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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 hydrog®nand deuteriun{D) in two metal hydrides have been
studied in the Comptofor deep inelasticscattering 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 (deuteroni¢ 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.
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I. INTRODUCTION tems.
The motivation of the present measurements was to

In recent neutron scattering experiments on partially deusearch for similar evidence for short-lived quantum correla-
terated watér® using epithermal neutrons effectuating en-tions in another type of condensed matter system, namely,
ergy transfers for the case of protons of aboutZ50 eV,  the metallic hydrides. The physical properties of many of the
which results in neutron Compton scatteriCS), the ra-  metallic hydrides are very well known with regard to phase
tios between H and D cross sections were found to b@iagrams and Crysta”ographic sites for hydroée"f‘he dy_
strongly different from those expected from tabulated valuespamical properties of the metal-hydrogen lattices and the
This was surprising, since the neutron wavelength in thignopility of hydrogen isotopes between different lattice sites
case is very shoisay, 0.1 A, and no conventional explana- pave also been carefully studied, in particular for the
tion for these anomalies was found. It was therefore prONb-H(D) and Pd-HD) system§.
posed that they are caused by quantum correlations between The Nb-HD) and Pd-HD) systems were therefore cho-
adjacent protons or deutero(es both) such that the neutrons sen to find out if, and under what conditions, short-lived

no longer see them as individual scattering objéctsror : . . .
thermal neutrons, such correlation effects are well known foguantum correlations between light particles in condensed

the specific case of 41 but there are also recent measure—matter may survive. In some metal-hydrogen systems there

ments of the incoherent elastic scattering of neutrons of in?X'St‘ad already other experimental results which had not

termediate energyaround 0.5 ey on crystals of KHCQ been properly explained l_:)y existing theories: One _such prob-
(Ref. 4 which show interferences that can be interprétesi €M was the reduced diffusion rate of protons in NgH
resulting from quantum correlations of two protons takingVhen they were present as neighbors to implanted positive
part in neighboring hydrogen bonds. muons® In this and similar hydride®*! it was found that

If such quantum correlations indeed exist, it is relevant toProton jump rates were reduced by large fact@s10, as
ask if their effects can be observed also by other measuringompared to those in normal bulk hydrides. One suggested
techniques and in other physical systems. The most strikingxplanation” was that in the vicinity of the muotwhich in
supporting indication of the existence of such correlations ighis context can be considered as a light isotope of hydro-
the observation of anomalous Raman scattering on partiallgen, there is a destruction of proton quantum correlations
deuterated water by Chatzidimitriou-Dreismaeinal® This ~ which normally would serve to enhance diffusion. Another
showed a similar strong reduction of the proton/deuterordiffusion-related set of experiments had been performed on
cross section ratio. It is interesting to note that Raman andhixed hydrogen isotopes diffusing on the surface of a
neutron Compton scattering operate at shorter time scalesetal™® There it was observed that when H was mixed with
than, for instance, thermal neutron scattering and are ther® (or H with T, or D with T) the diffusivity was drastically
fore probing very short-lived properties of the quantum sys+feduced as compared to that of the pure isotopes, again indi-
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ity between the zero-pointEp) and first vibrational E,)
a SP— levels of the vibration and the relation®™ =% w/2; E}™"
g e Y o ) =3%w/2, one obtains a position of around 50 meV above
o o ol the bottom of the well for the zero-point level in Nhtdnd
. correspondingly, around 35 meV for NbIrhese values will

enter in the following discussion, as well as the root-mean-
square values of the momentum widtp?)*? or (p3)*/? of
the particle vibrations. Values ofp?)*¥%4=4.5 A" and
(p3)Y31h=5.2 A=* were determinedi) from the relation
between vibrational energy and momentum spread used by
Evanset al.® and (i) from our own experiments, where the
peak width in a TOF spectrum is related (p?)*2 Direct
measurements of the same quantities in the present experi-
ments (see Sec. IVA gave the values (pﬁ)l’zlﬁ
=4.33 A°* and (p3)Y%#7=5.0 A"1. Since the difference
between ground and excited state energies is in both cases of
the order of 100 meV, the population of the excited vibra-
tional states are rather small at room temperature and below.
When kept in ambient atmosphere, hydrogenated foils of
b are covered by a thin natural oxide layer which serves as

