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We report inelastic-neutron-scattering measurements of the neutron Compton p(glila polycrystalline
ZrH, over a range of momentum transfers between 35 and 109 Fhe measurements were performed using
an inverse geometry spectrometer at a pulsed-spallation neutron source. The experimental results are compared
with simulations calculated from a measurement of the density of states of the hydrogen vibrations.in ZrH
Deviations from impulse approximatiqihA) scattering and a form of the IA proposed by Stringari have been
investigated. The deviations are manifest as both an asymmetry and a shift in centi¢id .dBoth effects
become less significant as the momentum transfer is increased and the IA limit is approached. At high mo-
mentum transfers the symmetrization procedure of Sears successfully removes final-state effects from these
data. We conclude that the neutron Compton scattering technique can provide accurate information about the
behavior of tightly bound proton systems such as ZrH

I. INTRODUCTION (ZrH,) and test a form of the 1A proposed by Stringari.
The NCS technique has already proved successful in de-

In recent years neutron Compton scatteiNGCS) or deep  termining atomic momentum distributions and in obtaining
inelastic neutron scatterindINS) has become established directly values for the mean atomic kinetic energies of a
as a technique for probing directly the momentum distribu-number of light elements, for example, séfid? and liquid
tion of atoms in a variety of condensed matter systems. Thaelium®!* other noble gases in both solid and liquid
technique was suggested by Hohenberg and Platzhalnn phases®!® hydrogen bond$’*® metals®® liquid and solid
most 30 years ago and is analogous to the measurement lfdroger?® glasse$? and graphité? Deviations from the IA
electron momentum by Compton scatterfngs with Comp-  are most significant at loweg where the spectrum of scat-
ton scattering, the interpretation is based on the validity otered neutrons does not exhibit the characteristic features ex-
the impulse approximatioiA) which is exact when both the pected for recoil scattering from a “free” target atom. For
energy and momentum transferred to the target atom arexample, the determined momentum distribution is neither
infinite 3 Deviations of the dynamic scattering function from symmetric nor centered at zero momentum and interpretation
that derived under the 1A occur at finite values of the mo-follows the application of detailed correction procedures.
mentum transfely. Those arising as a consequence of theDeviations from the IA are reduced by moving to larger
scattered neutron interacting with neighboring atoms aréut they are not eliminated. Experiments on superfluid
known as final-state effect&SE’S while those arising from  helium-4 performed wittg>50 A~ still fail to observe the
the bound state of the atom are known as initial-state effectsharp signature expected for the Bose condensate fraction,
(ISE’s).* The question of when the IA may be deemed validshowing that FSE'’s are still presefitDespite the theoretical
is still a matter of contention. A number of theories haveinterest in this subject experimental investigations are limited
been developed for calculating the form and magnitude ofo helium and other noble gas systems.
departures from the IA in heliuth’ and SeafShas devel- High momentum transfers can be achieved with inverse-
oped a treatment for FSE’s which is applicable to a widegeometry spectrometers receiving electron-volt neutrons
range of systems. It has been shéwmat ISE’s become sig- from pulsed-spallation neutron sources. Electron-volt spec-
nificant at low temperatures and in quantum systems they arteoscopy is still in its infancy and as the reliability and accu-
largely responsible for observed deviations from IA behaviorracy of the technique improves the interpretation of results
In nonquantum systems the IA is reached when the momerwill become more reliant on the procedures used to correct
tum transfer to the atom far exceeds the root-mean-squarfer FSE’s. Accurate measurements on tightly bound proton
momentum of the atom. The derivation of the |IA makes twosystems such as molecular hydrogen are only possible with
assumptions. The first is that the momentum transfer is sufelectron-volt spectroscopy where energy transfers much
ficiently large for the scattering to be incoherent and thegreater than the vibrational frequency of the molecule are
second is that the struck atom gains sufficient energy frommequired before the IA can be reliably used to determine
the neutron that its recoil appears to be that of a “free” atom.n(p). A comprehensive assessment of the validity of the 1A is
Deviations from the IA are usually attributed to FSE'’s butessential if the NCS technique is to be routinely employed to
Stringari® pointed out that the standard form of the IA doesinvestigate the momentum distribution of such tightly bound
not correctly treat the bound nature of the initial state. In thissystems. Zirconium hydride was chosen for this investigation
paper we examine the validity of the A in zirconium hydride becaussi) it is a strongly bound systen(ii) the incoherent
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neutron cross section of hydrogen is large at the very higlwvhere
momentum transfers usedii) its high Debye temperature

