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Using deep inelastic neutron scattering, direct measurements have been made, i) of the dynamic 
structure factor of a series of condensed argon samples over the temperature range 18 to 85 K, near 
melting (for wave-vector transfers 12 to 26 Ä - 1 ) and ii) of liquid neon, near 27 K (for wave-vector 
transfers 10.4 to 27.6 Ä - 1 ) . Neutron time-of-flight chopper spectrometers were employed. Single-
particle kinetic energies, <£k>, can be obtained from the analysis of the Doppler-broadened recoil 
spectrum of the target particles. For argon the temperature dependence of <£k> can be compared 
to expectations from theory, from thermodynamic data, and from previous neutron scattering 
measurements on collective vibrational modes. For liquid neon the wave-vector-transfer dependence 
of J{y), the longitudinal momentum distribution function, is being analyzed for final-state effects. 
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1. Purpose 

Using epi thermal neutrons, direct measurements of 
single-particle m o m e n t u m distributions in condensed 
mat ter are possible through deep inelastic scatter-
ing. Quant i t ies directly related to the single-particle 
m o m e n t u m distribution, such as the average single-
particle kinetic energy, <£k>, a part of the total energy 
hi therto inaccessible to direct measurement , can be 
determined. 

The condensed noble gases provide a proto type 
family that exhibits ranges of behavior, such as quan-
tum to classical, increasing importance of mul t ibody 
interatomic interactions with increasing atomic num-
ber, and increasing lattice vibrational anharmonici ty 
with decreasing mass. Determinat ion of the single-
particle kinetic energy provides information as to the 
impor tance of these behaviors. 
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2. Method 

Pulsed neut ron spallat ion facilities, such as the 
Argonne Nat ional Labora to ry Intense Pulsed Neu-
t ron Source (IPNS), are capable of producing the 
large flux of epi thermal neutrons necessary to carry 
out deep inelastic neutron scattering studies. Chopper 
spectrometers, in which the incident neut ron energy 
selection is performed by a phased Fermi chopper and 
the final neut ron energy is determined via time of 
flight, were employed in these measurements (Fig-
ure 1). The ins t ruments L R M E C S and H R M E C S 
were used to take the argon data and neon data, re-
spectively [1], 

In the impulse approximat ion for neut ron scatter-
ing, where the recoil of the target particle is assumed 
to be free, the dynamic structure factor SIA (Q, E) is 
related to the a tomic momen tum distr ibution n(p) 
simply by 

S I A ( ß , E) = \n(p)ö(E-Er-hQ-p/M) dp , (1) 

where Q is the wave-vector transfer, E the energy trans-
fer, ET the recoil energy of the target particle, and M 
the a tomic mass. The argument of the delta function 
expresses conservat ion of energy and m o m e n t u m for 
the scattering process. F o r an isotropic Gauss ian n(p), 

n(p) = (nA)~312 e\p{ — p2/A), (2) 
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Fig. 1. Schematic horizontal section of the LRMECS spectrometer at IPNS-ANL [1], Scattered neutrons can be detected over 
the broad angular range —5° to 116°. 

where A = 2MT* and T* is an effective tempera ture , 
the dynamic s tructure factor assumes the Gauss ian 
form, 

S IA (Q, E) = C exp { - (E - E f M2/(A h2 Q2)}. (3) 

<£ k> can be obtained by integration over all a tomic 
momenta , weighted by the m o m e n t u m distr ibution. 
<£ k> is related to S I A(Q, E) by 

<£ k > = (3 /4)(X/M). (4) 

Especially at large wave-vector transfers, inelastic neu-
tron da ta are commonly presented in terms of J(y), the 
longitudinal m o m e n t u m distr ibution funct ion, instead 
of S((2, E). F o r an isotropic system, J(y) is related to 
S(Q,E) by 

J(y) = (hQ/M)S(Q,E), (5) 

where the scaling variable is 

y = (M/h2Q)(E-ET). (6) 

Various agents, such as ins t rument resolution, mul-
tiple scattering, and final-state effects (owing to the 
failure of the impulse approximat ion) can cause the 
observed S(Q, E) spectrum to be non-Gauss ian . The 
effects of these agents must be either reduced to a 
negligible level or accounted for in order to obtain 
accurate m o m e n t u m distributions. F o r the da ta taken 
on condensed argon, multiple scattering and instru-
ment resolution were accounted for by convolut ing a 
Gauss ian J(y) with a fitting function. The fitting func-
tion was determined by fitting da ta f rom liquid argon 
samples, for which it is assumed that <£ k > is given by 
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the expansion [2] 

<£ k> = (3/2) kBT {1 + (1/12)(@/T)2 

- ( 1 / 2 4 0 ) ( 0 / 7 T + . . .} , (7) 
where 

& 2 = ( h 2 / 3 M k B ) ( A Y } . (8) 

From molecular-dynamics calculations for a Lennard-
Jones liquid one can obtain, using the Lennard-Jones 
parameters of Rossi and D a n o n [3], a value of 615 K/Ä 2 

for the average value of the Laplacian of the potential 
energy for liquid argon at sa tura ted vapor pressure at 
a tempera ture of 110.6 K [4], 

We have assumed in our present analysis that our 
experimental condi t ions have satisfied the impulse 
approximat ion and hence that final-state effects are 
negligible. Justification for neglecting final-state effects 
in the case of liquid argon can be obtained f rom the 
theoretical work of Sears [5]. In Sears' t reatment the 
measured J(y) of an isotropic system is related to 
J I A(y) in the impulse approximat ion by 

J{y) = JM-A3[d3JlA{y)/dy3] 

+ X 4 [ d 4 J I A ( > 0 / d / ] - . . . , (9) 

where J(y) is the measured longitudinal m o m e n t u m 
distribution function, J I A(y) is the longitudinal momen-
tum distr ibution funct ion in the impulse approxima-
tion, and A3, A4,... are wave-vector-transfer depen-
dent coefficients. All odd coefficients are antisymmetric 
in Q and hence ant isymmetric in y\ all even coefficients 
are symmetric in Q and symmetric in y. In particular, 
A3 = M (AY} / 36 ti2 Q, where V is the pair-potential 
energy and M is the mass of the scatterer. 

