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Neutron Compton scattering �NCS� experiments were performed on liquid and solid HF, a system where the
effective Born-Oppenheimer �BO� potential energy surface is not isotropic. Proton momentum distributions
were calculated in the framework of the impulse approximation from measured neutron Compton profiles. A
detailed data analysis shows that there are no systematic changes in the width, position of the maximum, or
excess kurtosis of proton momentum distributions in both systems with increasing scattering angle. This
observation has important implications for further theoretical work on violation of BO approximation in the
presence of ultrafast neutron-proton scattering. That is, the picture of proton dynamics in HF emerging from
the analysis of NCS data does not seem to support the previously considered model of protons accessing
excited electronic states due to ultrafast scattering.
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I. INTRODUCTION

Neutron Compton scattering �NCS� is a unique technique
that can be applied to investigate the momentum distribution
of the proton reflecting its ultrafast dynamics in condensed
matter.1–3

In recent theoretical works on neutron scattering4,5 it has
been proposed that an ultrafast neutron-proton scattering pro-
cess may induce changes in the proton momentum distribu-
tion due to changes in the Born-Oppenheimer approximation
�BOA�. Motivated by these theoretical models, Krzystyniak
et al.6 preformed a detailed analysis of proton momentum
distributions measured by NCS in the pseudospherical am-
monium ion in ammonium hexachloropalladate and ammo-
nium hexachlorotellurate. No systematic broadening or dis-
tortion of proton momentum distribution was observed in
both systems and the measured proton kinetic energies cor-
responded to values obtained from ab initio calculations. The
analysis led to the hypothesis that the high symmetry of the
effective potential experienced by the protons leads to an
unperturbed proton momentum distribution. In this context, a
very interesting question has emerged, i.e., whether the pres-
ence of anisotropy in the effective BO potential may lead to
a distortion of the proton momentum distribution. This was
the motivation for the NCS work presented here.

The theoretical works4,5 mentioned above belong to a se-
ries of further theoretical models7–11 aiming at explaining a
striking anomalous deficit of neutron-scattering intensity
observed in experiments on hydrogen-containing
materials.4,5,7–20 Although neither the experimentally ob-
served intensity deficit nor its theoretical explanation is the
main subject of the present work, it should be mentioned
here that, to date, no agreement has been reached upon the
genuineness of the intensity deficit or taking it as a genuine
physical effect upon which of the existing theoretical models
gives a satisfactory account of all its features. And it is not
the intention of the present work to contribute to this dispute.
For some discussions, see2,21–24 and the references therein.

HF seems to be a very interesting system as far as the
investigation of the applicability of the effective BO poten-

tial for the description of proton dynamics is concerned. First
of all, HF is the archetype for a strong hydrogen bond due to
its molecular simplicity.25–28 The hydrogen bond is the domi-
nant feature of the structural chemistry of HF in all phases;
the solid is composed of unbranched, zigzag chains29 while
the vapor is composed of cyclic oligomers and clusters.30 In
the liquid, the macroscopic properties are consistent with
strong hydrogen bonds, which has been confirmed at the pair
correlation function level from neutron diffraction.25 Due to
the directionality of the H bond, protons in HF, both in the
liquid and solid state, exhibit an anisotropic effective Born-
Oppenheimer potential. Second, and most importantly in the
context of the theoretical models mentioned above, HF has
been a subject of numerous theoretical studies as far as the
failure of the Born-Oppenheimer approximation for describ-
ing the proton dynamics is concerned.31–35 Mills31 consid-
ered changes in the effective potential function of a low-
frequency large-amplitude molecular vibration in a HF
dimer, resulting from excitation of a high-frequency vibra-
tion. It was shown that in some situations a significant con-
tribution to such changes may arise from the failure of the
Born-Oppenheimer separation of the low-frequency mode.
Pine and co-workers35 observed, in high-resolution spectra of
the intermolecular stretching bands of �HF�2, the vibrational
predissociation of the HF dimer when one of the monomers
was excited and attributed this effect to the breakdown of the
BOA.

