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Anomalous neutron Compton scattering cross sections in niobium and palladium hydrides
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The neutron scattering cross sections for hydrogen~H! and deuterium~D! in two metal hydrides have been
studied in the Compton~or deep inelastic! scattering regime. Strongly reduced H cross sections were observed
in both hydrides. This anomaly was found to depend on the characteristic scattering time, which is a function
of the scattering angle and varies from about 0.1 to 1.5 fs in the present experiments. For times longer than 0.6
fs the H cross sections approached the normal, tabulated value. A smaller anomaly was observed for the D
cross sections. Our experiments indicate that these, and similar anomalies earlier reported for H/D cross section
ratios in water and organic compounds like polymers, amphiphiles, and organic liquids, are caused by very
short-lived protonic ~deuteronic! quantum correlations—which may also involve electronic degrees of
freedom—of neighboring hydrogen atoms in condensed media. The neutron wavelengths are much smaller
than the interparticle distances in these experiments. Still, with the support from recent calculations of neutron
cross sections for quantum entangled pairs we propose that the anomalies can be explained by the fact that
adjacent protons and/or deuterons in the hydrides cannot be considered as individual scattering objects. En-
tanglement will then modify the cross sections, for scattering times not significantly longer than the decoher-
ence time. Possible mechanisms behind this entanglement and its decoherence are shortly described.

DOI: 10.1103/PhysRevB.67.184108 PACS number~s!: 61.12.Ex, 03.65.2w
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I. INTRODUCTION

In recent neutron scattering experiments on partially d
terated water1,2 using epithermal neutrons effectuating e
ergy transfers for the case of protons of about 52150 eV,
which results in neutron Compton scattering~NCS!, the ra-
tios between H and D cross sections were found to
strongly different from those expected from tabulated valu
This was surprising, since the neutron wavelength in t
case is very short~say, 0.1 Å!, and no conventional explana
tion for these anomalies was found. It was therefore p
posed that they are caused by quantum correlations betw
adjacent protons or deuterons~or both! such that the neutron
no longer see them as individual scattering objects.1–3 For
thermal neutrons, such correlation effects are well known
the specific case of H2, but there are also recent measu
ments of the incoherent elastic scattering of neutrons of
termediate energy~around 0.5 eV! on crystals of KHCO3
~Ref. 4! which show interferences that can be interpreted5 as
resulting from quantum correlations of two protons taki
part in neighboring hydrogen bonds.

If such quantum correlations indeed exist, it is relevan
ask if their effects can be observed also by other measu
techniques and in other physical systems. The most strik
supporting indication of the existence of such correlation
the observation of anomalous Raman scattering on part
deuterated water by Chatzidimitriou-Dreismannet al.6 This
showed a similar strong reduction of the proton/deute
cross section ratio. It is interesting to note that Raman
neutron Compton scattering operate at shorter time sc
than, for instance, thermal neutron scattering and are th
fore probing very short-lived properties of the quantum s
0163-1829/2003/67~18!/184108~13!/$20.00 67 1841
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The motivation of the present measurements was

search for similar evidence for short-lived quantum corre
tions in another type of condensed matter system, nam
the metallic hydrides. The physical properties of many of
metallic hydrides are very well known with regard to pha
diagrams and crystallographic sites for hydrogen.7 The dy-
namical properties of the metal-hydrogen lattices and
mobility of hydrogen isotopes between different lattice si
have also been carefully studied, in particular for t
Nb-H~D! and Pd-H~D! systems.8

The Nb-H~D! and Pd-H~D! systems were therefore cho
sen to find out if, and under what conditions, short-liv
quantum correlations between light particles in conden
matter may survive. In some metal-hydrogen systems th
existed already other experimental results which had
been properly explained by existing theories: One such pr
lem was the reduced diffusion rate of protons in NbH0.8

when they were present as neighbors to implanted pos
muons.9 In this and similar hydrides,10,11 it was found that
proton jump rates were reduced by large factors~3–10!, as
compared to those in normal bulk hydrides. One sugges
explanation12 was that in the vicinity of the muon~which in
this context can be considered as a light isotope of hyd
gen!, there is a destruction of proton quantum correlatio
which normally would serve to enhance diffusion. Anoth
diffusion-related set of experiments had been performed
mixed hydrogen isotopes diffusing on the surface of
metal.13 There it was observed that when H was mixed w
D ~or H with T, or D with T! the diffusivity was drastically
reduced as compared to that of the pure isotopes, again
©2003 The American Physical Society08-1
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cating some kind of correlated motion in the pure syste
that was destroyed by the presence of nonidentical partic
Brief reports on our results for neutron Compton scatter
on the Nb-hydrides were presented earlier by Karlssonet
al.14 and for Pd hydrides by Abdul-Redahet al.15

II. THE METAL HYDRIDE SAMPLES

A. Niobium hydrides

Most of our experiments on niobium hydrides were ma
with the hydrides in the beta phase, which is stable in Nbx
~or NbDx) for x values approximately between 0.73 and 1.
and in the temperature range 200–370 K. In theb phase, the
bcc Nb lattice is slightly tetragonally distorted. The hydrog
takes up tetrahedral positions in the Nb cube faces and
energetically most favored H sites form chains connect
such tetrahedral sites, as illustrated in Fig. 1~a!, with empty
tetrahedral sites in the layers between being filled only
higher x. For temperatures below 200 K, at thex values
studied here, the H-~or D-! sublattice orders such that th
‘‘strings’’ mentioned above are occupied by proton~or deu-
teron! pairs with regular spaced vacancies in between,
the lattice remains tetragonally distorted, as in the be
phase.

In the tetrahedral positions, protons or deuterons are s
ated in potential wells whose properties have been studie
inelastic neutron scattering. For NbHx in theb phase, Verdan
et al.16 obtained for the difference between the zero po
vibrational level~i.e., the ground state! and the first excited
state an energy of 114 meV~the corresponding value fo
NbD, as measured by Conradet al.17 and Stumpet al.,18

being DEvibr'70 meV). Assuming approximate harmoni

FIG. 1. ~a! Tetragonally distorted bcc lattice ofb-phase NbHx .
The H sites form chains connecting tetrahedral positions in the
cube faces. Full circles denote the Nb host lattice, whereas the
circles denote H or D atoms and open squares indicate the rem
ing vacancies.~b! Top view of the PdH0.5 fcc lattice. Open large
circles represent the Pd atoms. Interstitial H atoms~small full
circles! are situated in the@420# planes alternating with pairs o
empty H sites~open small circles!.
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ity between the zero-point (E0) and first vibrational (E1)
levels of the vibration and the relationsE0

vibr5\v/2; E1
vibr

53\v/2, one obtains a position of around 50 meV abo
the bottom of the well for the zero-point level in NbH~and
correspondingly, around 35 meV for NbD!. These values will
enter in the following discussion, as well as the root-me
square values of the momentum width^pH

