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Neutron time-of-flight measurements of the dynamic structure fa®{@,w) of both normal liquid and
superfluid*He are presented. Using the MARI spectrometer at the 1SIS pulsed neutron @dikde S(Q, w)
was measured over continuous ranges in wave vetap to 10 A1 at a temperature of 1.42 K, while at
T=2.5K the range extended up @=17 A%, The quality of the data represents a significant increase in
statistical precision over previous measurements. The width and peak posiS6@ @) at both temperatures
is seen to oscillate as a function @ this is due to coherence effects and has been observed in previous
measurements. These oscillations are seen to continue up to a wave vector in excess &f Eorfhe T
=2.5 K data, the measure®{Q, w) spectra are analyzed using the technique developed by Glyde. Three free
parameters are fitted at ea@hand very good agreement is obtained. Thecaling of these parameters is used
to extract information about the shape of the normal fluid momentum distribafippy which is found to be
distinctly non-Gaussian and in good agreement with Monte Carlo calculations. The mean kinetic energy per
atom is obtained from the data and is in good agreement with previous neutron and Xx-ray work.
[S0163-182697)00238-3

I. INTRODUCTION does the observed dynamic structure fa@f®,w) depend
solely onn(p). The Q values required to reach this limit in
The objective of neutron-scattering measurements at higkeal materials is not clear.

momentum transfer is to determine the dynamics of single |n quantum liquids, the initial goat® of high Q measure-
atoms in liquids and solids? The observed dynamic struc- ments was to determine the condensate fractiop=0)
ture factorS(Q, ) depends on the atomic momentum distri- =y in superfluid*He. Early measurements, which led to a
butionn(p), the related atomic kinetic enerdy), and the  yige spectrum o, values, are reviewed by Martet all!
interaction of the atoms with its neighbors. Physically, agagrset al212 obtained reliable values of,=13.9-2.3%
high-energy incoming neutron interacts with and scatters, 4 no=10.9-2.7% using two sets of data taken @
from a single atomic nucleus. The entire struck atom recoils,_ 14 2 -1 The new feature was a reliable description of FS
At constant _m?‘mentum transféQ t(,), the ato”_“'_t.he ENergy - contributionst* From measurements at significantly higher
transf_err_ed is Doppler broadened” by th_e initial momen- O values Q~30 A1) using spallation source neutrons,
tum distribution of the atom, rather than being constant at th%okol and co-worke—12 obtainedny = 10+ 2%, the tem-

stationary, free atom recoil enerdyw,=(2Q)%/2m. This )
broadening is used to determinép). However, the interac- Perature dependence 0§(T), and many other properties of
fluid and normaiHe. These measurements used the FS

tion of the recoiling struck atom with its neighbors modifies SUPEMul! _ _ nis
this broadening. A reliable description of this interaction, Proadening function calculated by SilveThe field Is exten-
denotaegl the final-statéFS) effects, is needed to extract 2\(eciy2£ewewed by Glyde and SvenssthSokol?’ and
n(p).”” yae.

At lower momentum transfer, the interaction of the struck  In the lower wave vector range<dQ<10 A~*, Cowley
atom with its neighbors has a major impact 8(Q,w), and Wood€? Martel et al,’* and Stirling et al?® showed
coherent effects between the atoms are important and tibat the peak position and half-width of the observed
goal is usually to investigate these interactions. @sn-  S(Q,w) in liquid *He oscillated withQ. These oscillations
creases, coherent effects become negligli{€,») reduces arise from coherence effects since in the incoherent limit
to the incoherent limitS;(Q,®), and n(p) can be deter- (Q>12A"1), S(Q,w) cannot oscillate. These oscillations
mined. However, a good determination of FS effects is alare attributed to oscillations in th#He-*He atom scattering
ways required. Only in the limit of the impulse amplitude of the interactindHe atoms! which has been
approximatiofy? (IA) in which showrf* to lead to oscillations ir8(Q, w).