ensures that the hydrogen is effectively in the ground state at M 9°

room temperatureg(iv) the harmonic approximation is valid y= E (“’_ m) @)
and permits an exact calculation §f, (q,w) from a measure-

ment of the vibrational density of staté®@0S), and(v) the and

hydrogen and zirconium scattering are well separated by the

kinematic mass separation of the NCS technique. J(y):J’ wn(px,py y)dpy dp,. ®

Il. THEORETICAL BACKGROUND

The quantityJ(y) is often termed the “neutron Compton

profile” (NCP), the one-dimensional projection ofp) along
The double-differential scattering cross section for scatterthe direction of the scattering vector. The properties of

ing from a system oN identical atoms at zero temperature is S(q,w) which follow from Egs.(6)—(8) are known ay scal-

A. Scattering within the impulse approximation

given by* ing and the degree to which the data obey this scaling law is
) a measure of the validity of the IA. For an isotropic momen-
d“o —Nb? M S(q,0) 2 tum distribution it can be shown that
dQ dE; k] 214 @)
whereb is the scattering lengttg, the energy of the scat- qSA(q,w)=27erl |pn(p)dp 9
y

tered neutronk; andk; are the initial and final neutron wave

vectors, respectivelyy is the neutron wave-vector transfer and the mean kinetic energy of the target parti¢,), may

(g=ki—ky), andfiw is the energy lost by the neutron in the o yetermined from)(y) from the second moment of the
scattering process. The dynamic structure fa8@y,w) can NCP

be written as

3
1 _ ) 2 :_J 2
S@.0)= 2 6|2 (ilexp-ig-r|f)| sw+E~Ep, (B=zy | yImdy. 19
2 . o
where|i) and|f) are the initial and final quantum states, B. The harmonic approximation
is the position coordinate of atom, g; is the Boltzmann In the harmonic approximation, the atomic momentum

factor for occupation of quantum stdt@, and=; performs a  distribution is identical to that of a free gas, except that the

thermal average. The IA is reached in the limit of largetemperature is replaced by an effective temperature given by

wave-vector transfers where coherent processes are assuniéd“=MT* and Eq.(8) becomes

minimal. Then incident neutrons scatter from individual nu-

clei independently and therefore respond only to a single- ) 1 —y? 11
article momentum distribution(p). The dynamical struc- JY)=—= ex;{ *), 11

Fure factor can then be written az g 2aMT* 2MT

o (p+q?  p? whereT* is the effective temperature defined*by
SIA(qJ'U):f_x n(p)5(w—W+m dp, L .
. . . L T =5 J wZ(w)cott‘( —)dw (12
whereS,(g,0) is the dynamic scattering function in the IA, 2 T

M is the atomic mass, and wheng¢p) satisfies the normal-

ization condition andZ(w) is the phonon density of states. We define the vari-

ance of the momentum distribution aloggas o=(MT*)%°,
+o In this paper, energies and temperatures are measured
f n(p)d®p=1 (4) in meV, momenta in A' and masses in amu unless
- stated otherwise. In this system of unit6=2.044 58
and thed function restricts the integration to those states thalh meV*2amu’2,
are accessible with energy and momentum conservation. The
average recoil energy transferred to the scattering particle is C. The Stringari formulation

given by The Stringari formulatiotf is obtained from the IA by

£2g? replacing thep?/2M term with the mean kinetic enerd§, )
oM (5 and the modified dynamical structure facffq,w) is given

by
Choosingq along thez axis of a Cartesian coordinate system
gives

h(l)R:

2

* +
Ss(q,w)=f mﬂ(r))é(w-(% +<Ek>)dp- (13

M
Sa(@.0)= q I, © For an isotropic momentum distribution it can be shown that
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aia.@)=27M | pn(p)dp, (14 ;
lyql
where
4
y1=V2M(w+(Ek))—q (15

is the scaling variable, which should be compared with the
IA scaling variabley given in Eq.(7). This predicts a nega-
tive shift of magnitude(E,) in the peak energy 08.(q,w)
from the IA value of4’q%/2M.

