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Abstract

In the last few years we observed a shortfall of intensity of neutrons scattered from protons in various materials including metal hydrogen
systems using neutron Compton scattering (NCS) on the VESUVIO instrument (ISIS, UK). This anomaly has been attributed to the existence
of short-lived quantum entangled states of protons in these materials. Here we report on results of very recent NCS measurements on ZrHat
r eriments on
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oom temperature. Also here an anomalous shortfall of scattering intensity due to protons is observed. In contrast to previous exp
bH0.8, the anomalies found in ZrH2 are independent of the scattering angle (or momentum transfer). These different results are dis

he light of recent criticisms and experimental tests related to the data analysis procedure on VESUVIO.
2005 Elsevier B.V. All rights reserved.

eywords: Hydrogen storage materials; Neutron Compton scattering; Attosecond quantum effects and decoherence

. Introduction

In recent years, many neutron Compton scattering (NCS)
xperiments on various hydrogen containing materials like
ater[1], organic compounds[2–5]and also metal hydrogen
ystems[6–9] have been reported. A significant deficit of
he scattering intensity due to the protons has been found in
hese experiments. For example in experiments on H2O/D2O
ixtures[1], the peak area ratio of H to that of D does not scale
ith the number density of particles in the sample. Rather,

he area ratio normalized to the number density, i.e.σH/σD,
as significantly smaller than the expected ratio of 10.7 and
trongly dependent on the D mole fraction in the mixture.
everal theoretical models have been suggested to explain

his striking effect. They propose the existence of short-lived
uantum entanglement of protons in condensed matter[10–
2] and/or refer to the breakdown of the Born–Oppenheimer
pproximation during the scattering process[12–14].

∗ Corresponding author. Tel.: +49 30 314 23735; fax: +49 30 314 26602.
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The measurements were performed using the time of
inverse geometry spectrometer VESUVIO (seeFig. 1A) at
ISIS/UK. The polychromatic epithermal neutrons are s
tered by the sample into detectors arranged in an an
range 30◦ < Θ < 80◦. An analyzer foil situated betwe
sample and detectors is cycled in and out of the sampl
tector axis. The analyzer foil absorbs neutrons at a
energy, e.g. 4.9 eV if using gold. The difference of a f
in and a foil-out spectrum gives the final spectrum to
analysed. It is important to note that the final energyE1 is
fixed while the incident energyE0 is variable and is gov
erned by the kinematic conditions as well as by the ma
of the scattering nuclei. Due to the high transfers of
mentumq = |k0 − k1| (wherek0 and k1 are the inciden
and scattered neutron wave vectors, respectively) an
ergy ω = E0 − E1 the scattering of the neutrons by
nuclei is impulsive. As a consequence of this so called
pulse approximation (IA) limit, the dynamic structure f
tor S(q, ω) of a nucleus of a particular massM consists o
a single peak, i.e.,S(q, ω) = JM(yM)M/�q. HereyM is a
scaling variableyM = (�ω − �

2q2/2M)M(�q)−1 [15] and
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Fig. 1. (A) Schematic instrument setup: the polychromatic neutrons leave the neutron source, are scattered by the sample under the angleθ and are detected in
D. The analyzer foil is cycled in and out of the scattered neutron beam. (B) The experimental ratios (σH/σZr)exp (full squares) and (σH/σNb)exp (open circles)
of the scattering cross section of H to that of Zr and Nb of ZrH2 and NbH0.8, respectively, each one normalized to its tabulated value (i.e. (σH/σZr)tab and
(σH/σNb)tab) as a function of scattering angleθ. Whereas the ZrH2 data are very flat, the NbH0.8 show strong scattering angle dependence although the same
Jacobian (seeFig. 2) and the same incident neutron intensities are involved for both ZrH2 and NbH0.8. The NbH0.8 data are adapted from Ref.[6].

JM(yM) is the neutron Compton profile of the scattering nu-
cleus which is assumed to be of Gaussian shape. Using these
quantities, the double differential scattering cross section is
d2σ/dΩ dE1 = b2

MJM(yM)Mk1/(�qk0). The experimentally
observed intensity is then proportional toJM(yM) convoluted
with the instrument resolution functionRM(yM), i.e. the total
number of neutron detected in a time channel is[16]:

c(t) = E0I(E0)

q

∑

M

BNMb2
MMJM(yM) ⊗ RM(yM) (1)

whereB contains instrument parameters andb is the scatter-
ing length. Thus, the peak areaA = BNMb2

M is proportional
to the number densityN and the scattering cross sectionσ of
a nucleus in the sample. It follows that[16]:

Ai

Aj

= Nib
2
i

Njb
2
j

= Niσi

Njσj

(2)

2. Experimental and results

We performed new NCS measurements on ZrH2 at room
temperature on VESUVIO. The sample was put in a standard
flat Al can. Using the back scattering detectors – where even
higher energy and momentum transfers are involved in the
s
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more, these values are almost independent of the scattering
angle (or momentum transfer).

3. Summary and conclusions

The presented experimental result provides a further sup-
port of the striking phenomenon of the neutron scattering
cross section anomaly for protons in condensed matter. It is
very interesting to compare the ZrH2 results with previous re-
sults on the metallic hydride NbH0.8 [6]. NbH0.8 (seeFig. 1B,
open circles) and ZrH2 show completely different results: (1)
while the largest anomaly found in NbH0.8 is about 30%, an
intensity deficit of ca. 45% is observed for ZrH2; (2) in con-
trast to the NbH0.8 results, ZrH2 does not show a significant
angle dependence. That is, neither the angle dependence nor
the magnitude of the anomaly of NbH0.8 is reproduced by the
results of ZrH2.