In NCS work presented here, proton momentum distribu-
tion has been measured in liquid and solid HF as a function
of momentum and energy transfer from impinging neutron
probes. An advanced data reduction scheme has been applied
that extracts the proton momentum distribution from mea-
sured NCS time-of-flight �TOF� spectra in a model-free man-
ner using Gram-Charlier expansion �GCE�.3,36 The data treat-
ment from NCS experiments by means of GCE yields no
broadening, nor a shift of the maximum, or a change in ex-
cess kurtosis of proton momentum distribution with increas-
ing scattering angle. Together with previous results from
NCS work on ammonium hexachlorometallates,6 the present
result shows that no observable distortion of the proton mo-
mentum distribution is present during an ultrafast neutron-
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proton collision no matter whether the proton experiences
isotropic or anisotropic BO potential. This result has inter-
esting implications for further theoretical investigation of
proton momentum distribution in condensed matter systems
and molecules by means of neutron Compton scattering.

The paper is organized as follows. In Sec. II the theory of
NCS in the presence of impulse approximation �IA� is intro-
duced. In Sec. III the new setup of the NCS spectrometer
Vesuvio at the ISIS neutron spallation source is briefly de-
scribed. Section IV presents details of data treatment to ob-
tain nuclear momentum distribution from NCS spectra. Fi-
nally, general implications of the obtained results for future
theoretical work on neutron Compton scattering are dis-
cussed.

II. NCS SCATTERING INTENSITIES IN IMPULSE
APPROXIMATION

In what follows only a brief description will be given. For
a recent rigorous theoretical treatment of neutron Compton
scattering refer to work by Mayers et al.37 or recent review
by Andreani et al.3 In NCS the energy and momentum trans-
fers from the neutron to the scattering nuclei are so high that
the scattering process can be treated within the IA
limit.1,38–42 In the IA limit, i.e., in the limit of infinite mo-
mentum transfer q, the scattering function S�q ,�� reduces to
a single peak centered at the recoil energy �r=q2 /2M of the
corresponding nucleus of mass M, i.e., S�q ,��=M /qJ�y�,
where y is the momentum p of the nucleus in the initial state
projected onto the scattering vector q �Refs. 38 and 43�

y = p · q̂ = �M/q��� − �r� = �M/q��� − q2/2M� , �1�

where q̂ is the unit vector in the direction of the momentum
transfer. J�y� is the so-called Compton profile1,38 represent-
ing the momentum distribution of the scattering nucleus
along y. For a harmonically bound isotropic system, in which
n�p� depends only on the magnitude of p, p= �p�, J�y� in the
IA limit is most commonly written as a normalized Gaussian
form3,37,39,42,44

JIA�y� =
1

�2��p
2
exp�− y2

2�p
2 � �2�

with standard deviation �p.
The corrections to the IA for the finite q of measurement,

known as “final states effects” �FSE�, have been extensively
discussed in recent reviews by Mayers et al.37 and Andreani
et al.3 From different approaches on how to account for FSE
in NCS the method of Sears38 is routinely incorporated in
standard NCS data treatment.37 Sears showed that the effects
of finite transfers of momentum and energy, q and �, can be
accounted for by expressing the neutron Compton profile
J�y� as

J�y� = JIA�y� −
M��2V�
36�2q

d3

dy3JIA�y� + ¯ , �3�

where JIA�y� is the IA result. ��2V� is the mean value of the
Laplacian of the potential energy of the atom.37

For a real experimental situation the total number of neu-
trons detected for a given mass M in a time channel t is

proportional to the Compton profile, J�yM�, convoluted in the
yM space with the mass-dependent instrument resolution
function R�yM�. Thus, for N different masses present in the
sample the total count rate at a fixed scattering angle �, C��t�
is �Ref. 37, Eq. 2.22�

C��t� = A�	E0I�E0�
q



t
,

�
n=1

N

InMnJn�yn�t� � Rn�yn�t� , �4�

where A� is a mass-independent experimental constant and
the mass-independent factor �

E0I�E0�
q t depends on the spec-

trum, I�E0�t�, the initial neutron energy, E0�t�, and the mo-
mentum transfer q�t�, all being functions of time of flight t
�Ref. 37�. In Eq. �4� the nuclear momentum distribution of
the mass M, JM�yM�t�, is given by the formula �3�.

III. VESUVIO NCS SPECTROMETER AT ISIS
SPALLATION SOURCE

The NCS spectrometer Vesuvio at the ISIS neutron spal-
lation source is an inverted geometry time-of-flight
instrument.37 The sample is exposed to a polychromatic neu-
tron beam characterized by the incident neutron energy spec-
trum I�E0�. Incident neutrons having initial energy E0 travel
a distance L0 from the pulsed source to the sample. After
scattering at an angle �, neutrons of final energy E1 travel a
distance L1 to the detector position �Fig. 1�.