2 &1/2 or ^pD
2 &1/2 of

the particle vibrations. Values of̂pH
2 &1/2/\54.5 Å21 and

^pD
2 &1/2/\55.2 Å21 were determined~i! from the relation

between vibrational energy and momentum spread used
Evanset al.,19 and~ii ! from our own experiments, where th
peak width in a TOF spectrum is related to^pH

2 &1/2. Direct
measurements of the same quantities in the present ex
ments ~see Sec. IV A! gave the values ^pH

2 &1/2/\
54.33 Å21 and ^pD

2 &1/2/\55.0 Å21. Since the difference
between ground and excited state energies is in both cas
the order of 100 meV, the population of the excited vibr
tional states are rather small at room temperature and be

When kept in ambient atmosphere, hydrogenated foils
Nb are covered by a thin natural oxide layer which serves
an efficient barrier for hydrogen up to temperatures of
least 450 K. The hydrogenated Nb foils, which had a thic
ness of 0.5 mm and an area of 30350 mm could therefore be
mounted, freely hanging in an Al frame for measurements
room temperature. For the lower temperatures the Nb f
were mounted in a thin-walled closed-cycle cryostat. In b
situations, the scattering from surrounding material was k
at a minimum. NbHxDy hydrides with x1y'0.80 @x
50.78, y50; x50.61,y50.28; x50.39, y50.46; x
50.16, y50.70; x50.03, y50.80] were prepared in a spe
cialized hydrogenation setup in Uppsala20 by first heating the
Nb foils in vacuum at 1000 °C and then exposing them
pure H2 or D2 gas at a pressure of 2–2.5 bar and a tempe
ture of 340 °C for 1.5 h. They were then used directly for t
neutron scattering experiments. For the low temperat
measurements a standard closed-cycle cryostat was u
The isotope ratios for the mixed hydrides were determin
accurately (62%)20 by a mass spectrometer after outga
sing.

B. Palladium hydrides

Palladium absorbs hydrogen at room temperature.
alpha-phase is saturated at about 2% H, where ab-phase
hydride PdHx starts to grow and is fully developed atx
'0.60. The question of local clustering of H atoms with
the a phase has been discussed by Coxet al.21 who consid-
ered the stability of pairs or larger H groups within the P
lattice. In theb phase the lattice maintains its fcc symmet
but is expanded by about 3.5%.7 The protons~or deuterons!
occupy interstitial sites of octahedral symmetry. Theb-phase
hydride is also considered to be a solid solution~i.e., without
H-H ordering! over the temperature and concentration ran
considered here. For the Pd-D system a partial ordering, w
filling only of sites in alternating planes,~similar to that de-
scribed for the ‘‘chains’’ the Nb hydrides!, has been observe
by neutron diffraction by Blaschkoet al.,22 see Fig. 1~b!, and
it is probable that a similar arrangement is valid also for
Pd-H system at the H concentrations studied here.
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In the octahedral sitesE1
vibr2E0

vibr568(2) meV for PdH
~Ref. 23! @and 48~4! meV for PdD#, which corresponds to
E0

vibr'30 meV for the zero-point vibration of H~and
'20 meV for PdD!. The values of̂ p2&1/2 were estimated as
^pH

2 &1/2/\53.4 Å21 and ^pD
2 &1/2/\54.1 Å21.

The hydrogenation of the 0.5 mm thick Pd foils was do
in situ at ISIS. The sample cans~volume 11.3 cm3), which
were placed at the end of a cryostat rod, were connected
gas system with a reference volume of 1000 cm3 and the
absorbed H~or D! was monitored through the decrease of t
gas pressure.

III. NCS MEASUREMENTS

A. Neutron Compton scattering

The neutron Compton scattering~NCS! technique24–26

~also called deep inelastic neutron scattering, DINS! uses
‘‘high energetic’’~so-called epithermal! neutrons with kinetic
energy up to some hundreds eV. Sufficiently intense fluxe
such neutrons are presently provided only by pulsed neu
spallation sources. Our experiments have been perfor
with the electron-volt spectrometer eVS of the ISIS spa
tion neutron source~Rutherford Appleton Laboratory, U.K.!.

In this section we give an outline of basic elements of
theory of NCS. The theoretical considerations are follow
the works of Sears27 and Watson.26

The double differential cross section for the scattering o
neutron by a nucleus~of a system ofN identical nuclei! is
given by

d2s

dVdE1
5bM

2 k1

k0
S~q,v!, ~3.1!

wherebM is the scattering amplitude for nuclei of massM
~corresponding to a total cross sectionsM54pbM

2 for bound
nuclei!, q5k02k1 is the momentum transferred in the co
lision and v5E02E1 is the neutron energy loss~indices
‘‘0’’ and ‘‘1’’ refer to neutron states before and after th
collision, and the convention\51 is used here!. Since the
impulse approximation~IA ! is valid in the present experi
ment, the dynamic structure factorSM(q,v) can be accu-
rately described by the form

SM~q,v!5E n~p!d~v2v r2q"p/M !dp, ~3.2!

wheren(p) is the momentum distribution for the scatterin
nucleus andv r5q2/2M the recoil energy. If the momentum
distribution is isotropic the dynamic structure factor can a
be described in IA by a simple scaling functionJ(eq,Y),
using the transformation27

S~q,v!5
M

q
J~eq,Y!, ~3.3!

whereY5(M /q)(v2q2/2M ), eq is a unit vector along the
direction ofq, andq5uqu. The functionJM(eq,Y) is called
the neutron Compton profile. The quantityqSM(q,v) de-
pends only onY and not onv andq separately.JM(eq,Y) is
18410
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the one-dimensional projection of the nuclear moment
distribution along the scattering vector direction.

The determination of the shape and width of this profile
the purpose of most experiments using Compton scatter
In contrast, the aim of present experiments is to determ
the areas of the profile curves in order to determine neu
cross sections. This is done by comparing areas of the Co
ton profiles for scattering on H and D with those obtained
scattering on heavy nuclei present in the same targets.

When several different atomic massesMi are present in
the samples the neutron spectrum consists of peaks cen
on different recoil energiesv rM , whose widths are deter
mined by the momentum distributionsn(pM) for each
atomic mass. The number of countsC(t)Dt collected in a
time channel of widthDt centered att is given by28

C~ t !Dt5F I ~E0!
dE0

dt
Dt G@h~E1!DV f ~E1!#(

M
NM

d2sM

dVdE1
,

~3.4!

where I (E0) is the number of incident neutrons per cm2 s
corresponding to the time channelt with width Dt, NM is the
number of scattering nuclei with massM, f (E1) is the energy
resolution of the analyzer, andh(E1) is the detector effi-
ciency.

