]. The actual S/B improvemenbimawhat sample dependent, but
a statistical improvement by a factor 2-3 should be possiltlee same experiment presented here
was repeated with a higher threshold.
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Figure14. Comparison of differeni(y) models. In the upper plot the distributions are plotted srégnge
—20 A~ —20 A-1on alinear scale; in the lower panel the same distributioapmtted in they > 10 A1
region and on a log scale to show the differences in the tgibre

The statistical uncertainty in the measurement is maingy twubackground and it would pay
off if efficient means for background rejection could be ded. Use of/neutron shields around
the RD bank can always be considered but this would mainhagainst the environmental back-
ground; sample background would be less affected or it cevdth get worse because of multiple
y/neutron interactions in the shield. Another approach ieadence techniques. Thecascade
following resonant neutron absorption has typically a iplittity of 2-3; simultaneous detection
events in pairs of YAP detectors facing the same resonariogdald provide a coincidence mea-
surement of the neutron absorption with much improved baxkyl rejection. This approach was
tested in a recent experiment where a pair of YAP scintilfateas placed in sandwich geometry
on either side of &%U analyzer foil. The scintillators were 6 mm thick and liglalection was
from the side via a reflecting light guide. With this deteciorangement the amount of material
intercepted by the scattered neutrons before being alibtpéhe foil amounts to a 6 mm thick
YAP slab plus 1 mm Al housing. The gap betwe&@fU foil and planar YAP detectors was about
2 mm. The YAP areas matched the foil area being 215F nrhis “sandwich” RD was used at a
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Figure 15. TOF spectra for a Pb sample and the RD coincidence set upildeddn the text. The
coincidence spectrum (full symbols, right hand scale) haigaal/background ratio that is 5 times better
than in the individual YAP spectra (empty symbols, left handle).

scattering angle of 30 Shown in figurd 15 are the TOF spectra collected from a Pb lesloyithe
YAP detectors individually (empty symbols) and in coingide (full symbols). The improvement
in signal/background ratio is significant (a factor 5 as mead by the ratio of the intensities at
the resonance peak) but comes at a price of a drop in intemgityfactor 10. This confirms the
expectation that a coincidence approach would only be ipedainder measurement conditions
where the signal intensity is large, which is not normally tdase on VESUVIO.

An alternative approach for background rejection is to grenf measurements with different
foil combinations. In the RF configuration the “double diface” method entails the weighted
combination of three measurements without analyzer féih ethin foil and with a thick foil [Z}].
In this way the background effect is reduced and, espectaliyl_orentzian tails contribution to the
instrument response is almost suppressed, which provigae®ved signal quality in the tail of the
recoil peaks. A somewhat similar approach can be considerde: RD configuration by placing
a second analyzer foil in the path between the sample angde¢éector. This method is practical
provided there is enough room in the secondary neutron ffigt for inserting a second foil at
sufficient distance from the RD.

An important advantage of the RD configuration over the RHigaration is the extended
range of momentum and energy transfers. This can be argueohisidering figur¢ 16 where four
S(3,w), corresponding to the first four H recoil peaks for the casélg® in the Al container
are shown. Eacl(J,w) peak is fitted with a Gaussian function (full line) in orderdetermine
the recoil energyhcy. The fitted recoil energiedw ), arehw; 1) ~ 1.7eV, hay, 5 ~ 5.5V,
R 3) ~ 10 eV andhay, 4) ~ 20 eV. Note the different number of experimental points ichgaeak:
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Figure16. S(&,w) functions for 2 = 26.7° and final neutron energies of about 6.67 eV, 20.8 eV, 36.6 eV
and 66.0eV. The continuous lines are fitted Gaussians.

this is due to the non linear relationship between time aradgn so that the lower the TOF the
wider the sampled energy interval corresponding to a givedffime bin.

