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A new analysis of neutron-scattering results for liquid He, which reduces the effects
of interference and final-state interactions, yields model-independent results for the mo-
mentum distribution function, g(p). At T=4.2 K, g(p) is found to be Gaussian but at
T=1.1 K it has an exponential tail at large p and is enhanced near p=o. An analysis of the
temperature change in g(p) gives a value of (6.9 + 0.8)% for the condensate fraction at
T=1.l K.

It is generally believed that the unique proper-
ties of superfluid 'He arise from the macroscop-
ic occupation of the zero-momentum state. Theo-
retical calculations' ' suggest that at T =0 the
fraction of atoms in the zero-momentum state,
n» is approximately 10%. In recent years there
has been considerable interest in attempting to
obtain n, experimentally from neutron-scattering
results at large momentum transfer, hQ. This
method' is based on the fact that in the large-Q
limit, where the impulse approximation is asymp-
totically exact, the dynamic structure factor,
S(Q, &u), is the Doppler spectrum characteristic
of the momentum distribution, ' n(p), of the atoms
in the initial state. These quantities are related
by the expression
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in which m is the atomic mass, p = (m/@Q)(~ —~„),
and he@„=-(SQ)~/2m is the recoil energy.

For any finite value of Q, S(Q, ~) and the corre
sponding n(p) are to some extent distorted by fi-
nal-state interactions and interference effects
which are neglected in the impulse approximation
and which vanish only asymptotically in the limit
Q- ~. In addition, the experimentally determined
S(Q, ~) is broadened by effects of finite instru-
mental resolution.

The effect of final-state interactions can be re-
duced considerably9 by symmetrizing S(Q, co) about
&u„before computing n(p). This procedure is
based on the fact that final-state-interaction ef-
fects are of order Q

' in S(Q, ~) but are only of
order Q in the symmetrized S(Q, u); In the
present work, the magnitude of the residual final-
state interactions in the symmetrized S(Q, ~) is
estimated as in Ref. 9 to be about 4/o. The distor-
tion of the experimentally determined n(p) by in-
terference effects in S(Q, &u) can be minimized by

ns (p) = n,a(p) +nn '(p),

where

&(p) = —(2~P) 'dR(P)/dP,

and

(4)

n„'(p) =f (P '/P)R(P-P ')n'(p') dP', (6)

in which R(p)dp =R(&u)du&. It can be shown that
f&(p)d'P =1

In this Letter we present the results of a new

analysis of previously reported measurements"
of the neutron scattering from liquid 'He at T =1.1
and 4.2 K. The measurements were performed
with a triple-axis crystal spectrometer operated
in the constant-Q mode with a fixed scattered-
neutron energy. The data used were taken at two
different sets of resolution conditions" with 40
& Q & 80 nm '. The neutron data were analyzed
with the help of the moment theorems, as de-
scribed previously, "to obtain normalized, reso-
lution-broadened S(Q, &u) distributions. Each of
these was then smoothed, symmetrized about ~„,
and differentiated numerically to obtain the cor-
responding resolution-broadened n(p) distribution
from Eq. (1). These n(p) distributions" were
then averaged so as to minimize the distortion

averaging the n(p) results over a suitable range
of Q values as discussed below.

The resolution-broadened dynamic structure
factor is given approximately by

S&(Q, (0) =f R((0 —Q7 )S(Q, (d )dQP

where R(~) denotes the normalized instrumental
resolution function. Hence, if n(p) is of the form

n(p) =ng(p)+n'(p),

where n, is the condensate fraction and n'(p) the
contribution from the uncondensed atoms, the
corresponding resolution-broadened quantity is
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FIG. 1. The momentum distribution in liquid He
at T=1.1 and 4.2 K as a function ofp' and (inset) at
g =1.1 K as a function of p'. These results were ob-
tained as described in the text from nine scattered-
neutron distributions (Ref. 10) in the range 60 &Q ~ 80
nm '.

due to interference effects and to improve the
statistical accuracy of the final results.

