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Kinetic energy of “He along theT=6.1 K isotherm
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We report the results of a neutron Compton scattering experimefiHenon theT=6.1 K isotherm, in a
wide density range extending from the low-density gas phase to the compressed solid. These experiments give
access to the atomic momentum distribution and we have derived the average kinetic energy. This is a function
of the density, due to the increasing effect of interactions in the quantum fluid, and equals the classical value
%kBT only in the zero-density limit. The data allow us to give a coherent picture of the evolution of the kinetic
energy of “He, on theT=6.1 K isotherm, up to the compressed solid phasg.(=539 bar} where the
measured value of the kinetic energy~$ times larger than the classical value. The data in the fluid phase are
well described by a power law in the density with exponent 2.46. We confirm that the kinetic energy data
display a change of behavior across the freezing transition, with the solidosagathan the extrapolation of
the fluid data[S0163-182698)02922-1

I. INTRODUCTION and the discrepancy between the measured kinetic energy
and its classical counterpart becomes sizable. Again, the
Deep inelastic neutron scattering is an experimental techrshape of the momentum distribution appears to be
nigue that can be used to probeectly the momentum dis- Gaussiart! However, more recent experiments on liquid
tribution of atoms in condensed matlerIn fact, if very-  “He were analyzed by assuming for the shape of the momen-
high-energy neutrons are used as a probe and the momentuom distribution a sum of two Gaussians with the same peak
transfer becomes sufficiently high that the interference efposition!? At any rate, the kinetic energy, which is propor-
fects due to the correlations between neighbors become netienal to the second moment of the scattering function,
ligible, then theincoherent scattering approximatiomolds  shows a definite breakdown of the classical picture.
and the process simply becomes a sum of single-atom scat- NCS experiments on helium were carried out with the aim
tering events where the neutron loses some of its energy thaf measuring the atomic kinetic energy in a condensed guan-
is transferred to the nucleus as a recoil enér@ijis energy  tum system. At first sight, it appears that this quantity does
is related to the momentum transfieq by the simple rela- not depend on the microscopic structure but only on the den-
tion Aw=(%q)%/2m, wherem is the mass of the recoiling sity. In fact, experiments carried out in a hcp solid at 1.60 K
atom? Since the energy of the neutrons is much larger tharand 0.96 K* in a bce solid at 1.70 K2 and in the liquid
any energy involved in the atomic systéfeV corresponds phase at 4.0 K, all at the same density of 27.7 ripresulted
to 58 000 K}, the process is not expected to be influenced byin a common value for the kinetic ener@y=19.5 K* In
the local environment of the nucléiFor this reason, the contrast, the theoretical values obtained by using the Green
phenomenon is also referred to as neutron Compton scattefunction Monte Carlo method were 20.7 K and 21.8 K for
ing (NCS).5 By means of NCS we have direct access to thethe liquid and the solid, respectively.In a more recent
momentum distribution of particles, which is the space Fou-experiment? the average kinetic energy of liquitHe was
rier transform of the single-particle density matrix. A com- measured on the 4.25-K isotherm between the liquid-vapor
prehensive review of the field can be found in Ref. 6. saturation line §=18.8 nm 3) up to a pressure of 103.4
For monatomic classical systenis.g., liquid and solid bars, corresponding to the density-30.1 nm 3. The aver-
argon, krypton, and xenon, at not too low temperatthe  age kinetic energy shows a clear dependence on the density.
momentum distributiom(p) is generated by the Maxwell- A quadratic fit to the data seems to describe quite well the
Boltzmann distribution, i.e., it has a Gaussian shape whosdensity behavior, even though no theoretical justification ex-
width is simply given by the mean kinetic enerdy, ists for this function. The data were also compared with the
=3kgT.” As the atomic mass decreases, like, for example, irpath integral Monte Carl¢PIMC) simulations of Ceperley
neon, quantum effects emerge and the kinetic energy inand Pollock® and satisfactory agreement was found. How-
creases with respect to the classical expectation. The shapeer, it appears that this agreement becomes of lesser quality
of the momentum distribution, however, is still assumedat the highest densities.
Gaussiarf~1° A similar parabolic law of the kinetic energy as a function
The case of helium is particular. Due to the combinedof density(at constant temperatyrevas also found to fit the
effects of the small atomic mass and the low temperature dPIMC simulations of solid para-hydrogéh.Also in this
the condensed phases, quantum effects can no longer be caase, the agreement between the simulation data and the
sidered a small correction to an essentially classical behavi@xperiment® is satisfactory. However, the extension of the
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simulations to the liquid phase reveals that either the obthe density behavior of the kinetic energy Hfle on theT
served parabolic law breaks down at the lowest densities or 6.1 K isotherm. The main advantage of operating at a tem-
its coefficients may depend on the phase of the system. Iperature slightly above the critical value is that the experi-
fact, the simulation data suggest that, in the liquid phase, thenent in the fluid phase could be carried out in the whole
kinetic energy has a density behavior different from that indensity range between the ideal gas limit and the freezing
the solid'® Whether this is a signature of some kind of de- transition. Here we will give a full description of the whole
pendence upon the microscopic structure of the System &Xperiments af =6.1 K and we will describe the details of
just a mere failure of the simple heuristic parabolic law is notthe data analysis. Finally, we will show that our finding for
KNOW. the kinetic energy in the solid phase is actudtyer than