At <2 = 25 Ä - 1 we calculate for liquid argon at 
110.6 K the first ant i-symmetric term at its max imum 
to be approximate ly 1.5% of J I A(y) at that value of y. 
A correction of this size leaves the width, and hence 
<£ k>, essentially unchanged f rom that of JlA(y). This 
can be seen in Fig. 2, in which we have plotted two 
curves, i) JlA(y), a Gauss ian funct ion having a width 
corresponding to an energy given by (7), and ii) the 
first ant isymmetr ic term in the Sears expansion en-
larged by a factor of 5 to aid visibility. Owing to the 
small size of the first ant isymmetric term the expected 
measured J(y), consisting of i I A (y) and the antisym-
metric term, would not be visibly different f rom J I A(y) 
shown in Figure 2. 

In solids, the magni tude of final-state effects is still 
uncertain, in par t owing to the absence of realistic pair 
distr ibution funct ions and accompanying quanti tat ive 

y (inverse angstroms) 
Fig. 2. Calculated final-state effects in liquid argon at Q = 
24 Ä~1 . The solid curve is JIA(y) for liquid argon at 110.6 K, 
taken to be a Gaussian function having a width correspond-
ing to a single-particle kinetic energy of 112.7 K. The dashed 
curve is the first antisymmetric term in the Sears expansion, 
enlarged by a factor of 5 for visibility. Owing to the small size 
of the antisymmetric term the expected measured J(y) is 
essentially the same as J,A(y). 
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Fig. 3. Single-particle kinetic energy of condensed argon ver-
sus temperature. The solid line represents the value of <£k> 
predicted by equipartition, (3/2) kBT. Finite instrument reso-
lution and multiple scattering have been accounted for using 
a fitting function derived from data on liquid argon. Liquid 
data taken at 110.6K were used to determine the fitting 
function for the three low-temperature solid-argon data sets 
(open circles), liquid data taken at 87.4 K were used for the 
three high-temperature data sets (filled circles). 

calculations of such effects. Fo r present purposes of 
analysis we have assumed that final-state effects are 
negligible in our da t a on solid argon, which were 
taken at similar wave-vector transfers as our liquid-
argon data . 
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Fig. 4. Longitudinal momentum distribution function, J(y), for liquid neon at approximately 27 K for four wave-vector 
transfers. These data were collected at a mean scattering angle of 87°, at incident neutron energies of 125, 195, 300, and 
500 meV, respectively. They span a range of wave-vector transfers not previously explored, and it can been seen that the shape 
of J(y) progressively changes. The explicit study of final-state effects in the scattering process is now possible. 

3. Results for Condensed Argon 

The temperature dependence of <£k> for condensed 
argon shows a deviation from equipartition behavior 
at low temperatures (Figure 3). Several models, includ-
ing the self-consistent-average-phonon model (SCAP) 
[6], are currently being investigated in order to account 
for the observed temperature dependence. Qualitatively 
the temperature dependence is that expected for a 
system of quantum oscillators. With an appropriate 
model it should be possible to deduce a value for the 
ground-state kinetic energy of solid argon. A Debye 
model employs the zero-temperature limit of the heat 
capacity, yielding < £ k ( T = 0)> = (9/16) 0C(T = 0) = 
52 K, from a heat capacity <9C value of Finegold and 
Phillips [7]. 

4. Data on Liquid Neon 

It is of interest to investigate more explicitly the 
domain of applicability of the impulse approximation. 
We have therefore undertaken to do this on fluid neon, 
an isotropic scattering system for which the Sears 
analysis [5] should apply. Prior to our study there was 
a wide gap in the available data. The measurements of 
Buyers et al. [8] had a maximum wave-vector transfer 
of 12.5 Ä " 1 while those of Peek et al. [9] are for wave-
vector transfer greater than 20 Ä ~1 . We studied a wide 
range of wave-vector transfers, 10.4 to 27.6 Ä~ 1 , using 
the available range of scattering angles (87° to 136°) 
on the ANL spectrometer H R M E C S [1] and different 
incident neutron energies. 
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Neon bridges the gap between the q u a n t u m be-
havior of condensed helium and the classical behavior 
of the heavier noble gas solids. It is therefore a good 
system for the study of final-state effects in the neu-
t r o n - a t o m scattering process. 

Shown in Fig. 4 is a subset of our da ta on fluid neon. 
F r o m est imat ion of the value of A3 (7) at Q near 
1 0 Ä - 1 one expects to see a significant difference be-
tween J(y) and JlA{y). Indeed, by compar i son with the 
J(y) da ta at larger Q in Fig. 4, one sees, qualitatively, 
the expected change of shape, increased intensity at 
negative y and reduced intensity at positive y. The 

da ta shown include the effects of finite ins t rument 
resolution and of multiple scattering, so fur ther analy-
sis is underway to refine this quali tat ive result. 
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