Figure 1 shows the results for n(p) at T =1.1
and 4.2 K obtained from an average of nine dis-
tributions in the range 60 & Q & 80 nm '. The val-
idity of the averaging procedure is confirmed by
the fact that the results are changed by less than
5% if we average, instead, over 16 distributions
in the range 40 & Q & 80 nm '. We employ the 60
to 80 nm ' averages because they are less sensi-
tive to interference effects and have. slightly bet-
ter resolution. It is seen that at T =4.2 K n(p) is
Gaussian so that p„, p„and p, are statistically
independent. ' When the temperature is reduced
to 1.1 K, n(p) becomes enhanced at both small
and large p and depressed at intermediate p. It
is evident from the inset part of Fig. 1 that when

p 2 15 nm ', n(p) is exponential rather than Gauss-
ian.

The enhancement in n(p) at small p is shown
more explicitly in Fig. 2 where it is seen to con-
sist of a peak centered at P =0 with a width which
is slightly greater than the instrumental width.
We interpret this as the condensate peak whose
relatively small intrinsic width reflects the effect
of residual final-state interactions. Assuming
that n, =0 at 4.2 K, we find from the integrated in-
tensity of the condensate peak that no=(6.9&0.8)%%up

at T =1.1 K. The value of np at T =0 is probably
somewhat larger. For example, if we were to
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FIG. 2. Temperature change in the momentum dis-
tribution in liquid He between 4.2 and 1.1 K. The
horizontal line indicates the resolution width.

assume that np scales with temperature in the
same way as in an ideal Bose-Einstein gas, "we
would find that n, = (10.8 + 1.3)%%uo at T=0 which is
in good agreement with theoretical values, ' '
based on variational ground-state wave functions,
which range from 8%%uo to 13%%uo.

The procedure we have used to obtain n, is
based on the tacit assumption that n'(p) is regular
at p =0. In fact, in an ideal Bose-Einstein gas
below the X point" n'(p) has a p

' singularity at p
=0 and an approximate calculation ' indicates that
this is also true in liquid 4He. Although such a
singularity will tend to be softened when effects
of finite instrumental resolution are taken into
account, it may still lead to a small enhance-
ment" of the apparent value of np.

It is worth remarking that the basic effect on
which our estimate of np is based is already evi-
dent in the raw neutron data. '. In particular, the
slope of S(Q, ~) near the peak is larger at T =1.1
K than at T =4.2 K so that, near p =0, n(p) is
likewise larger at T =1.1 K.

The average kinetic energy per atom is found
from the n(p) distributions to have the value 13.2
K at T =1.1 K and the value 13.6 K at T =4.2 K.
These values have been corrected for effects of
finite instrumental resolution and are in agree-
ment with results obtained from a recent analy-
sis" of the frequency moments of S(Q, &u).

Figure 3 shows a comparison of our results at
T =1.1 K (circles) with previously determined
results for' Q=100 nm ' and" Q =150 nm '. We
believe the discrepancies are primarily due to
interference effects which distort the apparent
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FIG. 3. Comparison of the present g-averaged re-
sults (circles) at 7'= l.l K with those of Ref. 9 (dashed
curve) and Ref. 19 (solid curve).

n(p) distributions when determined from experi-
ments at a single value of Q and which are mini-
mized when the appropriate Q averaging is per-
formed. Such distortions may also account for
the non-Gaussian n(p) results which were ob-
tained at T =4.2 K in earlier work. ""'"The fea-
ture atP =2 nm ' in the Q=150 nm ' distribution
in Fig. 3 was interpreted in Ref. 19 as the reso-
lution-broadened condensate peak and a value n,
= (1.8 + 1.0' was obtained. This feature is not
present in our Q-averaged distribution. Further
experiments may help resolve this discrepancy.

In conclusion, we have shown that smooth, pre-
cise, and, we believe, accurate n(p) distributions
can be obtained from neutron-scattering experi-
ments at moderately large Q values provided the
results are suitably corrected for final-state in-
teractions and interference effects. Figure 2 sug-
gests that the absence of a clearly resolved con-
densate peak in n(p) itself below the X point may
be due more to inadequate instrumental resolu-
tion than to residual final-state interactions. We

hope to clarify this point in future experiments
aimed at studying the temperature dependence of
So y
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