For helium, no such extended range of experimental datf'® extrapolation of the liquid phase data.
was available from a single experiment. In fact, an extensive

measurement of the k.ineticlzener.gy as a function of d.ensity Il. DESCRIPTION OF EXPERIMENT
was reported by Herwigt al.,*~ which only covers a portion
of the liquid range(up to about 100 bajson the 4.25-K The experiments were carried out on the eVS spectrom-

isotherm. More experimental data were reported later byter of the pulsed neutron source ISIS. This is an inverse
Blasdellet al.?° who extended the measurements to the solidjeometry inelastic spectrometer that uses a resonance ab-
phase. However, the authors did not consider the highsorption filter(a gold foil) as an energy analyzer in the sec-
density data free from systematic uncertainties. ondary neutron path. A detailed description of the instrument

For these reasons, with the aim of obtaining from a singleand its calibration procedure is reported in Ref. 24.
experiment information covering a wide density range and In order to evenly cover the whole density range of he-
eventually crossing the melting transition, we carried out dium between 0 and 539 bars at=6.1 K, the experiment
NCS experiment on helium at constant temperaiure4.35 was completed in two steps. The same aluminum alloy
K.2! The pressure interval was between 35 and 500 bar$7075 was used to manufacture two sample containers. In
This ample pressure range allowed us to cross the meltinthe first experimental run, we used a pressure vessel able to
transition of helium, thus extending the experimental inveshold the maximum planned pressure of 500 bars with a suit-
tigation on both phases. The data in the liquid phase turnedble security factor. In the second, to compensate for the
out consistently with the previous experiments. In addition,decrease in the recorded signal at lower densities, a thinner
we found a discontinuity in the density behavior of the ki- wall and a larger sample volume were designed. In this case,
netic energy across the melting transition with the values ofhe maximum allowed pressure was only of 50 bars.
the kinetic energy, measured in the solid phdseer than In either case, the sample cell was adapted into a liquid
the extrapolation of the liquid phase d&taUnfortunately, helium cryostat. This was connected to the external gas han-
the densities that were assigned to the solid phase data in thiing system by means of a stainless steel tube of 1/16 in.
experiment were found to be erroneous in a following checkputside diameter. The filling tube was wrapped with an elec-
due to a likely difference between the internal and externatric heater in order to avoid blockage. The upper and lower
pressure of the sample. body of the cell were in good thermal contact with copper