Using Eq. ~3.3!, substituting the wave numbers by th
corresponding velocities and incorporating the instrum
resolution function in momentum spaceR(Y), the count rate
is

C~ t !5
1

4p

v1

v0q F I ~E0!
dE0

dt G
3@h~E1!DV f ~E1!#(

M
NMsMMJM~eq,YM !

^ R~YM !, ~3.5!

where ^ denotes a convolution.R(Y) is a Gaussian in the
case that a U foil is used as analyzing foil, and a Voigt if a
Au foil is used. The following should be pointed out: It is
big advantage of the inverted geometry spectrometers~such
as the eVS! that in the ‘‘foil in/foil out’’ difference spectrum
the neutrons contributing to a scattering intensity have
same peak final energy.29 Monte Carlo simulations showe
that the energy dependent detector efficiency related to
finite energy resolution of the analyzer foils has only a min
effect (,1%) on the data. Therefore, the possible ene
dependence of the detector’s efficiency becomes irrelevan
the present physical context.

According to Eqs.~3.3! and~3.4! the fitted peaks for each
mass, taken within each detector solid angleDV ~i.e., at a
certain scattering angleu1Du) are expected to be propor
tional to the quantitiesNMi

bMi

2 [Nibi
2 for each of the masse

Mi . ~To simplify notations, the subscriptM may be dropped
here and in the following.! The dependence on the mass ra
m/Mi (m: neutron mass! at the specific angleu, etc., is
included for each mass in the data analysis program such
the area ratiosAi /Aj presented in the following are propo
8-3
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tional to the ratiosbi
2/bj

2 and therefore also to the ratio of th
bound nuclear cross sectionss i /s j .

B. The eV spectrometer

The eV spectrometer is a time of flight~TOF! instrument.
The TOF spectra are recorded with respect to the time e
neutron takes from the neutron moderator~which is situated
directly after the spallation target! to the detector. This time
of flight of each neutron is formally given by

t5t01L0 /v01L1 /v1 , ~3.6!

wheret0 is a time constant that determines which channe
the time of flight spectrum corresponds to~infinitely fast!
neutrons with zero time of flight~This is determined by elec
tronic delay times in the detector-discriminator-electroni
computer chain!, L0 is the distance from moderator t
sample~11.055 m! and L1 is the distance from sample t
detector~around 0.5 m! and v0 and v1 are the neutron ve
locities before and after the scattering process, respectiv
The time of flightt is measured with an accuracy of arou
1 ms.

The eVS instrument is a so-called inverted geometr29

spectrometer. In this experimental technique, the sampl
exposed to a polychromatic neutron beam and the energ
the scattered neutrons is analyzed. For this purpose a nu
resonance difference technique is used, which consists in
following. A foil situated between sample and detec
strongly absorbs neutrons over a narrow range of energ
centered at the neutron absorption resonance specific fo
nuclei in the foil material. In order to get TOF spectra allo
ing the analysis of intensities corresponding to the differ
scattering nuclei, two measurements are taken: one with
foil between the sample and detector and one with remo
foil. The difference between these two spectra gives the fi
TOF spectrum, cf. Fig. 2. This procedure is automatic a
histograms are collected alternatingly with ‘‘foil in’’ an
‘‘foil out’’ in periods of 5 min. The line shape of a measure
recoil peak is governed by the momentum distribution of

FIG. 2. Upper part: Foil in~full line!/Foil out ~dotted line! spec-
trum of NbH0.16D0.70 measured at an angleu565°. The dips are
due to resonance absorption of the gold analyzer foil~see text for
more details!. Lower part: Difference spectrum~indicated by the
small error bars due to counting statistics! of the foil in/foil out
spectra. Peaks with increasing time of flight are due to H, D,
Nb.
18410
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nucleus, Eq.~3.3!, convoluted with the line shape of the fo
absorption. In our experiments presented below we use
gold foil analyzer, which has a Lorentzian shaped resona
absorption centered at 4908 meV and a half width at h
maximum~HWHM! of 130 meV. The velocity of an inciden
neutron is determined from the measurement of the neu
TOF via Eq.~3.7! below. Another option available at the eV
instrument~which, however, was not used in the present e
periments! is to use a uranium absorption resonance cente
at 6771 meV with a HWHM of 60 meV, which is Gaussia
shaped. This option is often used in such experiments
which the primary goal is to determine precisely the shape
the recoil peak, rather than its integral intensity, as in o
case. However, the U absorption resonance is much we
than that of Au~roughly by a factor of 10!, which necessi-
tates considerably longer measuring times.

The scattered neutrons are collected by 326Li doped
glass detectors.30 In these detectors the neutrons producea
and 3He particles when hitting the6Li nuclei. The particles
excite Ce ions~also doped into the glass bars, which are
3200 mm each!. The 190 nm photons from the Ce decay a
picked up by photo multiplier tubes producing pulses
about 100 ns duration.

The events from the different detectors in each bank
collected in buffers and fed to one of the two PPFM~ping-
pong frame memory! units ~which one to chose can be se
lected externally, so as to minimize the load on each of th
for the specific scattering angle ranges used!. The informa-
tion is then sent further for histogram formation. Particu
care was taken in the present experiments to avoid overlo
ing in any of these steps, which could lead to counting los
at certain angles. Dead time losses were kept below a
percent, even at the highest counting rates used. The pe
mance of the whole data acquisition system was a
checked repeatedly by interchanging buffers and PPFM u
between the different detector banks.

The detector banks of eVS were placed such that angle
the range between 30° and 80° were covered in the forw
direction and 100° to 130° in the backward direction. Pea
corresponding to scattering on protons, deuterons,
heavier nuclei~from Nb, Pd, or Al containers! appear in the
time regime 0–500ms.

The time at which the recoil peak of a specific nucle
appears in the TOF spectrum depends on the ratio of
given velocity v15k1 /m of the scattered neutrons to th
~i.e., v05k0 /m) of the incident neutrons. The quantitym is
the mass of the neutron. This ratio is given by

v1

v0
5

k1

k0
5

cosu1A~M /m!22sin2u

M /m11
~3.7!

which, together with

q5~k0
21k1

222k0k1 cosu!1/2 ~3.8!

that holds due to momentum conservation, gives the p
position in the TOF spectrum for each scattering nucleus
specific massM ~for a detector at scattering angleu). There-
fore, the TOF spectra exhibit two features. First, the hig
the mass of the scattering nucleus, the larger is the tim

d
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which its corresponding peak appears in the TOF spect
~cf. Fig. 2!. Second, for a nucleus of specific mass, incre
ing the scattering angle corresponds to a shift of the re
peak to shorter times. The recoil peaks of H and D are w
resolved for angles larger than 40°. The peak separation
proves with increasing angle since the peak positions
determined by the kinematic equation~3.6!. The peak widths
in momentum space are fixed at the values obtained f
measurements of pure niobium hydride and pure niob
deuterideby assumption. ~Adding the peak width as a fitting
parameter usually results in only minor modification of t
peak areas.! The TOF spectra recorded at backscatter
angles~to which hydrogen can not contribute! offer the pos-
sibility to resolve the peaks of higher mass, e.g., for dis
guishing scattering from Pd from that of the Al container~for
scattering on niobium hydrides no Al container is necessa!.