This paper is one of a series of investigationsfb) and
FS effects in quantum liquids under conditions of excellent
and well-understood instrumental resolution and high count-
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ing statistics. The principal aim of the present paper is to 300 —
examine the crossover 0§(Q,w) from the collective i
(0<Q<3.5A1) to the incoherent regionqd>12 A~?1) in

normal liquid “He with a less complete study of the super-
fluid. A detailed description of the experimental method and
data reduction procedure will be given. We will employ a
method of data analysis that enables FS effectsrgpdl in

the normal phase to be separated. Preliminary reports of th
work are to be found in Refs. 25 and 26 and complementary ? g
studies, i.e., at highe®, in the superfluid phase and using g5 ol

——
E = 266 meV

ransfer fim (meV)

4 .
He free recoil

different analysis methods are to be found in Refs. 27 and : \\
28. A full analysis of data taken for superflufiHe will be o, L,
dealt with in a later papét of this series. Wavevector Transfer Q@ (A ')

In this paper we cover the momentum transfer region
from about 3 to 17 A, Deviations from the 1A are impor- FIG. 1. Region iMQ-w covered on MARI with the two different
tant in this range and we use the method developed bincident energies used. Also shown is the recoil lifie,
Glydé®?® to separate the contributions &Q,w) that de-  =#2Q%2m for free “He atoms.

pend onn(p) from those that depend on FS effects. This is
based on expanding the intermediate scattering functioMARI is selected by the phasing of a high-speed Fermi
S(Q,t) in powers of time. We have analyzed our data usingchopper relative to the injection time of protons onto the
the Glyde procedure in its simplest form, applicable only intarget. MARI provides a unique combination of high flux
the normal fluid phase, where the momentum distribution iof neutrons in theE;=100—1000 meV range with good en-
nearly Gaussian. In this form, deviations of the momenturergy resolution(1-2% of E;). Moreover, due to the large
distribution from a Gaussian and FS contributions are exangular coverage of the detectors, a large part ofQhe
pressed as a series of additive terms, which in the incohereptane can be covered in a single measurement; more than
limit is similar to an expression by Sedr&Ve denote this 400 3He detectors cover a continuous range of scattering
analysis procedure as the additive appro@eh). In the su-  angles from 3° to 135°.
perfluid phase where there is a condens&@,t) has a A cylindrical aluminum sample cell of volume 130 ém
long-time tail making an expansion in powerstohappro-  with cadmium spacers placed 1 cm apart inside in order to
priate. To capture the narrow condensate component iminimize multiple scattering, was mounted inside an ILL-
S(Q,w), the convolution approackCA) should be used. type “orange” helium-flow cryostat and the temperature was
These two approaches enable the separation of FS effeatsonitored with a calibrated carbon resistor mounted on the
from the measure8(Q,w). For examples of the use of these sample cell. High-purity gaseous helium was led through a
two procedures in analyzing recetitle data, see Refs. 8, 26, cold trap at 77 K to freeze out impurities before being con-
and 27. In the present paper, only the data taken in the nodensed into the cell.
mal fluid phase are considered and we use the Glyde AA Three separate data sets were collected. The first(Two
procedure for analysis of the data. =1.42 and 2.50 Kused an incident neutron energy of 88

The paper is organized as follows. Following the Intro-meV and the third T=2.5 K) was obtained using a8, of
duction, we describe the details of the experimental setug66 meV. The choice of these two incident energies allowed
and the data reduction procedure, followed by Sec. Ill, incoverage of the momentum transfer ranges 2—16 And
which the data are presented. Section IV describes the analg—17 A~! for E;=88 and 266 meV, respectively. Figure 1
sis in terms of the AA procedure, in which the various com-shows the region in th®-w plane covered at the two inci-
ponents toS(Q,w) are separated. Their differe@ depen-  dent neutron energies with the range of detector angles avail-
dences are used to extract the momentum distribution in thgble on MARI. For theE;=88 meV runs, the measured
normal fluid state, which is seen to be significantly non-sample temperature was very stable, with fluctuations of less

