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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 measuremseaits on ZrH
room temperature. Also here an anomalous shortfall of scattering intensity due to protons is observed. In contrast to previous experiments ¢
NbHo g, the anomalies found in ZrHare independent of the scattering angle (or momentum transfer). These different results are discussed in
the light of recent criticisms and experimental tests related to the data analysis procedure on VESUVIO.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The measurements were performed using the time of flight
inverse geometry spectrometer VESUVIO ($eg. 1A) at

In recent years, many neutron Compton scattering (NCS) ISIS/UK. The polychromatic epithermal neutrons are scat-
experiments on various hydrogen containing materials like tered by the sample into detectors arranged in an angular
water[1], organic compound®-5]and also metal hydrogen range 30 < ® < 80°. An analyzer foil situated between
systems[6—9] have been reported. A significant deficit of sample and detectors is cycled in and out of the sample de-
the scattering intensity due to the protons has been found intector axis. The analyzer foil absorbs neutrons at a fixed
these experiments. For example in experiments g0/B,0 energy, e.g. 4.9eV if using gold. The difference of a foil-
mixtureq1], the peak arearatio of Hto that of D does notscale in and a foil-out spectrum gives the final spectrum to be
with the number density of particles in the sample. Rather, analysed. It is important to note that the final enekyyis
the area ratio normalized to the number densityoi.g.op, fixed while the incident energ¥y is variable and is gov-
was significantly smaller than the expected ratio of 10.7 and erned by the kinematic conditions as well as by the masses
strongly dependent on the D mole fraction in the mixture. of the scattering nuclei. Due to the high transfers of mo-
Several theoretical models have been suggested to explaimentumg = |kg — k1| (Wherekg andk; are the incident
this striking effect. They propose the existence of short-lived and scattered neutron wave vectors, respectively) and en-
gquantum entanglement of protons in condensed mgi@er ergy w = Eg — E1 the scattering of the neutrons by the
12] and/or refer to the breakdown of the Born—Oppenheimer nuclei is impulsive. As a consequence of this so called im-
approximation during the scattering proc§s2-14} pulse approximation (lA) limit, the dynamic structure fac-
tor S(g, ) of a nucleus of a particular mass consists of
a single peak, i.e.$(g, w) = Ju(ym)M/hq. Hereyy is a
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Fig. 1. (A) Schematic instrument setup: the polychromatic neutrons leave the neutron source, are scattered by the sample undeatiteeragletected in

D. The analyzer foil is cycled in and out of the scattered neutron beam. (B) The experimentabiating Yexp (full squares) andof/onb)exp (0PN circles)

of the scattering cross section of H to that of Zr and Nb of Ze#d Nbh g, respectively, each one normalized to its tabulated value g0t )tan and
(oH/onb)tab) @s a function of scattering angleWhereas the Zrildata are very flat, the Nhjg show strong scattering angle dependence although the same
Jacobian (seEig. 2) and the same incident neutron intensities are involved for both Zrtd Nbhy 5. The NbH, g data are adapted from R¢6].

Ju(yu) is the neutron Compton profile of the scattering nu- more, these values are almost independent of the scattering
cleus which is assumed to be of Gaussian shape. Using thesangle (or momentum transfer).

quantities, the double differential scattering cross section is

d20/d2 dE1 = b2,y () Mka/(figko). The experimentally
observed intensity is then proportionaltg (ys) convoluted
with the instrument resolution functiaky, (yu), i.e. the total
number of neutron detected in a time channél &:

()= Z ) S BNt M) © Ruow) (1)
M

whereB contains instrument parameters anid the scatter-
ing length. Thus, the peak arda= BN y/b3, is proportional
to the number density and the scattering cross sectipof
a nucleus in the sample. It follows tHa6]:

ﬁ _ N,'biz . N,'(T,'
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)

2. Experimental and results

We performed new NCS measurements onZatroom

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 Zslresults with previous re-
sults on the metallic hydride N4 [6]. NbHp s (seeFig. 1B,
open circles) and Zriishow completely different results: (1)
while the largest anomaly found in Nigld is about 30%, an
intensity deficit of ca. 45% is observed for ZrH2) in con-
trast to the NblJ g results, ZrH does not show a significant
angle dependence. That is, neither the angle dependence nor
the magnitude of the anomaly of Niglis reproduced by the
results of Zrh.