®(meV 104

D. Sears expansion

To account for deviations from the 1A Se&sroposed a
series expansion @f(y) which contained symmetric and an- by
tisymmetric terms,

d3J,a(Y)
Jo<y>=J.A<y>—Ag[(;—Ay§y +A

- 0 20 40 60 - g 100 120 140 160

dy*

{d4J|A(Y)
4

(16)

whereJ,(y) is the observed NCP without instrument resolu- ~ FIG. 1. Detector scans on eVS throu@hw) space. In this work
tion andJ,z(y) is the NCS derived in the IA. The coeffi- the eVS had 40 detectors at forward-scattering angles. 30 of these
cients of the first symmetric and antisymmetric terms in thevere at angles useful for hydrogen scattering, which are considered

expansion are given by for convenience grouped together in three banks of detectors 36°—
44° (bank A), 46°-54° (bank B), and 57°-66°(bank C). Each
M(VZV) M2<F2) detector scan for each bank lies in the shaded regioB, or C

3=m an A4=T4qz, (17) marked on the figure. The dashed curves represent the peak position

and FWHM of the response of a hydrogen atom in Zwhich has

whereV is the interatomic potential angF?) is the mean- @ momentum distribution with a FWHM of 9 &.
squared force on the target atom during the scattering. The
terms are corrections to the IA arising from FSE’s and pre-gen scattering and for convenience these are represented in
dict the magnitude and dependence of deviations from the this work as three banks—bank (covering the angular
1A, range 36°-44; bankB (46°-549, and bankC (57°-669.
In Fig. 1 we show the TOF scans (g,w) space which were
available with bank#\, B, andC using a gold analyzer. The
I EXPERIMENTAL PROCEDURE shaded region is bounded by the full width at half maximum
The measurements reported here were performed usingWHM) of the response from a hydrogen atom in ZrH
the eVS at the ISIS facility, which is situated at the Ruther-(having a momentum distribution with a FWHM of 97A).
ford Appleton Laboratory. The eVS is an inverse-geometryit should be noted that the energy and momentum transfers
filtered-beam spectrometer which uses a foil with a strongavailable on resonance filter spectrometers are much greater
cross section for neutron absorption to define the scatterethan those attainable on any other neutron instrument and it
neutron energy. A pulsed white beam of neutrons with enerean be seen from Fig. 1 that on eVS, for H scattering at the
gies in the range 1-100 eV is incident on the sample, and theecoil peak position, 28w<23 eV and 35q<105 A%
time-of-flight (TOF) spectrum of the scattered beam is mea-At such high momentum and energy transfers, corrections to
sured by an array of fixed detectors. A resonant foil differ-the IA are expected to be small, but as we shall show they are
ence technique is used to yield a set of TOF spectra for thoseot negligible. The incident and transmitted beam intensities
neutrons scattered into a fixed energy and through fixesvere monitored using glass scintillation detectors placed be-
angles. A full description of the eVS can be found in thefore and after the sample.
literature?® The sample was placed in a square aluminum can
At the time of the experiment reported here, the spectrommounted on the end of an aluminum stick and positioned
eter had six banks of 10-atfile neutron detectors arranged perpendicular to the beam. Detector saturation was avoided
in pairs symmetrically about the incident beam and coverindy limiting the total scattering to 5% of the incident beam.
angles in the ranges 36°-54°, 57°-77°, and 125°-137°, réFhe beam tubes and the sample chamber were evacuated to
spectively. The detectors were arranged with their axes veminimize air scattering. The samples were manufactured at
tical and centered at the beam height. Forty detectors werhe Department of Physics of the University of Warwick
arranged at forward-scattering angl@s<90°) and a further from powdered samples of zirconium obtained from Good-
ten at backward-scattering angf@s-or scattering from hy- fellow Metals (Cambridge. The grain size and purity of the
drogenous systems the dynamics of the interaction restricggowdered sample of zirconium were 1%®n and 99.50%,
the scattering to scattering anglés90° and only data from respectively. The percentage of hydrogen absorbed was care-
detectors at forward scattering angles were useful in this infully monitored during hydriding and the resulting composi-
vestigation. Thirty of these were at angles suitable for hydrotion was determined to be ZgHx=1.96+0.04.
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Gold foils were mounted on a cylindrical aluminum sup- ~ , 5. 4¢
port which surrounded the sample chamber and placed in the
scattered beam. The foils are automatically cycled in and out
of the scattered beam every 5 min by means of pneumatic
pistons. The constant cycling of the resonant foil minimizes._,
systematic errors which result from changes in the relatives
efficiency of the detectors to neutrons of different energies;g
Two types of measurement were made: one with the resonarg
foils in and one with the resonant foils out of the scattereds
beam. The TOF spectra corresponding to the “foil in” and ™
“foil out” measurements were collected in separate areas of
the instrument computer memory. The gold foil has a strong
absorption cross section of Lorentzian shape, centered at . .
4917.6 meV and with a half width at half maximum 200 400 600
(HWHM) of 143.1 meV. By taking the difference between
spectra collected with “foil in” and “foil out” the count rate
for neu_trons scattered with energy 4917 B43.1 meV was FIG. 2. Foil in(crosses and foil out(line) time-of-flight mea-
determined. surements of Zrklon eVS. The scattering angle for these measure-