The TOF spectrum in forward scattering is obtained in the
following way: a thin gold foil is placed in front of the de-
tector. This foil absorbs neutrons at E1=4.9 eV in a narrow
range of energy, by which the final energy of the scattered
neutron is determined. In order to enhance the energy reso-
lution of the instrument a second foil is cycled in and out of
the scattered neutron beam. By taking the difference of both
spectra one obtains the final TOF spectrum, which then is
subject to data reduction and analysis. The TOF spectrum in
the backscattering direction is obtained by taking the differ-
ence of two spectra: one with the gold foil between the
sample and the detector and one without a foil.
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FIG. 1. A schematic representation of the Vesuvio spectrometer
at ISIS.
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The detector material in forward scattering is different
from that in backscattering. While the forward-scattering de-
tectors consist of yttrium aluminum perovskite �YAP� crys-
tals and detect the � rays emitted by the gold nuclei after
neutron capture, the backscattering detectors consist of glass
doped with Li and are sensitive to neutrons only. The detec-
tion principles and the implications for the energy resolution
are described in detail by Imberti et al.45

IV. NUCLEAR MOMENTUM DISTRIBUTION FROM NCS
MEASUREMENT

In an NCS experiment performed on an isotropic sample,
a longitudinal momentum distribution, J�y�, of a spherically
averaged three-dimensional momentum distribution, n�p�, is
measured, where3,36

n�p� =
− 1

2�y
� �J�y�

�y
�

y=p

. �5�

In the case of rhombic symmetry, where the radial nuclear
momentum distribution, n�p�, is characterized only by two
variances �x

2=�y
2=�t

2 and �z
2, the spherical average of n�p�

�denoted here as �¯ ���

n�p� =� 1

�t
2�z

�8�3
exp	− 1/2� pz

2

�z
2 +

pt
2

�t
2�
�

�

�6�

can be represented as3,36

n�p� =

exp�− p2

2�2 �
���2��3 �

n

cn�− 1�nLn
1/2� p2

2�2� , �7�

where Ln
1/2 denotes generalized Laguerre polynomials.

Equation �7� can be used for the reconstruction of the
radial momentum distribution profile from the measured
Compton profile fitted with the Gramm-Charlier
expansion3,36 for the longitudinal momentum distribution,
J�y�

J�y� =

exp�− y2

2�2 �
���2��

�
n

cn

22nn!
H2n� y

��2
� , �8�

where H2n denotes Hermite polynomials.
In the above expression, the coefficients cn are identical

with the expansion coefficients in expression �7� for the ra-
dial momentum distribution given above, which is tanta-
mount to the inversion procedure between J�y� and n�p�.5

In order to compare the results of the ab initio momentum
distribution calculation presented above with the experimen-
tal results obtained from NCS measurements the following
protocol was applied to reduce the entire TOF spectra. �1�
The entire TOF spectrum, containing multiple recoil peaks
from different masses M, was fitted directly in TOF with the
function C�t� being a combination of the Gram-Charlier ex-
pansion for protons, JH, and the sum of Gaussian momentum
distribution functions for M �MH, JM, both convoluted with
the mass-dependent resolution functions, RM.3,36 In the

Gram-Charlier expansion, the only statistically significant
member was the coefficient c4. This situation is encountered
very often in fitting NCS spectra and reflects the present
accuracy of Vesuvio.3,36,46 Additionally, FSE contributions to
both Gaussian and non-Gaussian JM are accounted for by
including terms proportional to 1 /qH3. The resulting expres-
sion to fit the entire TOF spectrum is of the following form:

C�� = const,t� = A�
E0I�E0

q 	JH�xH� � RH�xH�

+ �
M�MH

JM�xM� � RM�xM�
 , �9�

where

JH�xH� =
exp�− xH

2 �
�2��H

2 �1 +
c4

32
H4�xH� −

k

q
H3�xH�� �10�

and

JM�xM� =
exp�− xM

2 �
�2��M

2 �1 −
k

q
H3�xM�� �11�

with xM = �yM −y0�M� / ���M��2 where y0�M� is the shift of
the position of the maximum of a nuclear momentum distri-
bution from the center of the recoil line and ��M� is the
standard deviation of the momentum distribution for a mass
M. FSE expansion in the limit of a harmonic potential leads
to a very useful expression of the FSE coefficient k in the
expansion given by Eq. �9�, k=��2 /12. Thus, fitting the
magnitude of the FSE and comparing it with the theoretical
expression provides a very useful check of the harmonic
approximation. �2� The widths of the nuclear momentum
distribution of fluorine, ��F�, were fixed in fitting. ��F� was
set to the value obtained from the theory of quantum me-
chanical harmonic oscillator, which is a common practice in
many NCS studies of condensed matter systems and
molecules.3 The quantum mechanical prediction yielded
��F�=16.26 Å−1, for the tabulated value of HF vibrational
mode of 4138.32 cm−1 �Ref. 47�. �3� As in all TOF spectra
recorded on Vesuvio, the fluorine recoil peak overlaps with
the recoil peak of the Monel can used as a sample container.
A feasible procedure had to be adopted for modeling the
Monel can momentum distribution. A Gaussian momentum
distribution was assumed with the standard deviation
calculated from the Debye solid model using the
literature value of Debye temperature for Monel alloy
	Monel=475 K.48,49 This value of Debye temperature gives
the standard deviations of ��Monel� equal to 17.1 and
20 Å−1, at 180 K and 290 K, respectively. These values were
fixed in fitting. The time of flight position of the recoil peak
due to Monel was determined using the effective average
mass of Monel. The effective mass was calculated taking
the bound neutron scattering cross sections of metals
composing the Monel alloy as statistical weights. The
specification of the used Monel is 34% Cu and 66% Ni.
Their bound scattering cross sections were taken as
8.03 and 18.5 barn, respectively.50 Thus, the effective
mass, MMonel= �0.34
63.55
8.03+0.66
58.69
18.5 /
�0.34
8.03+0.66
18.5=59.6 amu. �4� Additionally, for
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all nuclei other than protons the shifts y0�M� of the Compton
profiles from the centers of the recoil lines for masses M
were fixed to y0�M�=0 in the fitting procedure. Thus, the
free fitting parameters were: the proton recoil peak shift
y0�H�, the standard deviation of the proton momentum dis-
tribution ��H�, the magnitude of FSE, k�H�, and the values
of c4�H�. It turns out that in the Gram-Charlier expansion
c4=� /3, where � is the excess kurtosis of the single-particle
momentum distribution, �= ��4−3��2�2� / ��2�2, with �4 be-
ing the fourth moment of the momentum distribution.36,51 �5�
A sequential fit was performed of ��H�, c4�H�, k�H�, and
y0�H� detector by detector in the forward-scattering range.
�6� A weighted average of ��H�, c4�H�, k�H�, and y0�H� was
performed over a selected range of detectors. This selected
range corresponded to detectors placed at scattering angles
above 40° and below 70°. For scattering angles lower than
30°, the proton recoil peaks may overlap with the recoil
peaks of F and Monel. For scattering angles higher than 70°,
the proton recoil peaks are disturbed by instrument back-
ground at short time of flight values. In both cases, the full
analysis of the recorded shape of proton momentum distri-
bution could possibly suffer from artifacts.

Figures 2 and 3 show the widths, ��H�, the shifts of the
momentum distribution peak of protons, y0�H�, the Gram-
Charlier expansion coefficients, c4�H�, and the magnitude of
FSE, k�H�, obtained of proton momentum distribution in
solid and liquid HF at 180 K and 290 K, respectively. Table
I lists weighed averages, over the whole set of forward-
scattering detectors, of ��H�, y0�H�, c4�H�, and k�H�. The
overall fitting statistics, in terms of reduced chi square val-
ues, was at the level of 1.04 and 1.08, for HF at 180 K and
290 K, respectively. The fitted value of the proton momen-
tum distribution width, ��H� at 290 K is 4.80.1. At 180 K
the fitted value of ��H� is 4.50.1. The same trend as for
��H� is observed for the magnitude of FSE: no tendency
whatsoever has been observed with increasing scattering
angle. For both, ��H� and k�H�, the overall accuracy is sat-
isfactory �the standard deviation is at the level of 2% of their
respective mean values�. A bit larger scatter of data is present
in both samples for the fitted values of c4�H�. The standard
deviations of c4�H� are at the level of 14%. Most impor-
tantly, however, the magnitude of errors ��H�, k�H�, and
c4�H� is typical for results of proton momentum distribution
analysis in NCS at present level of the accuracy of the
technique.3 The biggest scatter of data is present for the fitted
values of the shifts of the centers of proton momentum dis-
tributions, y0�H�. The standard deviations of y0�H� are equal
to 0.2 Å−1 for both HF at 180 and 290 K. Most importantly,
also here no tendencies have been observed for the magni-
tudes of the shifts with increasing scattering angles.