Here it should be noted that the impulse approximat
~IA, see Sec. III A! is well fulfilled for all scattering angles
used, because the recoil energyEr is always much larger
than the vibrational energyEvibr of H or D, i.e., Er@Evibr.
This inequality represents the correct criterion for the va
ity of IA; see Ref. 26. For instance, for the scattering an
u540° one hasEr.3.5 eV for protons andEr.1.3 eV for
deuterons, whileEvibr is in both cases~see Sec. II! less than
0.1 eV. For different descriptions and various applications
the NCS technique and the eVS instrument of ISIS, see,
Refs. 26,24,25,30–33.

C. Data treatment

For each nucleus of massM the foil-in/foil-out difference
TOF spectra are fitted with the aid of a Gaussian convolu
with the instrument resolution function; see Eq.~3.5! above.
In the data analysis employed in our experiment, only
amplitude is a free fitting parameter to a measured TOF s
trum, i.e., the width of the fitting function is kept constan
see above. Figure 3 shows an example for a measured

FIG. 3. Measured time of flight spectrum~indicated by the error
bars! of NbH0.16D0.70 measured at an angleu565° as in Fig. 2
together with the corresponding fit. The three peaks correspon
H, D, and Nb~from the left to the right!. Only the peak heights are
fit parameters. The peak position in time of flight is known by t
mass of the scatterer. The peak fixed widths are known from in
pendent measurements; see text for more details.~Taken from Ref.
14.!
18410
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spectrum~including error bars! and its fitted spectrum~full
line!.

The peak areas thus determined are proportional to
product of the totalboundscattering cross sectionsM and
the number densityNM of atoms of the massM present in the
sample, i.e.,

AM;sMNM . ~3.9!

Therefore, if the number densities for two atoms with diffe
ent masses are known, the following equation holds stric

Ai

Aj
5

Nis i

Njs j
. ~3.10!

Since the conventionally expected values of the bound s
tering cross sections i ands j are given in standard tables,24

the validity of the basic Eq.~3.10! is directly subject to ex-
perimental test.

Very recently, Blosteinet al.34 criticized the widely used
expression for the experimentally observed spectral inten
in terms of a convolution~see Sec. III A! and proposed a
procedure based on the complete absorption cross sectio
the used absorption foil~Au in the case of present exper
ments!. They concluded that the usually employed da
analysis procedure based on the ‘‘convolution formalism
leads, among others, to incorrect values of peak areas in
case of two~or more! overlapping recoil peaks, in particula
those of H and D. However, Chatzidimitriou-Dreismannet
al. demonstrated very recently by presenting new experim
tal results on D2O and the equimolar H2O-D2O mixture35

that the objections of Blosteinet al. concerning the peak
areas are of no relevance for our present and previous
perimental results and the cross-section anomalies obse
In particular, the work of Ref. 35 has refuted the criticism34

concerning the evaluation of H/D intensity ratios from par
overlapping H and D peaks in the TOF spectra recorded w
the eVS instrument. It was found35 that for pure D2O, where
the D/O intensity ratio could be obtained instead of D/H, t
cross section ratio was close to normal~which means that the
anomaly found in Ref. 1 lies mainly in the H cross sectio!,
and that for the equimolar H2O-D2O mixture the H/O peak
ratio was 12.561.5 instead of the conventionally expecte
value 19.4. This finding represents a 35% reduction~which
cannot be explained by H/D overlap!, and is in agreemen
with the information from the H/D peak ratios reported f
the same mixture in the original Ref. 1. For the presen
studied metallic hydrides, peak-overlap problems are
much less relevance, as has been very recently demonst
by Abdul-Redahet al.36

H cross section reduction in neutron Compton scatter
has now also been observed for several other materials
comparing areas of clean and well resolved scattering pe
in the eVS instrument, such as for H/Nb~Refs. 14,15! and
H/C ~Refs. 37–40!.

D. The scattering times

Neutron Compton scattering~NCS! is a ‘‘fast’’ process.
This is understood already from the amount of energy tra

to

e-
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ferred @t;\/(few eV)#, and was pointed out in the discu
sion by Sears.27 Sears27 and Watson26 analyzed the NCS-
situations in detail for scattering at different angl
~corresponding to different amounts of wave-vector trans
q). They defined a scattering timets , which can be approxi-
mated as

ts~u!'
M\

q~u!^pM
2 &1/2

, ~3.11!

where^pM
2 &1/2 is the width of the momentum distribution o

the scattering nuclei andq(u) the momentum transfer a
scattering angleu. The quantity^pM

2 &1/2 can be estimated
from the vibrational energies of H~or D! in the interstitial
positions in the hydride, or can be taken directly from t
momentum width in the NCS spectra, as discussed in S
III A.

The ratio ~3.11! can also be expressed in terms of\q1

5A2mE1, which is the momentum corresponding to the
nal neutron energyE154.92 eV. With the help of the rela
tion @cf. Eq. ~3.7!#

p1

p0
5

cosu1A~M /m!22sin2u

M /m11
~3.12!

and

\2q2

2M
5

p0
2

2m
2

p1
2

2m
~3.13!

one obtains, for the transferred momentum for scattering
protons

\qH5\q1 tanu ~3.14!

and for scattering on deuterons

\qD5\q1

2A32z cosu

z
, ~3.15!

where

z5cosu1A31cos2u ~3.16!

andq1548.6 Å21.
The scattering timets can be seen as an integration tim

over which possible time-dependent phenomena are a
aged. By Eqs.~3.11! and~3.14!–~3.16! theu dependence can
be transformed to a time dependence using the equation

ts~u!5c
q1

q~u!
10215 s, ~3.17!

where the constantc depends on the mass and the vibratio
properties of the scattering hydrogen nuclei in the metal c
sidered. For H in Nb it has the valuec50.76, for D in Nb
c51.32, for H in Pdc51.01, and for D in Pdc51.68.

The timets(u) is the effective time window which is se
by the scattering angleu, the momentum transfer and th
potential the scattering particle is subject to. The informat
obtained from scattering angles in the range 40°280° corre-
18410
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spond to typical observation time ranges from 2310216 s to
1.5310215 s for protons in the metal hydrides.