The isotropic nature of the sample means that data frorf,ents was 36°.
groups of detectors may be added together to increase the
statistical accuracy. Summing data over banks of detectors apalytical expressions for the components of the instru-
with similar scattering angles results in a NCP of high statisynent resolution function ity spacd’ were used to calculate
tical accuracy which covers a range of momentum transfefne resolution components and the results for detector bank
Measurements were performed at both 20 and 290 K alc are given in Fig. 4. The contributions are independent and
though the proton is effectively restricted to the ground statyiginate from the distribution of the initial and final flight
at both these temperatures. Furthermore, Zzkists in thee  paths (o, and o, respectively, and scattering angles and
phase at both these temperatures. This was confirmed kpcident energy values allowed by the instrument geometry,
analysis of diffraction data which are recorded simulta-;  and the analyzer foil: . In all cases the dominant con-
neously with NCS data but in a different region of TOF tribytion is o although the angular term, is significant for
(NCS 100-70Qus; diffraction 1000-20 00@s). Diffraction  scattering from hydrogenous systems and was determined for
peaks corresponding td spacings greater thal A were 5| detectors from the line shape of powder diffraction peaks.
identified and the002) peak due solely to the phase was  The intrinsic energy width of the gold resonance was previ-
observed. _ _ . ously determined for each detector, both analytically and ex-

Shown in Fig. 2 are typical TOF *foil out” and *foil in”  perimentally by measurements of recoil scattering from
spectraleach normalized to the incident bepfor scattering  heayy systems such as lead and tin, and is well described by
from ZrH, collected at a scattering angle of 36°. Shown ing | orentzian function. All other resolution components are
Fig. 3 is the difference of these two measurements for gell described by Gaussian functions. The resultant resolu-
series of detectors in one of the low-angle banks. The differjon function is therefore a Voigt function.
ence spectrum yields those neutrons absorbed by the ana- The mean atomic kinetic energy was determined by fitting
lyzer foil. The broad peak is the hydrogen scattering, whil€gach individual momentum-space difference spectrum with a

the narrow peak is the combined scattering from the zircogayssian, of the form given in E418) below, convoluted
nium and the aluminum sample holder. Note how the sepaith the appropriate resolution function

ration of the two peaks and the width of the hydrogen peak
become larger at higher scattering angles.