Gaussian. The paper ends with a discussion section. than 0.03 K over the time of the runs. However, due to the
very long run time of thés;=266 meV run, the sample tem-
Il. EXPERIMENT perature fluctuations were somewhat larger in this case, giv-

ing an estimated error in the sample temperature of 0.1 K.
At both incident energies, the scattering was measured
The experiment was carried out on the MARI spectrom-with the empty cell and the cell filled with liquid helium, so

eter of ISIS, Rutherford Appleton Laboratory, U.K. MARI is that the*He scattering could be extracted by subtracting the

a direct-geometry time-of-flight spectrometer, i.e., one in“empty cell” Al scattering. The run withE;=266 meV was

which the incident neutron beam is pulsed and monochroby far the longest, extending over approximately 50 h and

matic and the energfiw and momentuntQ transferred to thus had very high counting statistics. For this measurement,
the sample are obtained by recording the scattering angle ardrun with the empty sample cell lined on the inside with
time of flight of each scattered neutron. Neutrons at ISIS ar@bsorbing cadmium was recorded in order to correct for the
produced by nuclear spallation by directing a pulsed beam cdittenuation of the cryostat and sample cell scattering due to
high-energy protons onto a heavy-metal targahgsten or the liquid “He. The effect of omitting this correction for the
uranium. The resulting fast neutrons are then thermalized irE;=266 meV data is a small, but statistically significant
a range of moderators. The incident neutron energy omversubtraction on the low-energy side of tAEe recoil

A. Experimental details
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FIG. 2. Observed scattering intensity in the high-angle banks ]
(120°< $<135°) for E;=266 meV. Data are shown for the cell w™ 3
filled with *He, the empty cell, and the empty cell lined with Cd. !
Also shown as “He” is the result of performing the sample- g
dependent background subtraction with a transmission of 88%, de- £ E
scribed in Sec. Il B. The scattering below 100 meV arises from the § E
time-shifted Al elastic scattering from the cryostat walls and the Al + 3
phonon density of states. - F
4 ! 1 ] &
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peak. This is a small correction, not normally applied for o
weakly scattering samplegransmissiorn~90%) and statis- Q (A )
tically insignificant for theE;=88 meV data. FIG. 4 ¢ ) btained f he data by i
In order to correct for the variation of detector efficiencies. 4. Upper frame: S(Q) obtained from the data by integrat-
across the detector banks, a vanadiimsoherent scattering ing all counts in the peak region at eaCh A single scale factor
run was recorded with t7he monochromatina chooper reyvas used at alQ’s for each data set. Lower frame: First moment of
moved, allowing neutrons of all Wavelengtf‘(S‘WEiF’ze the observed scattering as a function@fwith the recoil energy
' . C Y subtracted.
beam”) to reach the vanadium sample, which increases the

signal by several orders of magnitude. merical integration over the sample cell volume to be 87.8%.

This must be known to make use of the Cd background
B. Data reduction run. | is the observed scattering and subscriptsT, and
h%d refer to the runs recorded with the cell full of helium, the
empty cell, and the cell lined with Cd, respectively. The
%qckground scattering which isdependenof the sample is
kcd and the sampleependenbackground scattering it
—lcq. Clearly only the sample-dependent scattering is at-
ﬁenuated by the helium and hence the scattering from the

elium in the sample cell is given by

The fast-neutron background was subtracted, as was t
cryostat and empty-cell scattering. For the= 266 meV data
set, corrections were also made for the sample dependence
the cryostat and sample cell scattering, by making use of th
cadmium run as follows. The transmissidnof the neutron
beam through the helium in the sample cell was calculate
using the expression of Se#tso be 88.0%, and by a nu-

0.002 et Ihe=lt—T(mr—lcd —lea=li—Tlur—=(1=T)lcq. (2

| E = 266 meV 1
% ' B ] Figure 2 shows the scattering observed in the high-angle
# Q=104 ] banks (120% ¢<135°) in these three configurations and
% ©  Measured 5(Q.0) the “He scattering after subtraction of the background. The
Calculated R (Q,0) | individual efficiencies of the detectors were corrected for us-
g ing the “white beam” vanadium scattering intensities. The
i data were converted from their original format of neutron
counts versus time-of-flight in each of the 400 detectors into
S(Q,w) along lines of constant scattering angle in Qew
plane and then rebinnf! onto constan® spectra with a
Q width AQ of 0.25A~! and an energy bin width of 1.0
meV. Using the semianalytic method of Se#rshe shape
and magnitude of the multiple scattering was calculated by
FIG. 3. Detail of the normalized scattering intensity @  constructing model scattering functions to describe both the
=10 A~ measured WithE,=266 meV after subtraction of the “He and Al sample cell and cryostat scattering. The calcu-
sample-dependent background, shown together with the calculatdated multiple scattering included both He-He and He-Al
double scatterin®R,(Q,») (Ref. 32. The remaining background is double scattering. The ratio of double to single scattering for
seen to be taken wholly into account. the present sample geometry was found to be $3igure