This comparison is very interesting in the light of recent
criticisms. It was suggested by Cowley[17] that the angular
dependent anomaly ofσH/σNb of NbH0.8 might be caused
by the lack of proper data corrections due to the incident
neutron fluxI(E0) (see Eq.(1)) or due to a Jacobian factor
J = 1 − (1 − cos(Θ)k1/k0)m/M involved in the conversion
of a time of flight spectrum intoq space (m: neutron mass).
I r are
a s
t scat-
t final
e
i -
q m is
i the
s s are
i
m b, the
d ns on
cattering – it is possible to resolve the Zr (M = 91) peak
rom the Al (M = 27) one. This facilitates the determin
ion of the ratioσH/σZr from the forward scattering spec
for more details, see Refs.[3,4]). The experimental ratio
f the scattering cross sections have been determined
vailable detectors separately in forward scattering usin
2). The experimental results show that ZrH2 (seeFig. 1B,
ull squares) exhibits a strong anomalous shortfall. Fo
ake of better comparability, depicted are the experim
ally determined values divided by the tabulated ones
σH/σZr)exp/(σH/σZr)tab. As one can see very easily, the
alues differ from unity by a considerable amount. Furt
t is very important to note that the masses of Nb and Z
lmost equal, i.e.MNb = 93 andMZr = 91 a.u. This lead

o the fact that the same energy transfer is involved in
ering on Zr and Nb. For this reason and because the
nergyE1 is fixed, the same incident neutron energiesE0 are

nvolved for scattering on Zr and Nb (seeFig. 2A). Conse
uently, the same correction of incident neutron spectru

nvolved in the data analysis. In addition, again due to
imilarity of the masses of Zr and Nb, the same Jacobian
nvolved for the scattering on those nuclei (seeFig. 2B). This

eans that, despite the very similar masses of Zr and N
ependence of the scattering cross section from proto
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Fig. 2. (A) Dependence of the involved incident energy on the scattering angleθ for different masses: H (M = 1), D (M = 2), Zr (M = 91), and Nb (M = 93).
The same incident energy is involved for Zr and Nb. (B) Dependence of the involved Jacobians (J = 1 − (1 − cos(Θ)k1/k0)m/M) for H, D, Zr, and Nb. The
same Jacobian factor is involved for both, Zr and Nb.

the scattering angle is totally different for ZrH2 and NbH0.8.
Thus, we may conclude that the involved different Jacobians
do not artificially cause the strong deviations ofσH/σZr from
the tabulated value.

Rather, the angle dependence in the case of NbH0.8 might
be interpreted in the following way. Within the IA, it is pos-
sible to define a scattering time byq(θ)τscv0 ≈ 1 [15]. Here
q(θ) is the scattering angle dependent momentum transfer,
andv0 is the root mean square velocity of the nucleus before
scattering.τsc can be regarded as the time window within
which the dynamics of the nucleus is sampled. In the case
of NbH0.8, the anomalies are large at short scattering times
(<0.5 × 10−15 s) and seem to vanish for longτsc. If these
anomalies are attributed to the existence of short-lived quan-
tum entangled particles involving mainly the protons, thisτsc
dependence may be interpreted such that at shortτscquantum
interferences are revealed while at longerτsc a time average
is taken thus leading to the disappearance of the anomalies.
However, Cowley argued further that it is essential that the
energy resolution is better than the energy splitting of two en-
tangled spin configurations[17]. As the energy resolution of
the VESUVIO spectrometer is about 0.1 eV i.e. much larger
than any quantum splitting of the energy levels in solids,
it was claimed that this spectrometer cannot reveal any ef-
fects of quantum entanglement. However, this statement is
not always correct: e.g., as is well known, thermal neutrons
s
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rules are based on unitary quantum dynamics (which do de-
scribe closed systems; see textbooks, e.g., Ref.[18]).

In summary, the present results reveal a strong anoma-
lous shortfall of intensity of neutrons scattered by protons in
ZrH2 at room temperature. The scattering angle independent
anomaly together with the strong angle dependent anomaly
previously found in NbH0.8 indicate further that possible in-
accuracies of the data reduction procedure (e.g., due to the
incident neutron beam spectrum and involved Jacobians) can-
not account for the found anomalies. The anomalies revealed
in various hydrogen containing materials have found thus far
no consistent explanation within existing condensed matter
theories. Very recent experimental results e.g. on LiH[9]
suggest that the electronic environment surrounding the hy-
drogen atom in the material could be responsible for the dif-
ferent features of the cross section anomalies of the proton.
More systematic experiments on materials with adjustable
electronic structures are necessary in order to shed more
light onto their influence on the decoherence process of the
protons. Let us also mention that, very recently, this NCS
effect was confirmed by applying an independent method,
namely electron–proton Compton scattering (ECS)[5]. This
method is considerably different from NCS due to the fact
that the Coulomb interaction is involved in contrast to the
strong interaction involved in NCS[5]. In addition, the appa-
ratus with which the ECS experiments have been performed
i m is
m ect to
e

R

r, J.

, J.

m.

r, J.
cattered from, or transmitted through, liquid H2 are able
o distinguish betweenortho- andpara-H2, because of th
trongly different total cross sections (cf. e.g. Ref.[18]) in-
ependently of any resolution requirements.

In addition, it was stressed[17] that the existing theorie
10–12]explainingσH decrease in experiments with VES
IO should be incorrect because they are inconsistent

he first-moment sum rule (FMSR) forS(q, ω) [18]. On the
ne side, there are different theoretical models[13,14]which
re consistent with the FMSR. On the other side, as po
ut in Ref.[12], the scattering systems under considera
ught to be described as open quantum systems and
equently they always exhibit decoherence and thus a
nitary time evolution. However, the derivations of the s
s completely different in that the incoming electron bea
onochromatic and the spectra are recorded with resp
nergy loss.
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