2x10*

1.5x10*

Time of flight (us)

3 )=< ! )exp(—z—_(y_ym)2> (18
y \/2770'5 20y .

Two fitting parameters were used; the profile centsgicand

The data analysis procedures for the eVS are describestandard deviatiom, . The mean atomic kinetic energy was
fully elsewheré® and only a summary is given here. The determined from the value af, whereas deviations ofy,
“foil in” and “foil out” TOF spectra obtained by each de- from zero were used to test the validity of the IA and to
tector were suitably normalized and then subtracted. The alunvestigate the significance of FSE's. Valuesaxfwere av-
minum can scattering was determined by an empty can me&raged to give a single value for each detector bank. These
surement and then subtracted from the data. The zirconiumalues were further averaged and used to determine the
scattering was removed by fitting an appropriate Voigt func-Debye-Waller factor used to calculate the density of states.
tion (convolution of a Gaussian and a Lorentzidn each
TOF data set, the parameters of the Voigt function being V. DENSITY OF STATES
determined by the instrument resolution and the Gaussian
width of the zirconium recoil scattering. The TOF spectrum  As mentioned in Sec. Il, exact simulationsXfy) can be
from each detector was then transformed iptspace using performed by calculating the scattering functis(q,w) for
either the IA or the Stringari scaling expressions, E@$. an isotropic harmonic solid using the density of states. Al-
and(15), respectively. though e-phase ZrH has been studied in great detail, we

IV. ANALYSIS
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FIG. 3. A series of time-of-flight difference
measurements of ZgHmeasured on one of the
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of the two peaks and the width of the hydrogen
peak both become larger at high scattering
” angles.
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know of no previous attempt to derive the phonon density offThe one-phonon contribution t8,(gq,w) can be obtained
states explicitly. The theoretical results required for ourfrom (19) by expanding the exponential term expi(wt) and

analysis are detailed below.
An exact calculation of both the single-partickq,w)

and n(p) from the density of states is possible within the
harmonic approximatiof For an isotropic system, the
single-particle incoherent scattering in the harmonic approxi-

mation is given b§*

1 de _ h2q?
il t exp—iwt)ex oM

X[y(t)—y(0)],

Sh(q,w)=

(19

where

'y(t)=ficdw[Z(w)/w]n(w)eXF(—iwt). (20
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scattering angle (degrees)

is given by

Z(w)

w

[n(w)+1],
(21)

where the subscript 1 refers to phonon creatio#(w) is the
normalized phonon density of statéd/(q) is the Debye-
Waller factor, anch(w) is the Bose-Einstein occupation fac-
tor n(w)=[exp(iiw/kBT)]‘1 where kg is Boltzmann’s con-
stant. At low q, S(gq,w) is dominated by one-phonon
scattering and the density of states can be derived directly
from Eq.(21). Following the method used by Andre&hior

a polycrystalline sample the density of statd®) is given

by

1
S,+1(0,0)= 507 qzexr{—ZWm)][

(@)= lim g'( w)ZSH,H(q,w) , ZP@
= m ot o [n(w)+1]
(22

For a cubic Bravais latticaV(q)=q%2¢* and if W(q) is
known g(w) can be calculated from a measurement of
S(q,w). W(q) was determined using a value 04.18 A™?

and S(q,w) was measured using the MARI spectrometer at
ISIS. A complete account of the experimental procedure and
a discussion of the MARI results will be given elsewth@re
and only a brief description is included here.

MARI is a direct-geometry chopper spectrometer operat-
ing in TOF>! It has a very large array of neutron detectors
distributed over a wide range of angles which all&(g,w)
to be measured over a range of valuesgmw) space with a
resolution that is typically 1-2 % of the incident energy. The
energy of the incident pulses of neutrons is determined by
the rotational speed of the Fermi chopper, phased to the neu-

FIG. 4. Calculated resolution components of eVsS for hydrogent™ON burst time. This energy sets the maximum energy of the

scattering over all forward-scattering detect@ranksA, B, andC)

region of(g,w) space to be observed. The maximum momen-

obtained from separate measurements on heavy elements. The difl™ transfer available on MARI for scattering from hydrog-

ferent resolution components arise from the analyzer éil(open
circles, the scattering geometry,, (squarey the uncertainty of the
measurement in time of flightrosses and the distribution of the
initial and final flight paths,oq (open triangles and o4 (solid
circles, respectively.

enous samples is about 20 & compared to about 100 A
for eVS.