0.001 |

S(Qe) (meV' ')
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Energy Transfer (meV)
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FIG. 5. Examples of the measur8(Q, w) of liquid “He at selected wave vectors. Also shown is the calculated resolution fuetitih
line), obtained as described in the text, which has been shifted for clarity to lie at the recoil pésition

3 shows an example of the scattering remaining after subb-mm correction to the position of the monochromatic beam
traction of the cryostat and sample cell scattering, comparethonitor was required. The absolute intensity normalization
with the calculated double scattering. The remaining backwas obtained from the requirement tt&(Q)=1 in the in-
ground is seen to be taken wholly into account by the doubleoherent regime @>10A"1). A single scale factor for
scattering, which was calculated and subtracted aall each data set was used for this intensity normalization. Fig-
The energy scale was refined using theum rule, which  ure 4 shows th&(Q) extracted from the data, where it can
requires that the first moment 8{Q, ) be the recoil energy be seen that the absolute intensity normalization is accurate
ho, [see Eq.(1)]. In order to satisfy this requirement, a to approximately 1% forQ>10A"1. The difference be-
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tween the first moment obtained from the data and the recoil - ‘ ,, . 60

energy is also shown here. It can be seen that systematic | <T-®—""’¢® 6% ® o o

errors in both the intensity normalization and the energy 'S 2 & % S cum %w%@@ % %o, @

scale calibration have been reduced to the level where they & = % iy ‘””f- 150 4

are comparable to the statistical errors in the counting. The — S xtges TN .
. . . [e] x xx,x % T=142K E=88meV o

S(Q) and first moment shown in Fig. 4 fall off a g Ee s o X o T=250K E<88meV S

>16 A~ ! because data covering only part of the fultange £ o T=25K Ei=|266mev 1 40

is collected(see Fig. L g He-He cross-section

In order to calculate the resolution function accurately, a

Monte Carlo simulation program was written to describe the 1
spectromete?® The speed distribution of neutrons in the
moderator was modeled by the lkeda-Carpentét)

function* The chopper transmission and IC function param- g, ¢, Width (FWHM) of the measure®(Q, ), obtained as

eters were found by fits to the monitor peak shapes. Th@escribed in the text, divided bg. Also shown, on the right-hand
resultant S|mu|ated neutron pu|Se was then a"OWed to Scatt%6a|e is ’[he4He 4He sca’[tenng Cross sec“QRef 35 Error bars

