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FINAL STATE EFFECTS IN LIQUID “He: AN EXPERIMENTAL TEST
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'Department of Physics, The Pennsylvania State University
University Park, PA

!Theoretical Division, Los Alamos National Laboratory
Los Alamos, NM
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INTRODUCTION

Inelastic neutron scatt.ring at high momentum transfers can provide direct infor-
mation on the atomic momentum distribution n(p) when the Impulse Approximation
(IA) is valid. In isotropic systems, the scattering in the IA is directly proportional to
the longitudinal momentum distribution?

1 +co +00 p+oo
Ja) == [ pn(p)dp= / f n(pey2y Y)dpsdpy  (L1)
3pm3 o Jeo

which is a function of a single scaling variable Y = (M/Q)(w ~ w,), where M is the

mass of the scatterer, Q is the momentum transfer, and w, = Q?/2M is the recoil
energy.

However, the experimentally attainable Q's are not large enougll: to reach the
IA limit. Deviations from the IA due to final state scattering by neighboring atoms,
known as final state effects, will distort the ohserved scattering from the JA pre-
diction. Thus, an understanding of deviations from the IA is essential to accurate
determinations of n(p).

Liquid heliun1 provides an excelleat testing ground for studying FSE in a dense,
strongly interacting system for two reasons. First, theoretical caic ations of the mo-
mer.tum distribution are available in both. the normai liquid?'? and superfluid* phases.
These calculations are believed to be quite accurate, since they agree well with several
other measured properties of the liquid. I addition, n(p) in the superfluid exhibits a
very sharp feature, the Bose condensate peak, which should be very sensitive to FSE.
Comparison of the predicted scattering obtained from the theoretical n(p) using the

%% Et:o the experimentaily observed scattering can be used to study deviations due to

EXPERIMENTAL RESULTS

The scattering from liquid helium was messured at temperatures of 0.35 K and
3.5 K at a density of 0.147 gm/cm?® with the PHOENIX spectrometer at the Intense
Pulsed Neutron Source at Argonne Naticnal Laboratory using a momentum transfer



ot 23 A~* at the recoil peak. The observed scattering is shown in Fig. 1. The
empty cell scattering and a small broad component due to secondary scattering from
the walls of the cryostat have been subtracted. The scattering, which has been
normalized using measurements of low density helium gas, satisfies the first moment
sum rule indicating that all the scattering is observed.
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Fig. 1 Observed scattering from liquid ‘He. a) Normal liquid at T=
3.5 K. The line is the instrumentally broadened IA prediction
using the PIMC calculation of n(p). b) Superfluid at T=0.3% K
The line is the instrumentally broadened IA prediction using the
GFMC calculation of n(p).

The observed scattering exhibita the characteristic features of scattering in the
IA. First of all, it is approximately centered at Y = 0 and symmetric about ¥ = 0
when instrumental resolution is taken into account. In addition, the width of J(Y)
is independent of Q for Q’s larger than 15 A~1.° However, while the observation of
these ciaracteristic features is consisteat with the approach to the IA limit, it does
not imply that the limit has been reached.®:’

To evaluate tae applicability of the IA, the observed scattering can be directly
compared to the theoretical calculations of n(p). Of course, this apgrou:h implicitly
assumes that the theorevical momentum distributions accurately describe the true
momentum distributions in the liquid. Given the success of these calculations in
reproducing many measured properties of the superfluid and normal liquid, we are
confident that the .noinentum distribution is also quite accurate and hence that this
method for studying FSE is justiled.

The solid line in Fig. 1a is the predicted scattering using the IA and a PIMC
calculation of n(p) at T=3.33 K by Ceperley and Pollock. The calculation was carried
out at a density of 0.138 ;m/cm’, which is slightly lower than the experimental den-
sné{ The ;heoretifdal pre%ctilon has 1bet;n co?v%luged with the i’%?tmmentd resolution
chi oot Mette,Cpeo pimton o the jonmument, Thy cvprl aqrsi
no adjustable parameters have been used.® The agreement between the IA prediction

and the observed scattering is excellent. Deviaticas from the IA due to FSE have
little effect on the relatively broad and featureless distribution in the notmal liquid.



aue suuu uuc W £I1g. 1D 13 e preaucted scattening using the [A and a GFMC
calculation of n(p) at T=0 by Whitlock and Panoff. Large differences between the
IA prediction and the observed scattering are obvious. The deviations are largest
near Y = 0, where the condensate peak occurs. The IA prediction has much more
inensity in the peak than observed experimentally, as one would expect from final
state smearing of the condensate peak.

Several theoretical calculations®'!®:!! (referred to as broadening theories in this
paper) have expressed FSE as a convolution with the IA expression in Y. The scat-
tering at ficite Q then takes the form

Irs(Y) = / Ja(Y)R(Y' - ¥,Q)aY" (2.1)

where Jrg is the observed scattering including FSE and R(Y,Q) is the final state
broadening. The FSE broadening may thzn be determined hy deconvoluting the
instrumental broadening and J; 4(Y) from the observed scattering.