We discovered the mistake after performingexondex-  blocks, which were independently temperature controlled
periment, carried out at a slightly different temperatufe ( and stabilized. The temperature stability during the whole
=6.1 K), in which we had taken advantage of the possibilityexperiment was found to be better than 0.02 K. The tempera-
offered by the resonance spectrometer eVS of measuring, ttre difference between the top and bottom copper blocks
the same time, the momentum distributiand the diffrac- was always less than 0.1 K. We assume, for our helium
tion pattern of the sampf&. This experiment was character- sample, an average temperatlire 6.1=0.1 K.
ized by an improved accuracy in the density determination of For the high-pressure experiment, the scattering cell was
the solid phase, measured from the position of the Bragdnitially filled with gaseous helium =150 bar$ and then
peaks in the neutron diffraction spectra of helium. A shortcooled down to the desired temperature. Once the system
account of the second experiment has been already publish&ds in thermal equilibrium, we started the data collection for
and we recall here the main results that were reported in Figwo different pressure€l 71 and 220 bajsn the fluid phase.

2 of Ref. 22. Even though we had found a confirmation ofThe sample was then pressurized, up to a maximum pressure
the previous gqualitative behavior, i.e., that the solid stateof 539 bars, to collect the data from the solid phé@sme
kinetic energy data wer@wer than the extrapolation of the thermodynamic poinjs Each time we carried out a pressure
fluid phase data, we were not fully satisfied with these rechange, the heater on the inlet pipe was temporarily turned
sults. We note that there is a lack of experimental data in then and we observed a rise in the temperature of the cell. The
intermediate-density range and that, in practice, the choiceystem was then stabilized back to the equilibrium tempera-
between the different functional forms was mainly based orture (T=6.1 K) and the following data acquisition run was
an interpolation of experimental points that were taken by sstarted. Finally, we ended this experimental cycle with four
third party?® As any experiment is affected hits systematic more runs in the fluid phase. The details of this experiment
errors, though small, this could have represented a wea#re reported in Table | and a brief account of the results has
point in our conclusions. been reported in Ref. 22.

For this reason, we have carried outhird experiment, For the low-pressure experiment, we started with the
using essentially the same experimental setup as the secorfdghest pressure of 34.8 bars, followed by four lower pres-
with the aim of covering the intermediate-density region. Insure points. In this case, no particular problem in temperature
this way we were able to build up a very coherent picture ofstabilization was observed. The details of this experimental
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TABLE I. Experimental details of the first experimental cycle: of solid helium. This information could be used for density
dense fluid and solid in the high-pressure container. The pressuigalibration. The solid phase densities, reported in Table I, are
was measured on an external gauge connected to the gas handliggtained by this procedure.
system. The temperature of the sample Was6.1+0.1 K. The In both experimental cycles, we used four detector banks,
solid phase we used the experimental determination of the 'attiCBackscattering geometry. In the first one, the measured an-
parameters by means of the Bragg peaks. IRC stands for integra’[%thar interval was in the range 92.25147.80°. Given the
proton current and is a measure of the duration of the run. measured value of the energy resonance of the gold foil, the
value of the momentum transfer, evaluated on the recoil peak

-3
p (bary n (hm) IPC (A Phase of helium, is between 81.6 and 122.3°A In the second, the
539+5 44.4+0.1 1979 solid interval of scattering angles was between 83.5° and 148.7°
502+5 43.7+0.1 997 solid and the corresponding momentum transfer interval turned
491+5 43.6+0.1 2180 solid out to be between 73.6 and 122.6 A The measured reso-
457+5 42 7+0.1 2190 solid nance energy of the gold foil turned out to be 4.909 eV with
394+5 42.2+0.2 2152 solid a half-width of 127 meV.
347+5 41.2+0.1 887 solid There are five independent contributions to the instrument
335+ 5 40.8-0.1 1011 solid resolution function. Four are of geometrical origin and derive
314+ 5 40.7+0.1 1071 solid from the uncertaintie§ in the .primary palth, .the sgcondary
264+ 3 39.5+ 0.2 2044 solid pathL 4, the neutron time of flight, and the finite size of the
o Db : collection solid angle. The fifth is determined by the width of
2203 35.2£0.2 2475 fluid . . . .
. the resonance absorption line of the analyzing filter. For a
199+3 34.5£0.2 1181 fluid . . L2
171+3 33.9+0.2 2993 fuid g_old foll, the overall shape of_ the abso_rptl(_)n Ilne_ is a Lorent-
107+3 30.740.2 1788 fuid zian function?® The geometrical contributions, instead, are
- e Iu!d well represented by Gaussian distributions and are evaluated
73+3 28580.2 2117 f”! by means of a Monte Carlo simulation routine. Therefore,
2.9+05 6.0-2.0 2030 fluid