from a model scattering function at the sample position ofshown are the uncertaintiese in the best-fit values and may not
the same geometry as that used in the experiment. The modgdcurately reflect the statistical uncertainties shown by the scatter of
scattering function consisted of an 1% Q, ), assuming a the points.
Gaussiam(p) with a realistic width. The simulated neutron
pulse was scattered into each of the 400 detectors, using tlmeean of the two half-height positions.
actual detector geometry. The simulated time-of-flight data Previous measurements in the wave-vector range
were then transformed int®(Q,w) and rebinned onto 4<Q<12 A~ ! (Refs. 11 and 2Bhave shown oscillations in
constantQ scans in the same way as was done for the reathe width and peak position of the scattering function as a
data. In this way any systematic errors introduced into théunction of Q. These are related to oscillations in the
data by the data reduction procedure were reproduced in thtHe*He scattering cross section, which are caused by
simulated data. The effective resolution line shape was exatomic interference effects when probing the steep-core part
tracted at eact by fitting the intrinsic Gaussia®(Q,w) of the atom-atom potential, and are known as “hard-sphere
function to the simulated data at const@ntconvoluted with  glory” oscillations.
a model resolution. The model resolution function was de- Figures 6 and 7 show the extracted widths and peak po-
scribed by a peak shape function with eight degrees of freesitions as a function o. It is seen that the two data sets at
dom, which were free parameters in the fit. This proceduré =2.5 K are in very good agreement, indicating that the data
gave fits with a reduceg? between 1.0 and 1.2 and the reduction procedure and resolution calculation have reduced
resultant best-fit resolution functions were used in the subsesystematic errors to a very low level. The peak position is
guent data analysis. For a more detailed description of thenxdependent of temperature, while the width clearly in-
resolution calculation, see Ref. 33. creases from 1.42 to 2.5 K. Oscillations, independent of tem-
Figure 5 shows examples of the normalized MARI dataperature, in both the width and peak position are clearly vis-
with the corresponding resolution line shapes obtained aible and are seen to continue up to at le@st10 A~1. The
described above. It is seen that the resolution function apparHe-*He cross section measured by atomic beam scattering
ently varies with temperature, e.g.,@=4.00 A~1, Thisis  experiment® is also shown in the figures. It is seen that the
due to instabilities in the neutron detectors on MARI. Theirperiod and phase of the oscillations is identical for the width
efficiency and intrinsic background level change with timeof S(Q,w) and the cross section, while the position oscilla-
and when the noise level becomes unacceptably high, thgons are about- 7/2 out of phase with the cross-section
signal is no longer used. The number of “bad” detectorsmeasurements. The fact that the peak position is consistently
changed slightly between the=1.42 K and 2.50 K runs. below the recoil frequencw, does not indicate a violation
When the data are rebinned onto consf@niscans this
causes a slight change in the effective resolution function. I ‘ 60
This effect is particularly marked for th@=4.00 A~! mea-

surement aE; =88 meV, but is otherwise negligible. }; e e ‘#&
£ -1 ¢+ + + 50
~ EX %ﬁ Q
Ill. COHERENCE EFFECTS AND GLORY OSCILLATIONS g“ g < TetapK E= 88meV 1 B
. . ' * T=250K E_ 88meV ~
As seen in Fig. 5, the measur&{Q,w) cannot be ad- %) 2 r o Teo.5K Ei=|266rr::v 1 40

equately described by a single Gaussian function. The width & He-He cross-section

[full width at half maximum(FWHM)] and peak position i
were extracted from the present data by fitting a flexible -8 5 - ‘ 1‘0 - 15
function consisting of a combination of Gaussians and expo- Q (A

nentials spliced together and convoluted by the calculated

instrumental resolution. The function used has no physical FIG. 7. Peak position of the measur&4Q,w), obtained as
basis and was selected only on the basis that it reproduceféscribed in the text, with the recoil eneriy, , subtracted. The
the data well and provided a means of extracting the widthfHe*He scattering cross sectidiRef. 35 is also shown on the

and peak position. The peak position was defined as theght-hand scale. Error bars as in Fig. 6.
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of the f-sum rule, but is due to the measured peak shapeseeping corrections up t8;(Q,w) in Eqg. (1). For a more
having significant high-energy tails. This is clearly seen indetailed description of the derivation of Eq8)—(7), see
Fig. 5. Previous neutron and x-ray-scattering measurerifentsRefs. 8 and 21.

have shown thaS(Q) reduces to 1 a@>6 A~1, which is In the incoherent approximation many of the above pa-
often taken as the lower limit for validity of the incoherent rameters reduce to simple quantities:

approximation. However, the oscillations observed in this

study are evidence of the continuation of coherence effects, S(Q)—1,

extending up to a wave vector in excess of 10'Ain agree- .

ment with previous studies:?3 Figure 7 shows that the dif- Wy =~ O,

ference between the peak center and the recoil energy does —

not approach zero & increases, but approaches a constant Mo—Q az, ®
value of about—1 meV. This is evidence of the continuing —

importance of FS effects at wave vectors above the measured Ms—0"as,

Q region. Since the peak width increases proportionally to a— 0+ Qe

Q, the shift in the peak center relative to the recoil energy L
will be increasingly difficult to observe &3 is increased. whereq=%Q/m is the reduced wave vectora denotes a
quantity that is a function of the momentum distribution
only, while thea parameters arise from the FS interactions.
They are given as follows:

IV. MOMENTUM DISTRIBUTION
AND FINAL-STATE EFFECTS

From a straightforward expansfoft of the coherent af(pé),
S(Q.t) in powers oft, S(Q,w) is obtained in terms of a
Gaussian IA resulB5,(Q,w) plus correctionsS;, S,, etc.
arising from non-Gaussian components of the momentum

distribution and from FS interactions:

1 )
a3=ﬁ (VaV(r)),

1 .
S(Q,0)=5a(Q,0) + S1(Q.w) =72 (Fo)  @a=(Pg)~3(Po)% ©)

+S(Q,0)+S3(Q,w)+ -, 3 wherefipg is the atomic momentum component parallel to
Q, V(r) is the interatomic potential, arfel, =V oV(r) is the
where force on the struck atom alor@.
Once the parameteys,, u3, andu, are determined, we
3,(Qw)= S(Q) ext] — (0— o' )2/2u,] 4) may obtain the momentum distribution directly from the fit-
A N r 24 ted S(Q, ). Essentially, we haver,=(pj) and a,=(pg)
—3(&%)2 which characterizea(p), while the parametera,
w3 (0— )]~ and a, describe the final-state effects. In the impulse ap-
S(Q,w)=— 2.2 (w—w;)|1— Y Sa(Q,w), proximation, theQ— o limit of S(Q,w), final-state terms of
K2 K2 5) S(Q,w) are negligible. In this limit,S(Q,w)— Sa(Q,w),
and S (Q,w) is the longitudinal momentum distribution
" 2w—0)? (0-w)~ rl(y) for the_ one-dimensional momentum variablg
S:(Quw) =g |1~ +—5 7 |SaQuw),  =(e-wedlg e,
M2 M2 3us
(6) 1
n(y)=Jaly)= q Sa(Q ). (10)
s , 2(w—w])? ) . o )
S5(Q,w)= 8.3 (0—w/)|1— 3. The IA is obtained here by settirg anda, equal to zero in
M2 M2 Eq. (3), giving
(0= o))" 1 (s 22y
+1—5Mg— SIA(va)1 (7) n(y)=mexq—y2/2a2) 1+§ 1_a=y2 %% ],

where o, = w, /S(Q). As can be seen, the correctio8g,

where5=a—4/E§ is the excesskurtosi9 of the distribution.

S,, etc. are alternately antisymmetric and symmetric abouThus we may obtaim(y) directly from Eq.(3). The corre-

o, . The antisymmetric terms, odd im(- »,), and the odd sponding isotropic three-dimensional momentum distribution
coefficientsu; (i=3,5,...) in them vanish if the interaction n(p)=n(py,py,y), which is related ton(y) by n(y)

(V) and FS effects vanish. The even coefficients  =Jdpdpyn(py.py.Y), is

(i=4,6,...) depend on both the moments rdfp) and FS
effects. The derivation of Eq3) begins with an expression

1 _
__ N(p) = —=——=p exp( — p2/2
for S(Q,t) derived by Rahman, Singwi, and &jader® and (P) (2may)™* M= p/2as)

generalized to the coherent regime by Gersch and S 10p? 4
RodrigueZ2 A cumulant expansion is used to expa®(,t) % [ 1+ —|5— ——— + pTZ ] ) (11)
in powers oft. Including all powers up t¢° corresponds to 8 3a;  3aj
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FIG. 8. Fits of the Glyde AA line shape, convoluted by the calculated resolution function. The individual components are shown
separately.