Multiple-scattering effects were investigated by perform-
ing three experiments, all at 20 K with two different sample
geometries and two different incident energi2&0 and 450
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FIG. 6. Simulations of eVS time-of-flight spectra for scattering

FIG. 5. The vibrational density of states of H in Zrldbtained from hydroge_n in _Z”ﬂ' The ;imulation§ are based on the measure-
from the measurement o(q,») with a slab sample geometry ment of the vibrational density of statéacident energy 220 meV
(circles and that obtained v’vith a cylindrical sample geometry and are an exact numerical simulation in the harmonic incoherent
(boxes. Both runs were made with an incident energy of 220 meV. approximation. The simulations shown are for detectors at scatter-
The similarity of the derived density of states for these two different"d @ngles of 36.0° and 53.7°. The individual multiphonon excita-

geometries indicates that multiple-scattering effects are small. tions are visible in the peak centered at about_ﬁﬂ;QAt the hlgk_ler_
momentum transfers reached at 53.7°, the individual excitations

meV). To minimize systematic errors in the derived densitymerge together. The data shown are not resolution convoluted.

of states it is important to ensure that multiple scattering
does not adversely affect the data at lgwin each measure- )
ment the scattered intensity was of the order of 5%, loweach of the three detector banksB, andC. The simulated
enough to ensure that multiple scattering was not significantl OF spectra were convolved with the resolution function for
If significant, the different combinations of sample geometryeach detector, converted to momentum space, and then ana-
and incident energy would yield significantly different resultslyzed in the same way as the “real” eVS data. A value of
for the derived vibrational density of states. This was not thel43.1 meV was used for the full width at half maximum of
case. There is the advantage that the exact form of the vibrdbe Lorentzian resolution contribution from the analyzer foil.
tional density of states does not affect the form of the NCP afimulations in TOF for scattering angles of 35.96° and
large g. The width of the NCP should only depend on the 53.68° are shown in Fig. 6 before convolution with the in-
mean kinetic energy of the system, and therefore on the derfirument resolution. The individual multiphonon excitations
sity of states via the effective temperature, Fp). are visible. Higher momentum transfers are reached at the
The MARI data were in the form of a rectangular grid of larger scattering angle of 53.68° and the individual excita-
values ofS(q,w). A series of constant> cuts were made at tions merge together. After convolution with the resolution
intervals of between 0.5 and 1.0 meV. Each of the data sefénction there was no sign of the individual excitations for
so obtained was converted to a value defined here a@ven the lowest scattering angliewest momentum trans-
g’ (w,q). By extrapolatingy’ (w,q) to =0 for each value of fen. _ _
w, and normalizing to unityy(w) was obtained. A weighted The results of the simulations of the measured NCP for
least-squares straight-line fit was used to perform the exdetector banks\, B, andC are compared to eVS measure-
trapolation. Once the extrapolated values were obtained iflents in Figs. @), 7(b), and 7c). They scaling procedure
the region 100-200 meV, they were normalized to unity.[Ed. (7)] was used to convert the TOF data to momentum
Figure 5 shows the derived density of states, correspondingPace. The profiles measured by each of the ten detectors in
to MARI data obtained with an incident energy of 220 meV €ach bank have been summed and normalized to unity. The
and slab and cylindrical sample geometriggrcles and ~Momentum transfer ranges sampltlad by baAk®, andC
boxes respectively The density of states obtained with the Were 35.3-46.6 A', 50.0-65.8 A, and 75.7 and 108.6
higher incident energy was of poorer resolution and is nof > respectively. The simulations based on the measured

shown. vibrational density of states are shown as solid lines. Shown
also is the sum of four measurements of hydrogen in,ZrH
VI. EXPERIMENTAL RESULTS AND SIMULATIONS Three of these measurements were the results of a previously