This comparison is very interesting in the light of recent
criticisms. It was suggested by Cowlgly7] that the angular
dependent anomaly afy/onp Of NbHp g might be caused
by the lack of proper data corrections due to the incident

temperature on VESUVIO. The sample was put in a standardneutron flux/(Eg) (see Eq(1)) or due to a Jacobian factor
flat Al can. Using the back scattering detectors — where evenJ = 1 — (1 — cos®)k1/ ko)m /M involved in the conversion
higher energy and momentum transfers are involved in the of a time of flight spectrum intq space f:: neutron mass).
scattering — it is possible to resolve the A & 91) peak It is very important to note that the masses of Nb and Zr are
from the Al (M = 27) one. This facilitates the determina- almost equal, i.eMyp = 93 andMz, = 91 a.u. This leads
tion of the ratiooy /oz from the forward scattering spectra  to the fact that the same energy transfer is involved in scat-
(for more details, see Reff3,4]). The experimental ratios tering on Zr and Nb. For this reason and because the final
of the scattering cross sections have been determined for allenergyE is fixed, the same incident neutron enerdigsare
available detectors separately in forward scattering using Eq.involved for scattering on Zr and Nb (s€g&g. 2A). Conse-

(2). The experimental results show that ZriseeFig. 1B, quently, the same correction of incident neutron spectrum is
full squares) exhibits a strong anomalous shortfall. For the involved in the data analysis. In addition, again due to the
sake of better comparability, depicted are the experimen- similarity of the masses of Zr and Nb, the same Jacobians are
tally determined values divided by the tabulated ones, i.e. involved for the scattering on those nuclei (§ég 2B). This
(oH/0zr)exp/ (0H/0zr )tab- AS One can see very easily, these means that, despite the very similar masses of Zr and Nb, the
values differ from unity by a considerable amount. Further- dependence of the scattering cross section from protons on
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Fig. 2. (A) Dependence of the involved incident energy on the scattering @fwidifferent masses: HW{ = 1), D (M = 2), Zr (M = 91), and Nb {4 = 93).
The same incident energy is involved for Zr and Nb. (B) Dependence of the involved Jacabiaris-{ (1 — cos@)k1/ ko)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 Zstdnd NbH g. rules are based on unitary quantum dynamics (which do de-

Thus, we may conclude that the involved different Jacobians scribe closed systems; see textbooks, e.g.,[R8]).

do not artificially cause the strong deviationsgf/oz, from In summary, the present results reveal a strong anoma-

the tabulated value. lous shortfall of intensity of neutrons scattered by protons in
Rather, the angle dependence in the case ofgdbhight ZrH, at room temperature. The scattering angle independent

be interpreted in the following way. Within the IA, itis pos- anomaly together with the strong angle dependent anomaly
sible to define a scattering time Q) rscvo ~ 1 [15]. Here previously found in Nbldg indicate further that possible in-
q(0) is the scattering angle dependent momentum transfer,accuracies of the data reduction procedure (e.g., due to the
anduy is the root mean square velocity of the nucleus before incident neutron beam spectrum and involved Jacobians) can-
scattering.tsc can be regarded as the time window within not account for the found anomalies. The anomalies revealed
which the dynamics of the nucleus is sampled. In the casein various hydrogen containing materials have found thus far
of NbHg g, the anomalies are large at short scattering times no consistent explanation within existing condensed matter
(<0.5 x 10715s) and seem to vanish for long,. If these theories. Very recent experimental results e.g. on [9H
anomalies are attributed to the existence of short-lived quan-suggest that the electronic environment surrounding the hy-
tum entangled particles involving mainly the protons, this drogen atom in the material could be responsible for the dif-
dependence may be interpreted such that at shagiantum ferent features of the cross section anomalies of the proton.
interferences are revealed while at longgra time average  More systematic experiments on materials with adjustable
is taken thus leading to the disappearance of the anomalieselectronic structures are necessary in order to shed more
However, Cowley argued further that it is essential that the light onto their influence on the decoherence process of the
energy resolution is better than the energy splitting of two en- protons. Let us also mention that, very recently, this NCS
tangled spin configuratiorj7]. As the energy resolution of  effect was confirmed by applying an independent method,
the VESUVIO spectrometer is about 0.1 eV i.e. much larger namely electron—proton Compton scattering (E{5$) This
than any quantum splitting of the energy levels in solids, method is considerably different from NCS due to the fact
it was claimed that this spectrometer cannot reveal any ef-that the Coulomb interaction is involved in contrast to the
fects of quantum entanglement. However, this statement isstrong interaction involved in NCf5]. In addition, the appa-
not always correct: e.g., as is well known, thermal neutrons ratus with which the ECS experiments have been performed
scattered from, or transmitted through, liquig Hre able is completely different in that the incoming electron beam is
to distinguish betweenrtho- andpara-H», because of the  monochromatic and the spectra are recorded with respect to
strongly different total cross sections (cf. e.g. H&8]) in- energy loss.
dependently of any resolution requirements.

In addition, it was stressgd 7] that the existing theories
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