FIG. 1. (a) Tetragonally distorted bcc lattice @f-phase NbH.
The H sites form chains connecting tetrahedral positions in the N

cube faces. Full circles denote the Nb host lattice, whereas the op ffici barrier for hvd f
circles denote H or D atoms and open squares indicate the remai n efiicient barrier for hydrogen up .to temperatures 0_ at
ing vacancies(b) Top view of the PdH; fcc lattice. Open large east 450 K. The hydrogenated Nb foils, which had a thick-

circles represent the Pd atoms. Interstitial H atofsmiall full €SS 0f 0.5 mm and an area 0f880 mm could therefore be

circles are situated in th¢420] planes alternating with pairs of Mmounted, freely hanging in an Al frame for measurements at

empty H sitesopen small circles room temperature. For the lower temperatures the Nb foils
were mounted in a thin-walled closed-cycle cryostat. In both

cating some kind of correlated motion in the pure systemsituations, the scattering from surrounding material was kept
that was destroyed by the presence of nonidentical particle@t @ minimum. NbKD, hydrides with x+y~0.80 [x
Brief reports on our results for neutron Compton scattering=0-78, y=0; x=0.61y=0.28; x=0.39, y=0.46; x

on the Nb-hydrides were presented earlier by Karlssbn =0.16,y=0.70;x=0.03,y=0.80] were prepared in a spe-

al.** and for Pd hydrides by Abdul-Redatt al® cialized hydrogenation setup in UppsAlly first heating the
Nb foils in vacuum at 1000 °C and then exposing them to

pure H, or D, gas at a pressure of 2—2.5 bar and a tempera-
ture of 340 °C for 1.5 h. They were then used directly for the
A. Niobium hydrides neutron scattering experiments. For the low temperature

measurements a standard closed-cycle cryostat was used.

Most of our experiments on niobium hydrides were madeTh : : . ; ;
. . . I . e isotope ratios for the mixed hydrides were determined
with the hydrides in the beta phase, which is stable in NbH o .
(or NbD,) for x values approximately between 0.73 and 1.00:icilcgurately (2%)7 by a mass spectrometer after outgas

and in the temperature range 200-370 K. In ghghase, the
bce Nb lattice is slightly tetragonally distorted. The hydrogen
takes up tetrahedral positions in the Nb cube faces and the
energetically most favored H sites form chains connecting Palladium absorbs hydrogen at room temperature. The
such tetrahedral sites, as illustrated in Fi¢p)1lwith empty  alpha-phase is saturated at about 2% H, whep@-zhase
tetrahedral sites in the layers between being filled only ahydride PdH starts to grow and is fully developed at
higher x. For temperatures below 200 K, at thlxevalues ~0.60. The question of local clustering of H atoms within
studied here, the Héor D-) sublattice orders such that the the o phase has been discussed by @bxl?! who consid-
“strings” mentioned above are occupied by prot@r deu- ered the stability of pairs or larger H groups within the Pd
teron pairs with regular spaced vacancies in between, bulattice. In theB phase the lattice maintains its fcc symmetry
the lattice remains tetragonally distorted, as in the betabut is expanded by about 3.5%@:he protongor deuterons
phase. occupy interstitial sites of octahedral symmetry. Biphase

In the tetrahedral positions, protons or deuterons are sitthydride is also considered to be a solid solutibe., without
ated in potential wells whose properties have been studied bil-H ordering over the temperature and concentration range
inelastic neutron scattering. For Nbkh the 8 phase, Verdan considered here. For the Pd-D system a partial ordering, with
et al1® obtained for the difference between the zero pointfilling only of sites in alternating planessimilar to that de-
vibrational level(i.e., the ground stateand the first excited scribed for the “chains” the Nb hydrid¢shas been observed
state an energy of 114 melthe corresponding value for by neutron diffraction by Blaschket al.?? see Fig. 1b), and
NbD, as measured by Conra al!'’ and Stumpet al.'® itis probable that a similar arrangement is valid also for the
being AEVP'~70 meV). Assuming approximate harmonic- Pd-H system at the H concentrations studied here.