the overall resolution function turns out to be a Voigt profile.
In the present experimental configuration, the standard de-
viation of the angular contributioiGaussian is 3 times
cycle are reported in Table II. smaller than the gold foil term. The other geometrical con-
While the determination of the sample density in the fluidtributions are even smaller. Thus we end up with an intrinsic
phase was straightforwafdthe same procedure appeared toinstrumental resolution function whose half-width at half
give erroneous results in the solid phase. As explaine@ghaximum is of the order of 150 meV.
above, we had observed that heating the inlet plpe of the Ce”, The observed Spectra are of similar qua“ty in both experi-
in order to release part of the pressure, the sample slightlshents, with an improved signal-to-background ratio in the
changed its thermal status, essentially because of the loww-density experiment, where a thinner container was used.
heat capacity at this low temperature. During the subsequentypical TOF spectra were shown in Fig. 1 of Ref. 22. We
relaxation towards the thermal equilibrium, we could ob-pbserve that the container contribution to the TOF spectra
serve the evolution of the sample from the changes in temcan be easily removed, as it affects a different spectral re-
perature and in pressure. However, after turning off theyion. Moreover, the contributions from multiple scattering
heater, we could not make sure that the sample inside the cgltocesses were evaluated by means of a Monte Carlo routine

experienced the same pressure that we could read on th@d were found to be very small with respect to the primary
(externa) gauge, because of the freezing of helium in thescattering.

inlet pipe. We were able to overtake this difficulty when we
realized that we could extend the time range of the time of
flight (TOF) spectra up to a point including the Bragg peaks

Ill. DATA ANALYSIS AND RESULTS

Given the high values of the momentum transfer that are
TABLE Il. Experimental details of the second experimental probed by the present experiment, we could safely operate
cycle: fluid helium in the low-pressure container. The pressure wawithin the impulse approximatioiA) framework? The va-
measured on an external gauge connected to the gas handling s¥ighty of such a formalism was successfully tested by Herwig
tem. The temperature of the sample Wias6.1+0.1 K. The den- et al'?in a previous experiment on liquid helium where the
sities in the fluid phase were calculated using Ref. 25. IPC standmiomentum transfer was limited to 23 A~1. This is also
for integrated proton current and is a measure of the duration of theubstantiated, for normal liquid helium above theransi-

run. tion, by Silver's theoretical work’ However, below the su-
perfluid transition, or for lower values of the momentum

p (barg n (nm-3) IPC (1Ah) Phase transfer, the broadening induced by final-state effects should

34.85+0.05 25.04-0.01 1730 fluid be taken into accourtf*" , _

2320+ 0.05 23240 01 2304 fluid Within the range of validity of the IA, a scaling variabje

11.70+0.05 20.19-0.02 2131 fluid can be defined &s

5.81+0.05 16.16:0.03 3294 fluid

. m hq?
3.84+0.05 10.18-0.03 4296 fluid =),
Y (ﬁq)(‘” Zm)’ W
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whereziq and Ao are the momentum and energy transfer, 40
respectively, andn is the mass of the target nucleus. With
this definitiony has the same dimension @sThus the scat- l
tering function can be expressed by means of the scaling so-
variable and becomes T

n
a
1

m

aqm=5§@yx ()

20

whereJ(d,y), usually referred to as th€ompton profileis
defined as

Kinetic Energy (K)

(E)—y}dp 3 S
q 0 5 10 15 20 25 30 35 40
and q represents the unit vector of while Zp=mv is the density (nms)
momentum of the target atom.