As already mentioned in sectidh 4, the Impulse Approxinmat®strictly valid only in the
limit (q,w) — . For finite values of the wave vector and energy transfer d fitae effect
(FSE) correction should be applied to th@g), but the correction becomes vanishingly small for
increasing values af andw. This is illustrated in figur¢ 17 which showsléy) obtained through a
non Gaussian fit (Gram-Charlier expansion) whesex) andH,(x) polynomials have been inserted
to account for the FSE corrections. The dashed line in eaoklmnows the FSE component
[Jrse(Y,a) — J(y,)]. It can be noticed that for the lower pan& (= 36.6 eV andy, = 69 AL dp
being the value of at the recoil peak) the effect of the final state interactiprw/ides a smaller
contribution as compared to the one in the upper #gt40.8 eV andy, = 52 A1), As already
pointed out, the RD configuration is capable of detectingtsmd neutrons well above 10eV,
which is the RF limit. In the present experiment the RD speatr 23 = 27° were analyzed up
to 36.6eV final neutron energy and thes2 and E; values were used in figufe]17. However
at least the 66.0 eV resonance will be accessible under apérperimental conditions allowing
to extend the(g, w) range even further. Furthermore sirgécreases with increasing scattering
angle, for a fixed final neutron energy, it can be argued tleaEF®E contributions will be so low in
a complete RD array covering an extended angular range staiuld be possible to add théy)’s
at fixed final energy recorded at different angles. This igvgbfication in the analysis meaning
that the statistical accuracy needed to discriminate anttmaglifferent models could be achieved
by adding measurements from different detectors no matteravthey are placed. Quantitatively,
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Figure 17. Longitudinal Compton profiles (full lines) correspondirgfinal energies of 20.8 eV (upper
plot) and 36.6 eV (lower plot) obtained through equati@XﬁvhereHg(%) and H4(ﬁ) polynomials
have been inserted to account for FSE corrections. The ddsteein each panel represents the difference
(Jrse(y) - J(y)). gp is the wave vector transfer value calculated at the protooilpeaky = 0.

the maximum value ofj, accessed by th@i-glass detectors in the present experiment is about
118 A1 (for the detectors at about §&orresponding thy ~ 29 eV, which is comparable to the
values obtained considering a final neutron energy of 66.(d@yth 238U resonance) which gives
gp ~ 90 A-1andhw ~ 20 eV, but at a scattering angle of2At E; = 66.0eV and 2 = 70° Op =~

220 A~1 andhw ~ 100 eV. In the end this means that an optimized RD array wiletebetter
statistics, will provide access to a broader kinematic esthgn possible with the RF configuration,
with a corresponding reduced sensitivity to systematide)RSfects and improved overall quality
of the measurements.

7. Conclusions

Deep Inelastic Neutron Scattering measurements on ligatdnvihave been performed at the VESU-
VIO spectrometer using the Resonance Detector configatalibe experimental response func-
tions have been analyzed yielding values of the mean pratweti& energy in agreement with
parallel measurements using the Resonance Filter contigyrghus demonstrating the reliability
of the RD approach even in a case where the RD measuremeritia@asidvere not optimal. Anal-
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ysis of the DINS experimental data recorded in RF configorai2]] and tabl¢]4) provides values
of (Ex) with better statistics as compared to DINS measurementdDicddfiguration. However

it has to be stressed that in the former measurements, DIdtSrapvere recorded by $2i-glass
detectors whereas in the latter only a single YAP scintilatas available. Furthermore the YAP
detector size was six times smaller than a sifgjieglass detector, with an overall detection area
in the RF configuration about 200 times larger than in the Rifigaration.

The projected performance of an array of RD detectors opéichfor DINS measurements is
encouraging in terms of reduced sensitivity to systemdfeces and improved overall quality of
the measurements. The data analysis procedure employeslpndsent experiment leads to results
which are consistent with those obtained on DINS measureniethe RF configurations. We thus
envisage an extended use of RD banks optimized for DINS measunts as part of imminent and
future upgrades of the VESUVIO detector system.
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