Comparison of fits of the longitudinal, J�y�, and radial,
4�p2n�p�, momentum distributions to the HF liquid and
solid data are shown in Figs. 4 and 5, for HF at T=180 K
and T=290 K, respectively. Both distributions are plotted
using average the values given in Table I. In the longitudinal
momentum distribution functions J�y�, FSE were included
through the Sears expansion and simulated in the plotted
curves for the magnitude of the momentum transfer
q=45 Å−1. In the radial momentum distributions the FSE
contribution to the simulated curves is omitted.

Inspection of the results presented in Figs. 2 and 3 shows
that no systematic increase in the widths, the magnitude of
the final states effects, the excess kurtosis of momentum dis-
tributions or of the recoil peak position in y space is ob-
served in both HF samples with increasing scattering angle.

The Watson-scattering time,1 calculated for standard de-
viation of proton momentum distribution ��H�=4.7 Å−1, is
equal to approximately. 1.17 fs at the scattering angle of 30°
and to approximately 0.32 fs at 60°.52 Thus, any increase in
the value of standard deviation, the magnitude of FSE,
and/or excess kurtosis with increasing scattering angle would
point at possible effects of the scattering process taking place
at shorter times on the proton momentum distribution. Thus,
the main result of the analysis of proton momentum distri-
butions in solid and liquid HF is that no extra broadening is
present that would have been due to ultrafast kinetics of the
scattering process postulated in the literature.4,5,7

V. DISCUSSION

The major goal of the NCS work presented here was to
categorize the proton momentum distribution in liquid and
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FIG. 2. Results of the fitting Gram-Charlier expansions to the
proton Compton profiles recorded in HF at 180 K. �a� ��H� values,
�b� the FSE magnitude, k�H�, �c� the values of c4�H� coefficients,
and �d� the shifts in the positions of recoil peak centers, y0�H�.
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solid HF as a function of kinematic variables, i.e., scattering
angle, energy and momentum transfer at the center of the
proton recoil peak. This was achieved employing the
Gramm-Charlier expansion. The Gramm-Charlier expansion,
being model free, takes into account all effects leading to a
non-Gaussian shape of the momentum distribution. These
effects may be related to spherical averaging of the multi-
variate three-dimensional-Gaussian distribution but also can

result from an anharmonicity in the local effective potential
felt by the proton in any direction in space.

The second moment of the proton momentum distribution
calculated from experimental data of liquid HF at 290 K and
for the orthorhombic HF crystal at 180 K is independent of
the scattering angle. Due to the fact that the Gramm-Charlier
series is orthogonal and complete, this observation is inde-
pendent of the extent of the anharmonicity of the local effec-
tive potential experienced by the protons.

Nonvanishing excess kurtosis is responsible for a redistri-
bution of the proton momentum distribution to higher mo-
mentum values. Values of excess kurtosis around 0.2 have
already been obtained for supercritical water at normal
conditions.53,54 Slightly higher values, approximately 0.3,
have been obtained for ice Ih and ice VI.55 In both cases a
redistribution in proton momentum distribution was inter-
preted as the result of binding of the proton to its covalently
bonded atom.55,56 The proton momentum distribution can be
thought of as arising from its confinement in the potential
well provided by covalently bonded neighbor atom, which
can be regarded as fixed in position in the time scale of

TABLE I. The widths, ��H�, the shifts of the momentum distri-
bution peak centers, y0�H�, the Gram-Charlier expansion coeffi-
cients, c4�H�, and the magnitude of FSE, k�H�, obtained by fitting
recorded proton momentum distributions in solid and liquid HF at
180 K and 290 K, respectively. All values are weighed averages
over the whole set of forward-scattering detectors.