As we have seen in the Sec. Il, the width of the instru- FIG. 1. Mean experimental kinetic energy of fluid helium as a
mental resolution function is of the order of 150 meV. Thatfunction of density at constant temperatdre 6.1 K. The triangles
is considerably larger than the width of the intrinsic momen-epresent the present data, the full circles refer to the previous ex-
tum distribution. For example, at the smallest scatteringoer","e”t' and the open circle a0 is the classical value that is
angle(lowestq) the intrinsic width ranges betweens5 and obta!ned from the t(_emperature of thg sample. The error bars are
~80 meV (lowest and highest density of the present eXperi_obtalned by averaging over the 32 independent detector spectra.

. . The full line is the best fit using a power law with exponent 2.46
meny, while at the highesq value these values becomeds (see the teyt The reducedy? for this fit turns out to be 1.56. The

and ~135 m(_aV, respectlyely. ,AS _a consequepce, in th,edashed line is a parabolic fit. In this case the redug&és 4.02.
present experimental configuration, it ends up being very dif-

f|CU|t to make QVIdent n the Compton prOflle deV|at|0nS from error onEk was determined by the Va|ue and the Variance Of
a pure Gaussian shape, as it was suggested by the PIMge 32 independent data obtained by the various spectra. We
simulations by Ceperley and PollotkAt any rate, we have point out, once again, that exactly the same procedure was
attempted such a procedure and we found that including gpplied to both the fluid and the solid phase data. Therefore,
second Gaussian component in the fitting function, withoushould any systematic error affect the experimental data, this
imposing arbitrary constraints on the parameters, affects thgould influence equally all the measured points.

stability of the fitting procedure. Therefore, also to maintain  |n Fig. 1 we report the density evolution of the kinetic

a coherent picture with the previous experiment, we havenergy of helium in the fluid phase. The present data are
assumed that the momentum distributiofp) can be fitted represented by the triangles, while the full circles represent
with a pure Gaussian profile. ~the results of the first experimental cycle. The pointnat

Returning to Eq.(3), we obtain that the same Gaussian =g is the classical value that is obtained from the tempera-
profile is characteristic of the functiod(q,y). In the fluid ture of the sample. In this isotropic phase, the interactions
phase, the sample is isotropic and the dependence on the ugite a rather large contribution to the kinetic energy that
vector q becomes irrelevant. However, also in the solidincreases by more than a factor of 3 from the low- to the
phase, no evidence of anisotropic behavior has been ofigh-density region. First the data were fitted using a para-
served by NCEZ? Therefore, the Compton profile becomes bolic law in addition to the classical termkgT. This is
simply J(y) for both the fluid and the solid phase and its represented by the dashed line in Fig. 1. The agreement is far
functional form reduces to from satisfactory. In fact, the reduced for this fit turns out

to be rather Iarge)(fed=4.02). Then we attempted a nonlin-
y? ear fit using a power law. The result is a density dependence
202)’ (4 E,=32kgT+Bn?*®and is represented by the full line in the
i graph. This function appears to be much closer to the experi-
whereo is given by the average atomic kinetic energy mental results, as is confirmed by the redugédthat, for
this fit, turns out to be much lower and j§.q=1.56. Of
3 (fio)? course we have no theoretical justification for either function
(Eo= 2 " m (5 and we base our choice for the power law only on the value
of the reduced?.