Equation (11) describes a Gaussian(p) plus a non- Ref. 37 and were not fitted. There were thus only three free
Gaussian correction term. This expression is thus adequafpmrameters in the fits: u,, w3, and u,. The best-fit line
for nearly-Gaussian momentum distributions, but cannot deshapes were in good agreement with the data, the fits gener-
scribe am(p) containing a lowp singularity. The observed ally giving reducedy?s between 1.1 and 1.4. Examples of
n(p) in normal “He is obtained by fittingS(Q, ) to data at  the fits obtained are shown in Fig. 8. It is seen that @pis
severalQ values in the incoherent limit to determine accu-able to reproduce the observed line shape very well with
rate values ok, anda,. We shall see that this expression, only three free parameters. It is worth noting how ®e
using parameter values _takgn flrom. the present data}, can d@c')mponent decreases in amplitude w@hwhile S, remains
scribe the momentum distribution in the normal fluid statejmnortant at all wave vectors, which reflects their different
well. . physical origin. S; is a FS effect, which becomes less im-
The Glyde AA expressian fQS(Q’“’) _[Eq. (3)], convo- eportant aqQ increases, whilé&, arises mainly from the non-
luted by the calculated resolution function, was fitted to th Gaussian shape of the momentum distribution, as will be
data at eaciQ with the u; as free parameters. It was found shown below, and is thus still present in the (ife ’ at infi-
that the quality of fit was unaffected by whether or not §e nite Q) ' T

term was included. Sinc®; andS; are similar, antisymmet- . .
1 S3 y Comparison of the parameter values obtained from the

ric terms, they would compensate for each other when al- - :
lowed to vary freely in the fits. In the following analysjss E;=88 and 266 meV measurements provides a test of the

was set to zero, corresponding to omitting Seterm from systematic errors and the accuracy of the calculated resolu-
Eq. (3). The values o8(Q) used in Eq(4) were taken from tion line shape. Figure 9 shows the besifit, us, andu,
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FIG. 9. Results of the AA fitting. Values of the bestit as a

function of Q, divided by Q? or Q* as stated in the axis labels.  FIG. 10. The best-fit values qi,, u3, andu,/Q® as a func-
Error bars as in Fig. 6. tion of Q2 for the Q’s measured in the incoherent regime. The solid

line is the result of fitting Eq(8) to the data. The data are seen to

parameters from the two data sets. They are seen to be fifale WithQ as expected. Error bars as in Fig. 6.

good agreement, indicating that the data are free from impor- ) ) )
tant systematic errors. (16.3+0.35 K atT=2.3 K obtained using the CA applied to

At large Q, u»/Q?, u3/Q? andu,/Q* are seen to ap- higherQ neutron datpand with the value of 16.0 K obtained
proach constant values, indicating that fagarameters are by path integral Monte Carlo calculatio®IMC) (Ref. 39.
scaling as expected in the incoherent regime and can be de- Figures 9 and 10 show that, scales af)* in the inco-
scribed by Eq(8). Figure 10 shows the results of fitting Eq. herent regime. The coefficient, is obtained by fittingu,
(8) to the extracteqs; parameters a@>10A"1, inthe in- = a4(2Q/m)* to the data as in F|g 10, from which the ex-
coherent regime. In this way we obtain estimatesafor ,,  cess ofn(p) is found asé6= agla5 (given in Table ). With
andas. Thea, parameter was found to be zero within the the best-fit values for, and a, the momentum distribution
precision of the determination and was set to zero during thés given by Eq.(11). This is plotted in Fig. 11 along with the
fitting. The best-fit values are given in Table I. From E9).  n(p) obtained from a PIMC by Ceperley and Pollotk,
we can usex, to calculate an estimate f@iK), the mean which is seen to be in good agreement. The error bar shows
kinetic energy per atom, a quantity of fundamental interest irthe uncertainty in the extractet{p), which arises from the

liquid “He. We obtain error in the value of the exces§, extracted from the data.
342 5 TABLE I. Best-fit parameters of Eq9) from the fits shown in
(K)= °m (pg)=14.8-1.0 K (E;=88 meV data Fig. 10. a, was negligible.
=16.1+0.5 K (E;=266 meV data wa1Q? (meV2 A% u3/Q% (meVP A% 1, /Q* (meV* A%
These values are in good agreement with the value of 15,§9650.03 2605 0.58-0.12
K inferred by Sear® from a compilation of of neutron scat- A-2 — (A4 _ A2
tering measurements, with the values obtained by Sosnick, “z (A ) g (A7) d az (meV A7)

Snow, and Sokdf from neutron scattering data ap 0.886+ 0.030 0.49-0.10 0.62 2.380.50
=23 A1 (16.1 K atT=2.3 K), with that of Azuahet al*’
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S A L B wave vector and observe thé€xdependence. In this way we

I ® PIMC calculation ] can observe the approach towards the incoherent approxima-
] tion and the IA. By fitting to the Glyde AA expression, we
— Total n(p) from MARI data ] can extract param):aters g\J/\/hoﬁladepc)a-/ndence ispsensitive to
the shape of the momentum distribution.