The superfiuid phase, where the deviations from the IA prediction are the largest,
provides an excellent opportunity to test this procedure. Fig. 2 shows the results of
deconvoluting Js4(Y), obtained from the GFMC calculation of n(p), and the instru-
mental resolution from the observed scattering in the superfluid. The experimentally
determined FSE broadening exhibits a sharp central peak and oscillatory tails that
extend to high |Y]. While the general features of this curve are accurate, the de-

tailed shape may be affected by the statistical noise in the numerical deconvolution
procedure,
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Fig. 2 Comparison of the experimentally determined final state broaad-
ening (Data) with theoretical predictions.

There are two noteworthy features in the experimentally determined R(Y). First,
the central peak, which is the most prominent feature, is relatively narrow. The full
width at half maximum (FWHM) of this peak is 0.67 A-!, narrower than the width
expected based on the measured helium-heliura scattering cross section. Secondly,
R(Y) exhibits oscillatory tails that are both negative and positive. These tails are
a natural consequence of the sum rules for incoherent scattering. In particular, the
second moment sum rule requires that FSE not change the second moment of the
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central peak to the second moment. The negative tails have the important conse-
quence that FSE do not simply broaden the scattering: they move intensity around
from oue region of Y to another.

In principle, this procedure could be used to determine FSE broadening in the
normal liquid. However, due to the statistical accuracy of the data (~ 3%) and the
small effect of FSE, as seen in Fig. la, it is not possible to extract a final state
broadening function using the same procedure as above. The eerrimental results
require much better statistics before a broadening function can be experimentally
determined in the normal liquid.

Another set of theories!?:13:14 (referred to as symmetrization theories here) ex-
presses deviations from the IA as additive corrections to the IA result. In this ap-
proach, it is useful to split the corrections to the IA into terms that are symmetric
and antisymmetric about the peak center. Then

Josa(Y) = J14(Y) + AJsym(Y, Q) + AJ asym (Y, Q) (2.2)

where AJs,m and AJ4,ym are the symmetric and antisymmetric corrections due to
FSE.

To obtain the corrections to the IA, the theoretical prediction using the IA must
be subtracted from the measured scattering after the instrumental broadening has
beer zemoved. Rather than deconvolute the instrumental resolution from the data,
which is a numerically unstable procedure with noisy datn, we will use a model
Jrs(Y) which is the sum of two Gaussians. The model scattering is broadened by
instrumental resolution and compared witk the observed scattering, and the model
paramet.rs are adjusted to obtain the best agreement.
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Fig. 3 Comparison of the IA predictions in the normal and superfluid
vhase with the model Jrs(Y') obtained from a fit to the data.
The components of Jrs(Y ) symmetric and antisymmetric about
the recoil peak at Y = 0 are plotted separately.

The corrections to the IA in the normal liquid, cbtained using n(p) from the
PIMC calculations of Ceperley, are shown in Fig. 3a. Both the symmetric and
antisymmetric corrections are small. The maximum amplitude of the corrections



. eme emem —awes ws v su Ul LUC WOBAL PEAK amplitude, comparable to the statistical
accuracy of the data. The small size of the corrections is not surprising, given the
good agreement of the IA prediction and the observed scattering shown in Fig. la.

The corrections to the IA in the superfluid, obtained using the n(p) from the
GFMC calculations of Whitlock and Panoff, are shown in Fig. 3b. Both the sym-
metric and antisymmetric correction terms are now much larger than in the normal
liquid. The maximum amplitude of the antisymmetric correction is now =~ 20 % of
the total peak amplitude, compared to = 5 % in the normal liquid. The symmetric
correction has a peak amplitude of = 25 % of the total peak amplitude. In addition,
it contains a negative delta function singularity with 9.2% of the total intepsity, which
is needed to cancel the condensate delta function in Jra(Y).

COMPARISONS WITH FINAL STATE EFFECT THEORIES

Theories for FSE can be tested by direct comparison to the observed scattering.
The same procedure as used previously will be applied. The theoretical calculations
for i(p) are used to obtain the scattering in the IA. The resuits are then corrected
for FSE, using the appropriate theory, and broadened by instrumental resolution.
These results may then be compared directly to the observed scattering to evaluate
the theories for FSE.