Due to the different scattering angle of the various detec- In Fig. 2 we report the kinetic energy of helium in an
tors, each experimental spectrum was analyzed separatelgxtended density range on thie=6.1 K isotherm. The freez-
After subtracting the container contribution, the width of theing pressure at this temperature is 258 bars, corresponding to
experimental Compton profile was obtained, according ta liquid density of 36.3 nm?. The data beyond this point
Eq. (4), using a convolution between a pure Gaussian shapleelong to the solid phase. As it appears from the figure, the
and the instrumental resolution function. Then, for eachkinetic energy of solid helium is lower than the extrapolation
spectrum, the value for the atomic average kinetic energghat is obtained by extending the fitting function of the fluid
was derived using Ed5). In this way, the final average and phase datd&power law.

x&w=fmm5

J(y)=(27-r(72)1lzexp< -
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60 agreement. Moreover, the present experimental data are in
55 rather good agreement with previous results that were carried
out at lower temperaturéelow the critical point as it is
testified by Fig. 3 of Ref. 22.

Extending the fitting function to higher density, so as to

< 5 include the solid state data range, results in a discrepancy
% 30.] with the measured values. The difference is not very large
Z 25 ] but is significant(cf. Fig. 2). The solid state kinetic energy
5 ., data turn out to bdower than the extrapolation. It is inter-

esting to note that the kinetic energy behavior, as a function
of density, resembles that of the pressure, with a gap crossing
the freezing transition. This is not unreasonable, as the ki-

154

54 netic energy is one of the two contributiofthe second be-
0 +——— 7 ing the virial contribution to the value of the pressure.
e 5 10 15 20 25 8 3 40 45 %0 A lower value for the kinetic energy of the solid, with
density (nm®) respect to the extrapolation of the fluid phase, is also consis-

tent with the physical intuition. In fact, a phase transition is
_FIG. 2. Mean _experiment_al kinetic energy of fluid and solid expected when, keeping constant the two independent ther-
helium as a function of density at constant temperares.1 K yyoqynamic variables, density and temperature, the second
(full circles with error bars now refer to the two experiments men'phase is characterized by a lower value of the internal en-
tioned in the text The data beyond 36.3 nni belong to the solid ergy. If we assume for a moment that the equipartition theo-
phase. The full line is the best (p_ower law qf.the fluid phase data rem applies, lowering the kinetic energy is equivalent to low-
that has been extrapolated to higher densities. ering the total energy. Therefore, the observed phenomenon
is exactly what one should expect for a phase transition.
IV. CONCLUSIONS Finally, the present observations allow us to draw some

We have measured the kinetic energy of fluid and soligconsiderations. Let us assume, for example, two equivalent
helium on the isothernT=6.1 K. The pressure range was configurationgsame density and temperatyrene in an or-

extended up to 539 bars and the data points cover a wi ered crystal phase and the other in a disordered fluid phase.
density range, crossing the gap between the fluid and t lower kinetic energy in the ordered phase and the applica-

solid phase. As the critical temperature of heliumTis tion of the Heisenberg uncertainty principle result in a larger

=5.2 K, there is no gap in the data at low density. QuantumVOIume that each atom can use, in the crystal phase, to

effects on the kinetic energy are relevant and result in gpread its wave function. As a consequence, if we think of

rather strong density dependence. The measure at the high?&Ch particle as confined by the cage of its neighbors, itis the

density is almost a factor of 5 larger than the classical low-aCk of fixed lattice positions that makes smaller, on the av-
density value. erage, th.e volume available for an atom in the dlsqrdere.d
The experimental data fdE.(n), in the fluid phase, have phase, with respect to the corresponding volume that is avail-

been fitted using a power law of exponent 2.46. This valu ble in the ordered crystal phase. It would be interesting to

improves a previous determinatidexponent 2.¥ that was now how this is related to the differences in the density of
based on a smaller set of data poiffti\n attempt to use a states of the two phases.

parabolic fit to the data turned out to be of much lesser qual-

ity (cf. Fig. D). Itis vyorthwhile to point out that the present _ ACKNOWLEDGMENT
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