IV. EXPERIMENTAL RESULTS

A. Niobium hydrides

As an example of the data obtained with the eVS
present in Fig. 3 the time-of-flight~TOF! spectrum for one of
the Nb-hydrides containing both protons and deutero
NbH0.16D0.70, as observed at one particular angleu565°.
The peaks correspond, with increasing TOF, to scatte
from H, D, and Nb. As explained in Sec. III B these pe
areasAM are proportional to the number of nuclei of massM
present in the sample, multiplied by their effective cross s
tion sM . The measured ratios

AH /ANb5xsH /sNb , AD /ANb5ysD /sNb ,

AH /AD5~xsH!/~ysD! ~4.1!

provide values forsH /sNb , etc., with an accuracy deter
mined by the uncertainties inAM , andx andy, respectively.
In the standard procedure a weighted average of the re
from the 2316 spectra~obtained for different angles! is
evaluated. The results obtained in this way for the Nb h
drides were tabulated in Ref. 14. The ratiosH /sNb obtained
from Eq. ~4.1! varied from 11.2~9! to 10~2! going from pure
NbH (xD50) to xD50.8, and the ratiosD /sNb from 1.09~3!
for xD50.96 to 0.9~1! for xD50.31. The errors given her
are purely statistical.

It is seen that the data for the cross section ratios
reduced by more than 20% forsH /sNb and by about 10%
for sD /sNb as compared to the conventionally expect
cross section ratios (sH /sNb)conv581.67/6.25513.1 and
(sD /sNb)conv57.63/6.2551.22. They represent therefore a
anomaly, similar to the anomaly which has been found
the first time by Chatzidimitriou-Dreismannet al. in liquid
H2O-D2O mixtures1 and later also in D2O solutions of urea,3

solid polystyrene,37 liquid benzene,38 and solutions of iso-
C4E1 in D2O.39 In this context it should be stressed th
metal hydrides, such as the polystyrene samples, allow a
sibility to determine the degree of anomaly separately fo
and D scattering. The Nb hydrides were, similar to the po
styrene foils mentioned earlier, freely hanging in the scat
ing chamber without the need of a container.

It is also interesting to observe that the reduction in the
cross section as observed in the hydrides is much larger
that of the D cross section, which is in line with the interpr
tation that the strong reduction ofsH /sD observed in
H2O-D2O mixtures1 is mainly due to a reduced effectiv
H-cross section, rather than a change of D cross section.
has also been shown by Chatzidimitriou-Dreismannet al. in
an experiment on D2O and the equimolar H2O-D2O mixture
very recently.35 So the area ratios ofAH /ANb andAD /ANb are
free from overlap corrections.

As stressed already,AM /AM8 ratios calculated in the way
described above are expected to be independent of scatt
angle. This seems indeed to be the case for the pure deut
NbD0.80, as seen in Fig. 4, but similar plots of the data f
8-6
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ANOMALOUS NEUTRON COMPTON SCATTERING CROSS . . . PHYSICAL REVIEW B 67, 184108 ~2003!
the H-containing samples~see Fig. 5! exhibit striking devia-
tions from this expectation. They show a clearly decreas
trend with increasing scattering angle, reaching reducti
up to 40% for the highest scattering angles. It is also nota
that for the pure NbH0.78 the curve starts out with norma
values ofsH /sNb but has strong deviations already at sc
tering angles around 55° –60°. Such strong angle depen
deviations are not existent in data from liquid water,1 solid
polystyrene,37 liquid benzene,38 and amphiphiles,39 thus in-
dicating that the different dynamics related to different co
densed matter environments cause different anomalies.

Since high scattering angles correspond to short obse
tion times, it was now natural to analyze the data in terms
scattering time, by transforming theu dependence to a de
pendence on the scattering timets using Eq. ~3.17!. The
results for the NbH0.78 sample are displayed in Fig. 6, whe
data taken at room temperature as well as at 20 K are sho
It can be seen that H nuclei in NbH0.78 show an anomalous
neutron cross section only for observation times shorter t

FIG. 4. The cross section ratiosD /sNb of NbH0.16D0.70 vs scat-
tering angleu. The horizontal line indicates the conventionally e
pected valuesD /sNb57.63/6.2551.22. An angle independen
small reduction ofsD /sNb with respect to this value is observe
~Taken from Ref. 14.!

FIG. 5. The cross section ratiosH /sNb of NbH0.78 vs scattering
angleu. The horizontal line indicates the conventionally expec
valuesH /sNb581.67/6.25513.1. A strong angle dependent redu
tion of sH /sNb with respect to this value is observed. The conve
tionally expected value is approached belowu'50°.
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around 0.6310215 s. This is a clear indication of the exis
tence of some kind of fast decaying state of the H system
this hydride. For the mixed hydrides, similar plots of th
effective H/Nb cross section,14 see Fig. 7, show a simila
strong reduction at short times but with a slower increa
approaching the conventional value. The proposed, poss
character of the anomalous state will be discussed further
but it is understood already at this point that such reducti
in cross section can only be imagined if the scattering is
by individual nuclei but by quantum correlated ones; see a
Ref. 1. According to Karlsson and Lovesey41 the coherence
length of the neutrons may still be long enough~about 2.5 Å
in the present setup! to show interference from different H
sites,42 although the de Broglie wavelength of the neutro
used here is of the order of 0.1 Å.

-

FIG. 6. The cross section ratiosH /sNb of NbH0.78 vs scattering
time ts at T5298 K ~full squares! and T520 K ~open squares!
after transformation of the scattering angleu to ts according to Eq.
~3.11!. sH /sNb is anomalously reduced up to 0.6 fs and assum
then the conventionally expected value~horizontal line!. No differ-
ences are observed between measurements at these largely dif
temperatures.~Taken from Ref. 14.!

FIG. 7. The cross section ratiosH /sNb of some of the various
mixtures of NbHxDy vs scattering timets after transformation of
the scattering angleu to ts due to Eq.~3.11!. xD5nD /(nH1nD)
indicates the mole fraction of D andx indicates the number densit
fraction of hydrogen with respect to that of the metal lattic
sH /sNb is anomalously reduced up to 0.6 fs and assumes then
conventionally expected value~horizontal line!.
8-7
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As it was expected that measurements of the tempera
dependencies may help to elucidate the character of
present anomalies, most samples were also run at 80 an
K. Within experimental error no temperature dependenc
were found forsH /sNb in any of the mixtures~see Fig. 6 for
an example!, similar to earlier low temperature experimen
on H2O/D2O.43,44 The implications of this observation wil
also be discussed in Sec. VI.

B. Palladium hydrides

Work with Pd hydrides requires hydrogenation ‘‘in situ’’
since the metal surface does not develop a protecting o
as for the Nb hydrides. The Pd-metal sample, a disc of
mm diameter, 0.5 mm thick, was placed in an Al contain
with wall thickness 0.5 mm which was connected to a h
drogen gas system with a maximum allowed pressure of
bar. The whole arrangement was placed on the cold finge
a liquid He cryostat. The amount of hydrogen absorbed a
an initial connection to a H2 ~or D2) reservoir could be de
termined only from the decrease of pressure in the calibra
volume ~including a relatively complicated tubing system!.
From the absorption enthalpy curves for the Pd-H system
is expected that the H concentration should stabilize
PdHx'0.60 where the pressure-composition diagram ha
sharp kink upwards. This is expected to happen for press
below the initial pressure used here. However, the pres
decrease actually measured corresponded to somewhat
values PdHx'0.53 ~the values calculated from the pressu
change might therefore be affected by uncertainties in p
sure and volume calibration!.