T
�K�

��H�
�Å−1�

y0�H�
�Å−1� c4�H�

k�H�
�Å−1�

180 4.50.1 0.10.2 0.070.01 0.530.01

290 4.80.1 0.00.2 0.080.01 0.560.01
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FIG. 3. Results of the fitting Gram-Charlier expansions to pro-
ton Compton profiles recorded in HF at 290 K. �a� ��H� values, �b�
the FSE magnitude, k�H�, �c� the values of c4�H� coefficients, and
�d� the shifts in the positions of recoil peak centers, y0�H�.
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distributions for HF at T=180 K. The functions J�y� and n�p� are
plotted for the average values of standard deviation of momentum
distributions ��H� and Gram-Charlier expansion coefficients c4�H�
given in Table I. In the longitudinal momentum distribution func-
tions J�y�, FSE were included through the Sears expansion and
simulated in the plotted curves for the magnitude of the momentum
transfer q=45 Å−1. In the radial momentum distributions the FSE
contribution to the simulated curves is omitted. The dashed lines
represent momentum distributions calculated in absence of nonhar-
monic contributions, i.e., with excess kurtosis set to zero and other
moments of the Gram-Charlier expansion unchanged.
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proton motion. Thus, the effect of fluorine atoms on the pro-
tons momentum distribution cannot be really though of as
arising from a static potential. The F atoms in HF provide
thus a single-particle effective potential.53 The excess kurto-
sis fitted to Compton profiles recorded in both liquid and
solid HF is around 0.07 �see Table I�. For the values of 0.07
the inversion procedure of the momentum distribution func-
tion leads to a single-well potential. Thus, the effects of in-
termolecular hydrogen bonds in HF do not seem to manifest
themselves markedly in the measured proton momentum dis-
tribution. This results in a situation where no tunnelling
across the H bonds is a realistic option but rather a slightly
distorted non-Gaussian proton momentum distribution across
the bond. This is further reinforced by observing that the
fitted magnitude of final states effects, k, in both samples of
interest is very well reproduced by an average harmonic po-
tential corresponding to the average measured widths of mo-
mentum distribution �i.e., the relation k=��2 /12 is very well
fulfilled�. This picture seems to be supported by the fact that,
as shown in the literature, a certain amount of anharmonicity
of the effective potential of the protons in hydrogen-bonded

HF molecules is needed to account for the results of the
vibrational spectroscopy on HF.57,58 In the presence of H
bond, the H-F bond stretch gets redshifted.57 Moreover, the
ab initio calculation of a cluster of HF molecules at the MP2
level including anharmonic effects shows strong dependence
of computed intramolecular frequencies on cluster size, also
reporting redshifted spectra for HF trimers and tetramers.58

The second aim of the presented work was to test recent
theoretical predictions about the possible distortion of the
shape of the proton momentum distribution in condensed
matter systems in the presence of ultrafast proton-neutron
collision in NCS. The constancy of the observed parameters
of the proton momentum distribution in both liquid and solid
HF—the standard deviation of proton momentum distribu-
tion, the excess kurtosis of the distribution, the recoil peak
position, and the magnitude of the final states effects leads to
the conclusion that there is no extra broadening or peak shift
of the proton momentum distribution due to ultrafast kinetics
of Compton scattering in both systems. This experimental
result has important consequences for theoretical models de-
scribing NCS scattering process in terms of non-Born-
Oppenheimer proton dynamics in the final state.4,5,7

