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Inelastic neutron scatt~ring at high momentum transfers cm 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 proportiorml to
the longitudinal momentum distribution~

~JA(~) = ~~~,-p(p)dp= ~+m~+-n(ps,pv,y)dp=dpv
-m .-w

which is a function of a single scaling variable Y s (M/Q)(w - G), where

(1.1)

M is the
mass of the scatterer, Q is ‘the momentum transfer, and + = Qz /2Jkf is the recoil
ener&v,

However, the ex erimentally attainable Q’s are not large enou h to reach the
r $IA limit. Deviations rom the 1A due to final state scattering by neig boring atoms,

known aa final state eRects, will distort the o%erved scattering from the ?A pre-
diction. Thus, an understanding of deviation from the IA is essential to accurate
determination of n(p),

Liquid helhuu provides an excelleat teuting ground for stud in FSE in a dense,
Ju!strongly interacting system for two reasona. First, theoretical c c ationa of the mo-

mentum distribution are available in botb, the norrmd liquids *3and superfluid’ phases,
These calculations ara believed to be quite accurate, since they agree well with several
other measured properties of the liquid. IE addition, n(p) in the superfluid exhibits a
very sharp feature, the BOW condensate peak, which should be wsry aenaitive to FSE.
Comparison of the predicted scattering obtained from the theoretical n(p) using the
IA to the experimentally obeerved scattering can be used to study dwiationa due to
FSE,

EXPERIMENTAL RESULTS

The scattering from liquid helium waa metumred at temperature of 0.35 K and
3.5 K at a densit of 0,147 gm/cma with the PHOENIX spectrometer at the Inteme

1Pulsed Neutron ource at Argonne Nnt icmai Laboratory using a momentum transfer
.



or 23 A –‘ at the recoil peak. The observed scatten~g is shown in Fig. 1. The
empty cell scattering and a small broad component due to secondary scat tenng from
the walls of the cryostat have been subtracted. The scattering, which has been

●
normalized usin~ measurements of low density helium gas, satisfies the first moment
sum rule indicating that all the scattering is observed.
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Observed scattering from liquid 4He. 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=O.35 K
The line is the instmrnentally broadened IA prediction using the
GFMC calculation of n(p).

The observed scattennq exhibits the characteristic featuree of scattering in the
IA. First of all, it is apprconrnately centered at Y = Oand symmetric about Y = O
when instrumental resolution is taken into account. In addition, the width of J(Y)
is inde endent of Q for Q’s larger than 15 A ‘i.8 However, while the observation of
these J aracterhtic featurea is consistent with the approach to the IA limit, it does
not imply that the limit hae been reached.””

To evaluate the applicability of the IA, the obeerved scattering can be directly
compared to the theoretical calculations of n(p). Of couree, this ap roach implicitly

!assumes that the theoretical moment uzn distributions accurately eemibe the true
momentum distributions in the liquid. Given the success of these calculations in
reproducing many meaeured propertied of the superfluid and normal liquid, we are

Rconfident t at the momentum did ribution is also quite accurate and hence that this
method for studyinS FSE is just&d.

The solid line in Fig, la iu the predicted scattering using the IA and a PIMC
calculation of n(p) at T=3,33 K by Ceperley and Pollock, The calculation WM carried
out at a density of 0,138 @cm3, which is slightly lower than the experimental den-
sity, The theoretical prediction haa been convoluted with the instrumental remlution

from a Mo \e C 10 i ulatio of the jnatrumpn , T!i ov r n rm ‘za-
?&?%%th the pre%ctecf%n~ %mv&! scattering are m~epen~ent~y%xe~ ao%at
no ad ‘ustable parameter have been Used.a The a~eement between the IA redict ion

il kand t e obeerved scattering is excellent, Deviatlc.~ from the IA due to SE have
little ef%ct on the relatively broad and featureleeo distribution in the nolmal liquid.



A LAG W4LSU AUK w r lg. Au NJme precuctea scau ermg using the 1A and a GFMC
calcuiat ion of n(p) at T =0 by Whit lock and Panoff. Large differences between the
1A prediction and the observed scattering are obvious. The deviations are largest
near Y = O, where the condensate peak occurs. The IA prediction has much more

‘ in:ensity in the peak than observed experimentally, as one would expect from final
. state smearing ~f ~he condensate peak.