unpublished experiment on a commercially supplied sample
Simulations of the measured neutron Compton profiles obf ZrH, (Ref. 32 and the other used the sample prepared for
ZrH, in TOF were performed using the density of statesthe density of states measurement. Good experimental con-
shown in Fig. 5 as boxetee Ref. & The slab geometry sistency is observed. The difference between the simulation
measurement had the best counting statistics and this densiyd the IA result calculated directly from the density of
of states was used to simulate eVS data. Data were simulatestiates is shown as the lower solid line. In both the simulation
using the calibration parameters appropriate to each of the 3nd the eVS data an asymmetry is observed. As expected, at
detectors used in the measurements. Three profiles were cri@nite values ofg, the peak position is shifted to negative
ated by adding simulated data corresponding to detectors walues of momentum space. Both the asymmetry and peak
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FIG. 8. (@) The positions of the recoil peaks ¥ space are
shown for the eVS measuremertsircles as a function of the
momentum transfer of the measurements. Also sh@alid line) is

= the same for the numerical simulation(b) The o values deter-
~ 0.05 mined from the eVS measuremenfsircley. They are plotted
> against ther values determined from the numerical simulation from
_E the vibrational density of statdsolid line).
data and the derived peak shifts of the simulated data plotted
0 as a function ofy. The peak positions as a function ypfare
. also shown for the simulated data. The peak shifts become

_40  —20 o 20 a0  progressively smaller as the momentum transfer is increased,
in accordance with the limiting behavior of the IA. This ob-
servation is reinforced by returning to Fig. 7 where the dif-
ference between the 1A and simulation is reduced as the mo-
mentum transfer is increased from bamkdo C.

Momentum Y (87"

FIG. 7. Comparison of measurementslgf{y) made at average

-1 -1
r;)orgﬁgzg)mgtlraénzicalr?bc;i)ki(;.8r :\S pe(g‘i":/r;klj)(’)r(]bé\%f) 'i‘om(szrez Figure 9 corresponds to Fig. 7 except that the Stringari
to exact simulations of the data based on the density of states of thSeCallng variable has been use(_j to convert from TOF to mo-
hydrogen vibrations measured with the MARI spectromésetid mentum space. The dlffe_re_nce is clear. The meas_ured heutron
line). The form ofJ_(y) reached in the impulse approximation is Compton profiles are distinctly more asymmetric than the
also showr(dashed ling The difference between this and the simu- y-transformed data,' L
lation is shown as the lower solid line. The conventiopaicaling 1€ mean atomic kinetic energy,) can be deduced by
was used to transform from time of flight to momentum space.  itting with @ model having the form of Eq18) and using

(Ep)= 30y2/2M. Figure 8b) shows the fitted values of, as

shift are attributed to the presence of FSE’s. To demonstrata function ofy for the eVS data(circles and the results
the approach to the IA ag increases, the measured peakobtained from the simulatio¢solid ling). The dependence of
position of each profile was determined. The peak positiorr, on the form of the density of states was tested by repeat-
was not affected by the resolution function as this is sym-ng the simulations for Zrklusing a slightly different density
metric. Figure &) shows the peak shifts in thescaled eVS  of states and withr, values of 4.14 and 4.17 R, respec-
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T - - | , The sensitivity ofoy, to the half width at half maximum of

1 the Lorentzian contribution to the resolution function was
determined by repeating thetransformed simulations using
values ofAEgR=126 and 143.1 meV. For the hydrogen simu-
lations, the two analyses gave values of 448802 and
4.123+0.002 A1, respectively, a difference of about 0.75%
or just under 1.44% in the mean kinetic energy. This is com-
parable to the statistical accuracy of the measurement, and so
is not of great significance. This justified the value of
AER=140 meV used consistently in the analysis.