This method of data analysis was made possible by the
high quality of the data and the wide range@w space
covered by the experiment. The data are of such high statis-
tical precision that we are vulnerable to even very small sys-
tematic errors arising from inconsistencies in the data reduc-
tion procedure. For this reason, some effort has gone into the
data reduction procedure as well as the calculation of the
instrumental resolution.

0 1 . % 3 We find evidence of coherence effects continuing up to a
p (A) wave vector in excess of 1278, observed through oscilla-

FIG. 11. The momentum distribution &t=2.5 K calculated us tions in both the width ?nd position &(Q.v). Ig the inczp-
ing Eq.(11) with the second and fourth moments obtained from theherent Imllt (Q>l-2A- ) the parameter_gule  KalQ,

! ) ) ; andu,/Q" appearing irS(Q, w) become independent ¢f.
best-fitu, and u, parameters in the incoherent regime. The resultsThe data at constar® are fitted to the Glyde AA expres-
of a PIMC calculation of Ceperley and Pollo¢Ref. 39 also at . i - .

T=2.5K are seen to be in good agreement. Also shown is the'ons and a good .flt I? obtained with Only. three free param-
Gaussian component of the momentum distribution extracted fro ters. The mean Klnetlc epergy p.er atci) |s.ext.racted and
our data. ound to be consistent with earlier determinations. A func-
tional form for the momentum distribution(p) in the nor-

mal fluid phase is obtained in Egll). Using parameters
determined in the AA fits, we find the momentum distribu-
tion of liquid “He atT=2.5 K shown in Fig. 11, and obtain

ery good agreement with a PIMC by Ceperley and

ollock®® Interestingly, the extracted(p) is clearly non-
Gaussian in a way that is consistent with a preferential oc-
cupation of low-momentum states above the condensation
temperature. This is completely different from the case of
liquid Ne, in whichn(p) is well described by a Gaussian and
the only observable quantum effect is the broadening pj
arising from the zero-point moticf.

Elsewhere® data for both the normal and superfluid

0.1}

-------- Gaussian component

0.05 F

np) (A%

Also shown is the Gaussian component of tifp) extracted
from our data, which is constructed by settidg- 0. Since
the first(Gaussianpterm contains the entire second moment
of n(p), the Gaussian component shown is also consiste
with the value of(K) obtained from our data. It is clear that
the momentum distribution in the normal fluid is signifi-
cantly different from a Gaussian.

Figure 11 can be compared with Fig(@aR of Ref. 27,
which showsn(p) extracted using the CA from high€)-
neutron scattering data at=2.3 K. The extracted momen-
tum distributions are very similar, except at snl(below

~ -1 i
p~0.4 A™%) where Ref. 27 shows a slightly more peakedph::lS(::s, covering a widd€p range, are presented and ana-

TR ; 6
distribution. A small term proportional t()pQ> beyond the lyzed using the convolution approach. In the CA, both the

a_naly5|s here was found in Ref. 27 that Increases .the.mte.nmomentum distribution and the final-state function are re-
sity at the center of the peak. A more peaked distribution is

: . . §overed as full single functions and not as additive compo-
also consistent with the lower measuring temperature of 2. . !
K nents. This enables the use of more complicated momentum

distribution models including those with a singular behavior,
as is expected for superfluitHe where there is &function
V. DISCUSSION AND CONCLUSION peak representing the condensate fraction. The paper will
Previous measurements $(Q, ) of liquid “He at inter- chu§ on the evaluatiorj and extraction of the mom.entum
mediate to high wave vector have either concentrated on sélistribution. On the basis of th@ dependence of the fitted
lected Q values or, in the case of time-of-flight measure- para_meters, a f‘scaled” .flna'll'state functlon will be extracted
ments, have collected data over only a narrow range of"d its properties and significance discussed.
scattering angles, in which cagevaries as a function ob.
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