Several sets of runs were made for this pure Pd-H hyd
at room temperature, using different setups of detectors
electronics as described below in section IV C~control ex-
periments!. The results of these separate runs were alw
consistent and one of the data sets is presented in Fi
whereAH /APd is given as function of detector angleu. This
curve has a characteristic plateau at low detector angles,
ing off relatively abruptly foru.60° ~i.e., at a considerably
higher angles compared to the corresponding Nb-H cu

FIG. 8. The measured cross section ratio (sH /sPd)exp of PdH0.54

normalized by the conventionally expected value (sH /sPd)conv vs
scattering angleu. A strong angle dependent reduction ofsH /sPd

with respect to this value is observed. The conventionally expe
value is approached belowu'60° which differs from the angle
dependence of the niobium hydride; see Fig. 5.
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Fig. 5!. For comparison the experimental ratio (sH /sC)exp in
polystyrene normalized by the conventionally expected va
(sH /sC)conv vs scattering angle is shown in Fig. 9. The
data were taken from Fig. 2 of Ref. 37. In contrast to t
results on the hydrides of niobium and palladium no an
dependence is visible in the polymer~polystyrene! sample
within experimental error, which indicates that the conve
tional angle dependence being inherent to the scattering
tensity @see, e.g., Eq.~3.3!# is correctly included in the data
analysis procedure. The constancy of (sH /sC)exp in the
polymer sample is related to the fact that these data fall o
lower time scale because of a larger^pH

2 &1/2 factor in Eq.
~3.11!. The polymer data show also a reduced H cross s
tion, but no transition to the normal value within the sho
time range covered (,0.5 fs).

When converted to a scattering time dependencets(u)
the drop of the scattering intensity for the Pd-H sample tu
out to correspond to the samets'0.6 fs as in the Nb-H case
since the conversion factor for the Pd system is different~see
Sec. III C!. The absolute values derived for the effecti
cross section ratiosH /sPd depend on the actual H concen
tration. With the composition PdH0.53 calculated from the
pressure data the long-time saturation value ofsH /sPd
5AH /(0.53APd) comes out about 15% higher than the tab
lated cross section ratio 16.0. The saturation value ofAH /APd
corresponds actually more closely to the composition PdH0.6
expected from the thermodynamic data. To avoid this unc
tainty, the Pd-H data were instead normalized by dividing
pointsAH /APd by the saturation value for long times~i.e., the
mean of data taken foru,50°). These data are compare
with the corresponding values of NbH0.78 in Fig. 10.

The information from Fig. 10 is interesting. Large cro
section anomalies exist for neutron scattering on proton
both materials; for Pd-H even somewhat larger than
Nb-H. The time within which they disappear is very simila
about 0.6 fs. A run at 4 K for the Pd-H sample~not shown
here! showed only minor differences except perhaps at

d

FIG. 9. For comparison, the experimental ratio (sH /sC)exp in
polystyrene normalized by the conventionally expected va
(sH /sC)conv vs scattering angle is shown. Data are taken from F
2 of Ref. 37. In contrast to the results on the hydrides of niobi
and palladium no angle dependence is visible here within exp
mental error, which indicates that the conventional angle dep
dence being inherent to scattering intensity@see, e.g., Eqs.~3.3! and
~3.8!# is correctly included in the data analysis procedure
8-8
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ANOMALOUS NEUTRON COMPTON SCATTERING CROSS . . . PHYSICAL REVIEW B 67, 184108 ~2003!
highest scattering angles~5 shortest times! which showed a
slight tendency towards higher anomalies than at room t
perature. This observation was also in agreement with
previous experiments on the Nb-H system. In summa
within present experimental error, there is no significant d
ference between the run atT54 K and that one at room
temperature.

A few experiments were performed with deuterated P
but difficulties in sample preparation allowed only a limite
set of data to be obtained. They indicate a slowly decrea
sD /sPd ratio in an angular range between 30° and 80
which corresponds tots'1.023.1 fs.

Data from backscattering angles (u.120°) were neces
sary since for these angles the peaks corresponding to Pd
Al ~in the cans! could be partially resolved in the TOF spe
tra. This is because a calculation based on the sample
sample holder geometry cannot be accurate enough to
mate the ratio of different masses covered by the neu
beam.

C. Control experiments

Since the present results deviate strongly from conv
tional expectation, several control experiments were car
out in direct connection to the collection of the data p
sented above. In particular, it was important to check the d
for the higher scattering angles (u.55°) for which the H
cross section data show a strong angular dependence.

In this context it should be remembered that the T
spectra, as that shown in Fig. 3, are the results of a sub
tion of an Au-resonant spectrum from a nonresonant on
the ‘‘foil-in/foil-out’’ operation ~see Fig. 2!. According to the
kinematic relation~3.9! the H peak moves from a position a
210ms in the TOF spectrum at 55° to 100ms at 75°,~which
was the highest angles used for present H data!. It might
therefore be suspected that counting losses could affec
evaluation of the areasAH more for the higher angles tha
for the lower ones and several possible causes for such lo

FIG. 10. The cross section ratiosH /sPd of PdH0.54 andsH /sNb

of NbH0.78 vs scattering timets after normalization with their cor-
responding conventional values for comparison. Despite their
ferent angle dependence behaviors~see Figs. 5 and 8!, the same
dependence onts is observed.~Taken from Ref. 15.!
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were considered. They might occur in the neutron detec
themselves, in the data buffers and in the electronics
forming the histogram formation. The dead times at each
these steps were studied carefully and the maximum rela
errors estimated at the actual counting rates in the low T
part of the spectra. The sample thickness was chosen su
to keep these maximum uncertainties at the level of a
percent.~A preliminary run with double sample thicknes
and therefore double counting rate, did not deviate appre
bly from the later, main runs.! As an additional security, the
detector banks covering the higher angles were always c
nected to the histogramming units that had the least coun
load. Several spectra were taken at the same sample
geometric conditions, but with interchange of detectors
electronic acquisition units, in order to track down the acti
of possible faulty or overloaded components. No system
differences could be observed in the data obtained.