The earliest theory, by Hohenberg and Platzman, predicted a Lorentzian final
state broadening. Several other theories have predicted similar behavior. The width

of the FS broadening is
Q) = pa(Q) (3.1)

where p is the density and o(Q) is the cross section for atomn-atom scattering. The
Lorentzian broadening for the experimental conditions of this work is shown in Fig.
2. Fig. 4 shows a comparison of the theoretical and experimental results in both the
normal and superfluid phases. In both cases the broadening is far larger than observed
experimentally. The theoretical results are not in agreement with the experimental
observations using a Lorentzian broadening function with the width in (3.1).
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Fig. 4 Comparison of the observed scattering with the theoretical pre-
dictions, converted to J(Y) and broadened by instruinental reso-
lution, using a Lorentzian broadening function.
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Lorentzian. Instead it contains a narvow central peak and negative tails, as required
by the second moment sum rule. The calculated broadening is shown in Fig 2. Fig. §
shows a comgarison of the predicted and observed scattering. The agreement in the

normal liquid is excellent. However, in the superfluid phase, the predicted intensity
at the peak is too large.
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Fig. 5 Comparison of the observed scatiering with the theoretical pre-
dictions, converted to J(Y) and broadened by instrumental reso-
lution, using the broadening calculated by Gersch and Rodriguez.
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Fig. 6 Comparison of the observed scatiering with the theoretical pre-
dictions, converted to J(Y) and broadened by instrumental reso-
lution, using the broadening calculated by Stlver.
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Rodriguez using a method called Hard Core Perturbation Theory (HCPT). The
broadening for the experimental conditions used in this measurement is shown in
Fig 2. A comparison of the predicted and observed scattering using Silver’s theory is
sltlxown in Fig. 6. The agreement is excellent in both the superfluid and normal liquid
phases.

Symmetrization theories for FSE express differences from the IA as additive
corrections to the IA result. These corrections are then split into terms that are
cither symmetric or antisymmetric about the peak center. The theories estimate the
antisymmetric term to be much larger than the symmetric term. If the antisymmetric
corrections are domninant, then most of FSE can be removed by simply symmetrizin
the data. The removal of the antis etric term leaves both the first and secong
moments of the data unchanged, so this procedure does not violate the second moment
surn rule for incoherent scattering.

In the normal liquid, as shown in Fig. 3a, both the symmetric and antisymmetric
corrections are small. The symmetrization treatment of FSE corrections does not
modify the second moment ot the data. Thus, it will have little effect on the broad,
nearly gaussian momentum distribution in the normal fluid, and its results will be
consistent with the data.
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Fig. 7 Symmetric and antifg'mmetric components of Silver's HCPT pre-
diction for the superfluid scattering versus the IA prediction using
the =0 K GFMC momentum distribution.

In the superfluid, as shown in Fig. 3b, thes etric and antisymmetric correc-
tions are much larger than in the normal Juid. i:he symmetric correction consists of
a negative delta function singularity with 9.2% of the total intensity superimposed
on a positive piece with a peak amplitude of approximately 25% of the total peak
amplitude. Tge negative delta function is required to cancel the condensate delta
function that appears in Jr4(Y).

The symmetrization theories claim that the IA prediction is reproduced when
the FSE broadened momentum distribution is symmetrized. If Silver's HCPT and
the symmetrization theories were both correct, then symmetrizing the HCPT predic-
tion should reproduce the IA. In Fig. 7 the IA prediction using the T=0 K GFMC
momentum distribution is compared with HCPT and its symmetric and antisymmet-
ric components. Symmetrizing the HCPT prediction does not reproduce the IA. The
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as shown above, HCPT provides an accurate descriptioﬁ of *FrS?i?j‘l;}:)ax;iemng in the
superfluid phase, it follows that the symmetrization approach fails.

This figure also shows why the :ymmetrization procedure fails in tbe supei-
fluid. The observed scattering contains no feature with a width comparable to the
instrumental resolution. Thus, the delta function singularity in Jra(Y) due to the
condensate must be removed and replaced with a broadened peak if the IA correc-
tions are expressed as additive terms. The dominant correction to Jra(Y') is then
large and symmetric, and it cannot be removed by symmetrizing the data.

CONCLUSIONS

We have carried out a test of various theories for final state broadening by com-
paring the observed scattering in the normal and superfluid phases of liquid helium
with theoretical predictions for the scattering, using current calculations for the mo-
mentum distribution as input. Implicit in our test is the assumption that the the-

oretical calculatjons of the momentum distribution are accurate. Our copclysions
regarding the FéEmzheories are valid only to ttfxe extent that the theoreticaf calf:ula.-

tions are accurate.

We find that the calculations of Gersch and Rodriguez, Silver, and the sym-
metrization procedures provide a good description of the FSE for the observed scat-
tering in the normal liquid where n(p) is broad and featureless. The only theories
which fail in the norme] liquid are those that predict Lorentzian broadening. These
theories predict a scattering that is rauch broader than observed experimentally.

In the superfluid phase, only the calculation of Silver provides an accurate de-
scription of the final state broadening. The other mnodels of FSE do not accurately
describe the observed scattering in the superfluid phase. Inelastic neutron scattering
experiments at other values of ) could test more detailed features of FSE theories.
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Carpenter and A. Rinat. This work was suppertedngy NSF grant DMR-8704288
and OBES/DMS support of the Intense Pulsed Neutron Source at Argonne National
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support of the Division of Educational Programs at Argonne Naticnal Laboratory.
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