Several theoretical calcu.lationsg’1° J11 (referred to as broadening theories in this
paper) have expressed FSE as a convolution with the L4 expression in Y. The scat-
tering at fitite Q then takes the form

~rs(y) =
I

J,~(Y’)R(Y’ -Y, Q)dY’ (2.1)

where JFS is the olxerved scattering including FSE and R(Y, Q) is the fizd state
broadening. The FSE broadening may thsn be determined hy deconvoluting the
instrumental broadening and ~IA(Y) from the observed scattering.

The superfluid phaae, where the deviations from the 1A~rediction are the largest,
provides an excellent opportunity to test this procedure. Fig. 2 shows the results of
deconvoluting Jf A(Y), obtained from the GFMC calculation of n(p), and the instru-
ment al resolution from the observed scat tenng in the superfluid. The experimentally
determined FSE broadening exhibits a sharp central peak and oscillatory tails that
extend to high IY). V/Me the general features of this cume are accurate, the de
tailed shape may be tiected by the statistical noise in the numerical deconvolution
procedure.
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Fig, 2 Comparison of the experimentally cietermined final state broaci-

ening (Data) with theoretical predictions.

There are two noteworthy features in thee enmentally determined R(Y), First,
?the central peak, which is the most prominent eature, h relatively narrow. The full

width at half nnximum (l?’WHM) of thh eak k (),67 A-i, narrower than the widthRexpected based on the measured helium- eliura ecatterin cross section, Secondiy,
$R(Y) exhibits oscillatory tails that are both negative an pcwitive, These tails are

a natural consequence of the sum rules for incoherent scattering, h particular, the
second moment sum rule requires that FSE not change the second moment d tha
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centml p&k 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 one region of Y to another.

In principle, this procedure could be used to determine FSE broadening in the
no.rmai liquid. However, due to the statistical accuracy of the data (- 370) 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 e eriment al results

Trequire much better statist ics before a broadening function can e experimentally
determined in the normal liquid.

Another set of theories12 113*14(referred to as syrmnetrization 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 antisymmet ric about the peak center. Then

JO~.(Y) = J~A(Y) + AJsYm(y, Q) + AJA#vm(y, Q) (2.2)

where A ~Sym and A~A~ym are the symmetric and autisymmetric corrections due to
FSE.

To obtain the corrections to the IA, the theoretical prediction using the 1A must
be subtracted from the measured scattering after the instrumental broadening has
beez :emoved. Rather than deconvolute the instrumental resolution km the data,
which is a numerically unstable procedure with noisy dat ~ we will use a model
JFS(Y) which is the sum of two Gaussians. The model scattering is broadened by
inst rumentai resolution and compared with the observed scattering, and the model
parametm are adjusted to obtain the best agreement.
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Comparkon of the IA prd~ctions in the normal and superfluid
~>haeewith the model 3FS(Y) obtained Gom a fit to the data.
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The cm orients of JFS(Y) symmetric and antisyrnmetric about
fthe reco” peak at Y = Oare plotted separately,

The corrections to the 1A in the normal liquid, cbtained uring n(p) from the
PI.MC calculation of Cepedey, are shown in Fig, 3a. Both the s metric and
antisymmetnc corrections are small. YThe maximum amplitude of t e corrections

*



.. . .. . .. . -. -w. W* w ,U Ul UtAG~UUUpezuc arnputuae, comparable to the statistical
accuracy of the data. The small s;ze 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 YO in the normal liquid. The symmetric
correction has a peaic amplitude of s 2570 of the total peak amplitude. In addition,
it contains a negative delta function singularity with 9.270 of the total intensity, which
is needed to cancel the condensate deita function in JfA(Y).

COMPARISONS WITH FINAL STATE EFFECT THEORIES

Theories for FSE can be tested b direct comparison to the observed scattering.
rThe same procedure as used previous y will be applied. The theoretical calculations

for i(p) are used to obtain the scattering in the IA. The results 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 eariiest theory, by Hohenberg and Piatzman, predicted a Lorentzian final
state broadening. Several other theories have predicted similar behavior. The width
of the FS broadening is

r(Q) = j)u(Q) (3.1)

where p is the density and a(Q) is the cross section for atom-atom scattering. The
Lorentzian broadening for the ex erimental conditions of this work is shown in Fig.