Other possible causes for systematic errors would co
from multiple scattering in the target foils~and for the case
of Pd hydrides the scattering from the Al cans!. A self-
evident test for sample thickness effects is to turn the ta
foils with respect to the incoming neutron beam and the
tector banks such that both in- and outgoing neutrons p
etrate a minimum of matter. As an example of control expe
ments the plane of the PdH metal hydride foil was chang
from 90° to 60° with respect to the incoming beam. T
variation of theAH /APd area ratios with detector angle re
mained unchanged, within statistical errors. This confirm
the results of Monte Carlo calculations of the effect of m
tiple scattering~see below! which showed that this contribu
tion is very small and is distributed evenly over the TO
spectra and could not give rise to any strong anomaly in
peak ratios; see Sec. IV D below.

In a different kind of control experiment, samples wi
different material characteristics were introduced, in betwe
runs with the metal hydride foils, with no changes whats
ever of detectors or electronics. These comparison tar
were selected to give about the same counting intensitie
in the main experiments. One of these was a mix
H2O-D2O sample, with known characteristics from Ref.
and many other measurements.38 Another one used in con
nection with our experiments on Pd hydrides was a fre
hanging foil of polystyrene, as recently reported
Chatzidimitriou-Dreismannet al. in Ref. 37. The polystyrene
data are essentially independent of detector angle,37 while
the AH /APd data fall off strongly at higher scattering angle
although the same experimental setup has been used. T
a direct confirmation that the drop of the H cross section
PdH0.6 is not the result of counting losses~or faulty back-
ground subtraction! in the H peaks of the TOF spectra at lo
flight times ~high scattering angles!.

D. Monte Carlo simulations of multiple scattering

The data treatment of the experiments~see Sec. III C!
makes use of the expressions~3.1!–~3.10! which are based
on single neutron scattering events only. To find out to w
extent multiple scattering~MS! in the samples could influ-
ence the results, a Monte Carlo program~DINSMS!, available

f-
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E. B. KARLSSONet al. PHYSICAL REVIEW B 67, 184108 ~2003!
at ISIS, was used. The MS program calculates the atte
tion lengthm0(v0) for each incident velocityv0, based on
tabulated neutron scattering and absorption cross sec
data.45 For a recent application of the simulation progra
see Ref. 46.

The samples used in the present experiments are
metal foils of thicknessD<0.5 mm, placed either perpen
dicular or with a tilt angle off degrees with respect to th
incoming beam~Fig. 11!.

For the calculation of the multiple-scattering correction
the ratio between ‘‘twice’’ (A-C-D-F) and ‘‘once’’ (A-C-E)

FIG. 11. ~a! Shown is the geometry of the scattering process
it occurs once~full line arrows! and twice~dashed line arrows! for
the Monte Carlo simulations of multiple scattering probabiliti
which are as follows:~i! Single scattering: The neutron enters t
sample at point A under an anglef, is scattered by the nucleus~C!
and is deflected by a scattering angleu and leaves the sample a
point E. Otherwise it leaves the sample at point B without inter
tion. ~ii ! Double scattering: After being scattered by nucleus C,
neutron hits a second nucleus~D! before leaving the sample at poin
F and gets detected by the same detector that has detected the
tron which has been scattered once.~b! Shown are the single sca
tering ~full line! and the multiple scattering~dotted line! time of
flight spectra of PdH as simulated with the Monte Carlo Method
a scattering angleu572.5°. For the sake of visibility, the multiple
scattering ismultiplied by a factor of10. As can be seen, the mu
tiple scattering contribution is very small and rather evenly distr
uted over the time of flight.
18410
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scattered neutrons was calculated. It was found that, with
relatively thin metal foils used in the present experimen
the multiple scattering intensity was always small in co
parison to that for single scattering. One example of th
simulations is presented in Fig. 11, where the multiple sc
tering contributions from the PdH sample~the thickest one in
this series! was compared with the single scattering for
TOF spectrum taken atu572.5°. Even at this high angle
where the neutron path length in the sample is relativ
large, the multiple scattering contribution~dotted curve! is
small, and almost negligible compared to the anoma
found in the H/Pd peak ratios discussed in the present pa

V. REMARKS ON THEORETICAL INTERPRETATIONS

As is evident from the discussions presented above,
conventional explanation for the observed anomalies
been found.

~a! As explained above, Eq.~3.10! is strictly valid within
conventional theory.

~b! The area ratiosAH /AM , whereM represents scatterin
on a heavy nucleus, have been obtained under clean co
tions ~no problems with overlapping tails, which could hav
caused problems of the type discussed in Ref. 34; thi
particularly clear for scattering angles larger than, say, 5
where the peaks are widely separated!. In the Nb-H experi-
ments there is no background due to containers, etc
could have caused uncertainties in these ratios.

~c! The program for calculation of areas at the eVS sp
trometer has been carefully checked and it was found that
approximations used in it cannot lead to errors exceedin
few percent, i.e., far below the anomalies observed. In
program, all peaks~including the high-energy H peak! are
composed of all events, with separate initial neutron energ
E0 and momentum transfersq. The peaks are all found to b
well described by Gaussians in theJ(Y) representation. This
program has also the option to take into account final s
effects~FSE! which lead to distorted Gaussians in theJ(Y)
representation~see Sec. III C!, but our analysis has show
that FSE play no role in the determination of peak are
@although they usually affect the shape ofJ(Y)].

~d! Multiple scattering has been minimized and the
maining contribution was calculated to be far beyond
20% anomalies observed~see Sec. IV D!.

~e! Possible errors due to dead-time losses in detec
and data handling have been found to be negligible both
specially dedicated experiments and by measuring on o
samples which do not show strong angular dependencies
der similar counting rate conditions

Therefore, the reason for the anomalies observed here
in experiments on other materials~water, organic liquids,
polymers, etc.! must be sought on a deeper level. To interp
anomalies observed with Raman scattering in liquid water6 a
first theoretical model of scattering from entangled partic
~i.e., OH oscillators! was proposed by Chatzidimitriou
Dreismannet al.,6 which was based on exchange corre
tions. Further theoretical models based on quantum corr
tion effects between the scattering particles have b
developed by Karlsson and Lovesey47,41 and by
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ANOMALOUS NEUTRON COMPTON SCATTERING CROSS . . . PHYSICAL REVIEW B 67, 184108 ~2003!
Chatzidimitriou-Dreismannet al.40,48 These theories have i
common that cross section losses observed by NCS are
to quantum entanglement of scattering particles, but di
concerning the assumed reason for the entanglement as
as the role that decoherence plays.