The model by Reiter and Platzman4,5 postulates the break-
down of the BOA in the final state of the scattering process
which contains a very rapidly moving proton with sufficient
energy to mix the electronic states of the system.5 The theory
predicts, in the weak-coupling region, the buildup of addi-
tional recoil peaks being replicas of the main Compton pro-
file. These additional recoil peaks would be shifted toward
high energy transfers �short time-of-flight values� by the
amounts of energy equal to the energy level difference be-
tween the ground and subsequent excited molecular elec-
tronic levels. The net observable result of the proposed ul-
trafast neutron-proton scattering scenario would be the
redistribution of NCS scattering intensity and in the same
time the shift of the center of gravity of the main recoil peak
toward low-energy transfers �long time-of-flight values� due
to the conservation of the first-order sum rule in neutron
scattering.5 Moreover, in some cases, in order to account for
results of NCS studies on some molecular systems �e.g., wa-
ter and metal hydrides� the theory allows for an intermediate
coupling regime in which no net shift of the main recoil peak
can be observed within the angular resolution of the NCS
technique in its present incarnation.3 Instead, a broad and
wide background should be present in recorded NCS
spectra.5 Also, in the model by Gidopoulos4 a broadening
accompanied with the shift of the main recoil peak is ex-
pected if one goes beyond the simplest case of a two-level
electronic system accessed by the proton in the final state of
the collision. From the data treatment point of view, the
broadening resulting from both theoretical models would
manifest itself in effectively observed NCS spectra in three
possible ways: �i� an increase in the width of proton momen-
tum distribution with increasing scattering angle, �ii� an in-
crease in the nonharmonic contribution to the proton recoil
line shape with increasing scattering angle, and/or �iii� a
broad slowly varying background in TOF. The contributions
of type �i� and type �ii� have not been detected as there is no
visible trend in the values of the second moment and the
excess kurtosis of momentum distributions in both systems
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FIG. 5. Longitudinal, J�y� and radial, 4�p2n�p�, momentum dis-
tributions for HF at T=290 K. The functions J�y� and n�p� are
plotted for the average values of standard deviation of momentum
distributions ��H� and Gram-Charlier expansion coefficients c4�H�
given in Table I. In the longitudinal momentum distribution func-
tions J�y�, FSE were included through the Sears expansion and
simulated in the plotted curves for the magnitude of the momentum
transfer q=45 Å−1. In the radial momentum distributions the FSE
contribution to the simulated curves is omitted. The dashed lines
represent momentum distributions calculated in absence of nonhar-
monic contributions, i.e., with excess kurtosis set to zero and other
moments of the Gram-Charlier expansion unchanged.
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as a function of the scattering angle. The contribution of type
�iii� cannot be entirely excluded as all forward-scattering
spectra recorded did contain some broad background that
was accounted for by fitting third order polynomial functions
in TOF. Ideally, such broad background would persist for all
forward-scattering angles. Unfortunately, the TOF back-
ground on Vesuvio changes from detector to detector, mak-
ing the assessment about any systematic contributions im-
possible.

A different scenario of the violation of BOA due to
ultrafast neutron-proton scattering is encountered in the
model put forward by Kurizki, Mazets, and
Chatzidimitriou-Dreismann.7 In this model a neutron im-
pinges on a target, which is described to be composed of the
nucleus and of electrons coupled to environmental electronic
degrees of freedom, the coupling strength of which is given
by a momentum transfer-dependent relaxation rate.7 The in-
clusion of fast environmentally induced relaxation in the the-
oretical description of the neutron Compton scattering leads
to a generalized �skewed� Lorentzian line shape of the final
�target and projectile� state induced by the environment. If
the spread of the nuclear momentum distribution in the initial
state of the target nucleus is much larger than that of the line
shape of the final state, no extra broadening of proton mo-
mentum distribution is observed. However, in case of a very
large relaxation rate the theory predicts an extra broadening
of the proton recoil peak beyond that of the initial state mo-
mentum distribution.7 If the model by Kurizki et al. still
applies in case of NCS scattering, it would require weak or
intermediate coupling in the entire energy transfer domain
accessible �from 3 eV at the scattering angle of 30° up to 40
eV at the scattering angle of 70°�.

On the whole, in the context of the results of present and
other recent NCS experiments aiming at discovering a pos-
sible distortion of the momentum distribution of the proton
due to ultrafast neutron-proton collision, the effect, if
present, seems to manifest itself in a more subtle way than
originally anticipated. One possible reason for such behavior
is the present experimental setup, namely, the so-called
constant- scattering angle instrument trajectories used to
record NCS spectra. The usual theoretical treatment of the
neutron-proton collision in the composite projectile-target
system assumes entirely different experimental regime.
Namely, it is assumed, either explicitly7 or implicitly,4,5 that
the scattering is at constant magnitude or direction of the
momentum transfer vector. In the experiments on HF de-
scribed here, both liquid and solid samples were not oriented.
The proton recoil peak in a TOF spectrum is wide enough for
the magnitude of the incident neutron wave vector, k0, to
change appreciably across the peak. As a result of this, the
angle between the incident neutron wave vector and the mo-
mentum transfer direction, q̂, also changes considerably
across the recoil peak. Thus, NCS spectra on isotropic
samples contain information about the spatial average of the
multidimensional nuclear momentum distribution. Such av-
eraging may lead to masking the differences in shapes of
momentum distribution along different q directions. The
ideal experimental test of theoretical predictions discussed
above would, therefore, require specially designed NCS ex-
periments.