Yl2. Fig. 4 shows a comparison oft e theoretical and experimental results in both the
normal and superfluid bases. In both cases the broadening is far iarger than observed

Eexperimentally. The t eoreticai 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-

diction, converted to J(Y) and broadened by instrumental reso-
lution, using a Lorentziw broadening knction.



—.. UUMJUCUa nruu state broaderu$ that is not
Lorentzian. lmte~-;;;~;;;n;;;m~ow central peak and negative tads, M required
by the second moment sum rule. The calculated broadening is shown in Fig 2. Fig. 5
shows a com arisen of the predicted and observed scattering. The agreement in the

Inormal liqui is excellent. However, in the superfluid phase, the predicted intensity
at the peak is too large.
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m 1 I I

0.5
l“’’1 ’’’’1’’”:

Fig. a 1 3.5 K
L

0.4 – (IR

0.3

0.2

0.1
.~

0.0 d
-4 -2 0 2 4

l-- lL -i o.

l-- 1 t 4 (“.

-4 -2 0 2 4

-1)

Cornpar4son of the observed scattering 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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Comparison of the observed scattering with the theoretical pre-
dictions, converted to J(Y) and broadened by instrumental resin
Iution, using the broadening calculated by Silver,
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Rodriguez using ‘a method called Hard Core Pert&bation Theory (HCPT). The
broadening for the experimerit al conditions used in this measurement is shown in
Fig 2. A comparison of the predicted and observed scattering using Silver’s theory is
shown in Fig. 6. The a~eement is excel,.lentin both the superfluid and normal liquid
phases.

Symmetrization theories for FSE express differences from the 1A as additive
correct ions to the IA result. These corrections are then split into terms that are
either symmetric or antisymmet ric about the peak center. The theories estimate the
antisymmetric term to be much larger than the symmetric term. If the antisyrnrnetric
correct ions are dominant, then most of FSE can be removed by simply symmetrizing
the data. The removal of the antis

r
etric term leaves both the first and secon 3

moments of the data unchanged, so t is procedure does not violate the second moment
sum rule for incoherent scat tering.

In the normal li uid, as sl$own in Fig. 3a, both the symmetric and antisyrnmetric
Jcorrect ions are sm . The s rnmetrization treatment of FSE corrections does not

[modify the second moment o 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 antis
T

metric components of Silver’s HCPT pre
diction for the m e uid scattering versus the IA prediction using
the ‘r=O K GF~C momentum distribution.

In the su erfluid, as shown in Fig. 3b, the s
c1 r

etric and antisymmetric correc-
tions are mu larger than in the normal fluid. he symmetric correction comists of
a negative delta function singularity with 9,270 of the total intensity superimposed
on a positive iece with a eak amplitude of approximately 25% of the total eak

Eamplitude. T e negative c? #elta function is required to cancel the condensate elta
function that appears in J/A(Y).

The syrnmetrization theories claim that the 1A prediction is reproduced when
the FSE broadened momentum distribution is symmetrized. If Silver’s HCPT and
the syrnmetrization t heoriea were both correct, then symmetrizing the HCPT predic-
tion should reproduce the 1A, In Fig. 7 the IA prediction using the T=O K CFMC
momentum distribution is compared with HCPT and its symmetric and antis mmet-

[ric components. Symmetrizing the HCPT prediction does not reproduce the A. The
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as shown above, HCPT provides an accurate description of FSE broadening in the
superfluid phase, it follows that the symmetrization approach fails.

This figure also shows why the <Vmmetrization procedure fails in tbe super-
fluid. The observed scattering contains no feature with a width comparable to the
instrumental resolution. Thus, the delta function singularity in ~~A(Y) due to the
condensate must be removed and replaced with a broadened peak if the IA correc-
tions are expressed w additive terms. The dominant correction to JZA(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 li uid helium

1with theoretical predictions for the scattering, using current calculations or the nm
mentum distribution as input. Implicit in our test is the assumption that the the-

fr
oretic calculat.0

k
of the momentum distri ution are accurate. Our, co cl ions

regar ing the F~&theories are valid only to t e extent that the theoretic ~c&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 norrrml liquid are those that predict Lorentzian broadening. These
theories predict a scattering that is much broader than observed experimentally.

In the supetiuid phase, only the calculation of Silver provides an accurate de
scription of the final state broadening. The other models of FSE do not accurately
describe the observed scattering in the superfluid phase. Inelastic neutron scattering
experiments at other values of Q could test more detsiled features of FS’E theories.
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