In the models by Karlsson and Lovesey47,41 and
Chatzidimitriou-Dreismannet al.6 it is assumed that ex
change correlations are the dominating reason for entan
ment ~i.e., the nonseparability of the wave functions for d
ferent scattering particles!, and calculations are carried ou
starting from purely exchange correlated states of two fer
onic ~protons or OH oscillators! or two bosonic systems
~deuterons of OD oscillators!. In Refs. 47,41 this was show
to result in strong NCS cross section reductions for pro
pairs ~down to 1/3 of the standard value when the parti
vibrations are isotropic with respect to the transferred m
mentumq in Compton scattering! and a smaller reduction fo
deuteron pairs. The same model has recently been use
Karlsson49 for a quantitative explanation of thesH /sD
anomalies in water observed in the original NCS experim
of Chatzidimitriou-Dreismannet al.1 Effects of decoherence
were essential in the model of Ref. 6 but were not introdu
in the model of Refs. 47,41. In Ref. 49, decoherence effe
were added by Karlsson, but were found to destroy the
fects of the exchange correlations only for times longer th
around 20 fs, a number determined by the characteristic fl
tuations in water. This model has not yet been developed
the more complicated proton configurations~and decoher-
ence mechanisms! in systems like the presently studied m
tallic hydrides, but anomalies similar to those in the simp
system are expected to exist, although of lower magnitu

The observation of strong NCS anomalies even in ma
rials containing tightly confined protons in covalent C-
bonds37,39,38,40motivated an associated theoretical model
Chatzidimitriou-Dreismannet al.,37,40,48 in which quantum
entanglement is created by the dynamics of interacting
tems~e.g., protons ‘‘dressed’’ with electronic degrees of fre
dom!. If the interaction HamiltonianVab—describing inter-
particle and/or particle-environment interactions—does
commute with the one-particle effective HamiltoniansHa
and Hb of the single particles, then the complete evoluti
operatorUab(t)5exp@2it(Ha1Hb1Vab)/\# does not factor-
ize into terms describing the individual dynamics of each
the particles, which leads to entanglement between
particles.38,39Further interactions with the environment cau
decoherence. The point now is that entanglement alone is
sufficient to explain the NCS results. Instead, both effects
entanglement and decoherence, taken together, appear
the cause of the reductions of observed cross section
H.37,40,48Moreover, as already theoretically predicted,37,39,38

anomalous reductions of cross sections can appear ev
exchange correlations are absent.~A NCS experiment to tes
this crucial point is under progress.!

VI. DECOHERENCE TIME

The gradual disappearance of the anomalies for lon
scattering~or observation! times in Figs. 6, 7, 10 is inter
preted as an effect of quantum decoherence. In conde
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matter systems, coherence is expected to be lost very m
faster than in the systems studied by quantum optics~where
coherence can be preserved over times of the order of mi
seconds!.

Order-of-magnitude estimates can be obtained from
expression for the decoherence rateL given by Joos and Zeh
~see Ref. 50!

L51/tdec5kkq
2nur 82r u2, ~6.1!

whereur 82r u is the spatial extension of an ‘‘entangled’’ m
croscopic quantum system,n the number of quanta hitting i
per time unit, andkq the momentum of such quanta (k is a
constant of the order of 1!. A quantum object with the exten
sion of a few Å, embedded in a solid with a typical phon
spectrum, has been estimated14 to lose coherence in a tim
less than 10215 s.

Generally, in the absence of external perturbations the
coherence time is determined by the interaction of the
tangled system with ‘‘the rest of the world,’’ i.e., by colli
sions with phonons, electrons, etc. in thermal equilibriu
with the system, and is expected to show a temperature
pendence.

Comparing the low- and high-temperature results
NbH0.78 it is noted that the data in Fig. 6 for 20 and 300
practically coincide. A very similar time dependence w
also seen for Pd-H at room temperature, see Fig. 10. Th
an indication that the time for losing the coherence~i.e., the
decoherence timetdec) is not set by thermal processes in th
present type of experiments, but probably~i! by characteris-
tic response times of electron densities surrounding the s
tering nuclei~see Refs. 39,38! and/or~ii ! by the perturbations
caused by the measuring process~i.e., the neutron-proton
collision! itself. For example, it is to be expected that in t
Compton scattering, which is a violent process, spatial qu
tum coherence between two protons~or deuterons! will be
destroyed as soon as one of them starts to leave the equ
rium position, producing excitations in the metal hydride la
tice and/or electronic excitations in the surrounding equil
rium electron density. With the recoil energies typical for t
present experiments, the first fs corresponds to motion o
distances of 0.1–1 Å. Phonons can be excited in the m
and H sublattices~and also in the D sublattices, in the mixe
hydrides!. A dependence of the coherence loss on the co
position of the hydrides~as visible from Fig. 7 for the
NbHxDy system! is therefore not unexpected, since the ph
non densities of states are considerably different for Nb
NbD, and the NbHxDy mixed hydrides. It is conceivable tha
the strong local perturbation associated with the recoi
more likely to excite the highest energy modes~which are
those of the H-sublattice vibrations! than the less energeti
ones. This is a hypothesis that may explain why the tran
tion to ‘‘normal’’ cross sections is faster for NbH0.78 than for
the NbHxDy samples.

Here a comparison should be made with the experime
on polystyrene ~presented by Chatzidimitriou-Dreisman
et al. in Ref. 37, see also Ref. 38! and used here as referenc
sample in our control experiments~see Sec. IV C! and also
with the earlier data on liquid water,1 which both showed
8-11
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E. B. KARLSSONet al. PHYSICAL REVIEW B 67, 184108 ~2003!
large cross sections anomalies but only weak dependenc
scattering angleu. When theq dependence is converted in
a ts dependence by Eq.~3.11!, for these materials the obse
vations turn out to fall in the 0.05–0.5 fs range because
the essentially higher momentum spread^pH

2 &1/2. These sys-
tems are probably observed, in the NCS experiments u
the Au foil, over a time interval which is never much long
than the decoherence time.

VII. CONCLUSIONS

The anomalous neutron cross sections observed here
in our previous works~e.g., Refs. 1,3,14,15,37,39,38! do not
seem to be possible to explain without a considerable c
ceptual change in the conventional quantum description
condensed matter systems. The main reason why the ex
introduction of entanglement in condensed matter syst
has not been necessary before is that very few experime
methods work on time scales where its effects become
servable. The eVS instrument at the ISIS neutron spalla
source, Rutherford Appleton Laboratory, is unique in t
sense that it has sufficient intensity to allow studies of
scattering intensity for scattering times in the fs~and sub-fs!
range. With the present studies in the sub-femtosecond
range it has become possible to show that the anoma
cross sections are connected with very short-lived, ‘‘anom
lous’’ states of the scattering particles.

The exact character of these scattering states remain
be clarified, but it seems clear that the protons~or deuterons!
in the metal hydride systems studied here~and in other sys-
tems, e.g. liquid water,1,35 solid polysterene,37,38 liquid
benzene,38 amphiphilic molecules,39 etc.! can no longer be
regarded as a collection of individual scatterers. The red
tions observed in the cross sections must be related to~i!
quantum phase relations in the amplitudes of different s
terers, giving rise to interferences47,41and/or~ii ! an interplay
of ~two- or many-particle! quantum entanglement and dec
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