Table | giveso, determined from the density of states
directly, through Eq.(12) (the harmonic approximation
from the symmetrized and unsymmetrized neutron Compton
profiles simulated from the density of states, and from the
Momentum Y (87") symmetrized and unsymmetrized measured neutron Comp-
ton profiles. Values obtained using bathandy, scaling are
given for the simulated and measured data. The Stringari 1A
(SIA) transformation generally leads to an overestimation of
the mean kinetic energy compared with that calculated di-
rectly from the density of states. This is consistent with the
asymmetry observed in Fig. 9. FSE’s also result in a profile
] asymmetry which can be corrected by symmetrization of
J(y). This procedure removes FSE’s of ordgr! and is
] applicable to these data because FSE’s are expected to be
| ] small at the high momentum transfers used. The values for

0.05

Iyl (&)

-40 -20 0 20 40

0.05

Iayl) A

a, thus obtained are typically 1% larger than the unsymme-
trized values. For the symmetrizeadtransformed simula-

. . . i tions, the results agree within error with the value of 4.14
—40 40 A~ calculated directly from the density of states. The values
measured at the low and intermediate momentum transfer
(banksA andB) are also in agreement. The small underes-
timation at higheiq (bankC) may be attributed to a system-
atic error resulting from instability in the measurement at
very short times of flight.

0.05 VII. CONCLUSIONS

TulyD) (A)

We have used neutron Compton scattering from it
test the validity of the IA and SIA in scattering from hydrog-
enous systems. We find that using the Stringari scaling vari-
abley, introduces a significant asymmetry dfy,) and the
‘ . . . extracted kinetic energy is significantly larg@&%) than the
—40 ) 40 value determined from the density of states directly. Our data
suggest thay scaling is more appropriate for tightly bound
hydrogenous systems such as ZriHSE’s are manifested in
our data by shifts in the peak position to negatwealues
and as a profile asymmetry. Both effects are reduced at high
q as the IA is approached. For>40 A™! symmetrization
removes FSE’s to the accuracy of these data. At logvere
believe effects of ordery ? remain. We conclude that
tively. The values extracted from the two simulated profileselectron-volt spectroscopy with the energy and momentum
were 4.1230.002 and 4.1410.002 AL The difference in transfers currently available can be used to obtain accurate
these valueq1%) indicates the sensitivity of the derived results on tightly bound hydrogenous systems.
value to the mean value of the density of states used in the Itis perhaps not surprising that tlye scaling is inaccurate
simulations. However, the form of the density of states hasn zirconium hydride. It has been shothaty, scaling is a
littte bearing on the simulations. After applying the Searspreferable description tg scaling in an infinite square-well
symmetrization procedure outlined in Sec. Il the symme-potential. In this case, the energy of the particle is entirely
trized y-transformed simulation gave a value af=4.154  kinetic and the replacement of the initial energy by the ki-
A1 which agrees well with the value of 4.14 Aderived  netic energyE, is exact. Stringari also showed that scal-
from the density of states. ing provides an accurate description of deviations from the

Momentum Y (87"

FIG. 9. This is the analogous diagram to Fig. 7 except in this
casey scaling was used to convert from time of flight to momen-
tum space.
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TABLE I. The varianceoy of J(y) (unsymmetrizegof hydrogen in ZrH determined from exact numerical calculations described in the
text (ogi,) and measurements made on the eVS spectronetgrfor three ranges of momentum transfer. The results of the symmetrized

calculations and measurements are also giveg;{,os,). Values are compared t@pog determined from the density of states directly
through Eqg.(12). The numbers in parentheses are the errors.

Profile Bank A BankB BankC

widths (A% Omear=40.8 A1 Omear=57.6 A1 Omear=91.2 A1
Scaling variable y?2 y,.2 y Vi y Vi

Osim 4.1060.007 4.1490.008 4.1120.009 4.1590.009 4.1170.009 4.1650.005
O ssim 4.1510.009 4.1490.006 4.1600.009 4.1690.0049 4.1690.003 4.1920.003
Tm 4.120.0) 4.170.02 4.160.02 4.21(0.02 4.030.06 4.060.03
Osm 4.150.0) 4.200.0) 4.170.0) 4.21(0.01) 4.030.02 4.090.02
0bos 4.14 4.14 4.14

& andy; scaling variables are described in the text.
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