The main result that should motivate further theoretical
work on the possibility of the violation of BOA in NCS is the
question about the limits of the weak and strong coupling
regimes in the models by Reiter and Platzman, and Kurizki
and Chatzidimitriou-Dreismann, respectively. It is very diffi-
cult if not impossible to discern concrete quantitative predic-
tions for such limits from the present models. The chief dif-
ficulty in the model by Reiter and Platzman is the lack of
numerical estimates for expectation values of perturbation
between relevant excited electronic states.4,5 One quantita-
tive prediction that can be made is based on the simplified
two-level model by Gidopoulos4 in which the coupling
strength is proportional to the square root of the initial ki-
netic energy of the target proton which in turn is proportional
the spread of the proton wave function after collision �see
Eq. 14 in Ref. 4�. Neglecting the rotational and translational
degrees of freedom, which is a very good approximation for
proton kinetic energy even at room temperature,3 the cou-
pling limit is proportional to the square root of the vibra-
tional kinetic energy of the struck proton. In such case, HF
constitutes one of the best systems to test the strong regime
of the model by Gidopoulos as the stretching mode energy in
HF, being around 0.5 eV, is one of the highest vibrational
mode energies encountered in molecular systems.47 How-
ever, from the present experimental evidence it seems plau-
sible to conclude that, HF as well as many other systems
investigated so far are likely to lie in the weak coupling
limit. Thus, in order for the above mentioned theoretical
models to satisfactorily account for the violation of the BOA
in NCS it seems that the models must: �i� take into account
mixing of the ground with more than just one excited elec-
tronic wave functions and �ii� predict transition between the
weak and strong coupling regime at very high momentum
and energy transfers from neutrons, perhaps even beyond the
kinematic values experimentally obtainable by the NCS tech-
nique at present.

Most importantly for the presented work, the issue of the
violation of BOA in NCS arises solely from the ultrafast
kinetics of the neutron-proton collision and as such can be
discussed in its own right. It is insofar completely indepen-
dent on the possibility of existence of the anomaly of the
scattering cross-section density for protons in condensed
matter and molecules, although the theoretical models dis-
cussing the non-BOA effects in neutron Compton scattering
were motivated by the reported anomaly.

VI. CONCLUSIONS

Proton momentum distribution has been measured by
neutron Compton scattering in liquid and solid HF at 180 K
and 290 K, respectively. The spherically averaged multivari-
ate three dimensional nuclear momentum distribution was
characterized by fitting the recorded Compton profiles with
the model-free Gram-Charlier expansion.

The fitting of the expansion to recorded neutron Compton
spectra has not resulted in large values of excess kurtosis of
proton momentum distributions. Thus, the anharmonicity of
local effective potential felt by protons in solid and liquid HF
does not seem to manifest itself in neutron Compton profiles
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under realistic experimental conditions. Clearly, further NCS
experiments and more elaborate theoretical models are still
needed to fully understand the proton dynamics in strongly
hydrogen-bonded systems such as HF.

The shape of the proton momentum distribution, in both
liquid and solid HF, has been constant over the whole range
of scattering angles �the whole range of scattering times�.
This is an important experimental result as it has conse-
quences for proposed theoretical models postulating system-
atic distortions of the proton momentum distribution due to
ultrafast proton-neutron collision in the Compton scattering
regime. Thus, at least for the system under consideration and
within present experimental accuracy, the proposed
mechanism4,5 of the violation of the Born-Oppenheimer ap-
proximation does not seem to account for the observed
nuclear Compton profiles. For the test of theoretical models
based on the violation of the Born-Oppenheimer approxima-
tion, specially designed NCS experiments are in demand

with extremely good counting statistics and minimal contri-
bution from the experimental background.

As far as theoretical predictions of the proton momentum
distribution in NCS involving decoherence mechanisms are
concerned,2,7,8 the present experiment has not given a con-
clusive answer whether such models are applicable. Here
also specially designed NCS experiments are in demand in
the future with samples oriented in the neutron beam. In such
experiments, full advantage can be taken from the ability of
the instrument to selectively measure Compton profiles along
specific directions in momentum space.
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