Il. THE METAL HYDRIDE SAMPLES

B. Palladium hydrides
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In the octahedral siteBY""— E}*"'=68(2) meV for PdH the one-dimensional projection of the nuclear momentum
(Ref. 23 [and 484) meV for PdD], which corresponds to distribution along the scattering vector direction.

EyP'~30 meV for the zero-point vibration of Hand The determination of the shape and width of this profile is
~20 meV for PdD. The values of p?)*2 were estimated as the purpose of most experiments using Compton scattering.
(pﬁ)”z/ﬁ=3.4 A1 and(p%)l’2/ﬁ=4.1 A1 In contrast, the aim of present experiments is to determine

The hydrogenation of the 0.5 mm thick Pd foils was donethe areas of the profile curves in order to determine neutron
in situ at ISIS. The sample car(golume 11.3 cr), which ~ Cr0SS sections. This is done by comparing areas of the Comp-
were placed at the end of a cryostat rod, were connected to!@N Profiles for scattering on H and D with those obtained for
gas system with a reference volume of 10003cand the  Scattering on heavy nuclei present in the same targets.

absorbed Hor D) was monitored through the decrease of the ~When several different atomic massiés are present in
gas pressure. the samples the neutron spectrum consists of peaks centered

on different recoil energies,y , whose widths are deter-
mined by the momentum distributions(py) for each
atomic mass. The number of cour@{t)At collected in a
A. Neutron Compton scattering time channel of widthAt centered at is given by®

The neutron Compton scatteringCS) techniqué*~2° dE &0
(also called deep inelastic neutron scattering, DINSes ¢ (t\At=|I(E —OAt} ENAQF(E Ny —
“high energetic” (so-called epithermaheutrons with kinetic ® (Bo)gp At|L7(E) A1 l)]%: MdQdE;’
energy up to some hundreds eV. Sufficiently intense fluxes of (3.4
such neutrons are presently provided only by pulsed neutron . .
spallation sources. Our experiments have been performe\ﬂherel(E(g_ IS thehnulmberhof m;l;_dﬁnt.giugrons pgrEm
with the electron-volt spectrometer eVS of the ISIS Spa"a_correspon Ing tOF € t|me(_: 3”" Ith widt .t’ Ni Is the
tion neutron sourcéRutherford Appleton Laboratory, U.K. number of scattering nuclei with malt f(E,) is the energy

In this section we give an outline of basic elements of thd€Solution of the analyzer, ang(E,) is the detector effi-

theory of NCS. The theoretical considerations are following®'€"¢Y: o
the works of Seaf and Watsor® Using Eg. (3.3, substituting the wave numbers by the

The double differential cross section for the scattering of £°/Teésponding velocities and incorporating the instrument
neutron by a nucleuof a system ofN identical nuclel is resolutlon function in momentum spaB¢Y), the count rate
is

given by

Ill. NCS MEASUREMENTS

d2(T k U1 |: d 0:|
7 _p2t C(t)y=——|1(Eg)—+—
d0dE; kaoanM, (3.2 (t) pp— (Bo) gt
whereby, is _the scattering amphtude fSr nu<:2Ie| of malgs X[W(El)AQf(El)]E Ny oM Iu (€, Vi)
(corresponding to a total cross sectiog = 4by, for bound M

nucle), g=ko—k; is the momentum transferred in the col-
lision and w=Ey—E; is the neutron energy lossndices
“0” and “1” refer to neutron states before and after the
collision, and the conventioh=1 is used here Since the
impulse approximatio{lA) is valid in the present experi-
ment, the dynamic structure fact&,(q,») can be accu-
rately described by the form

@R(Yn), (3.5

where ® denotes a convolutiorR(Y) is a Gaussian in the

case thaa U foil is used as analyzing foil, and a Voigt if an

Au foil is used. The following should be pointed out: It is a

big advantage of the inverted geometry spectrometarsh

as the eV¥that in the “foil in/foil out” difference spectrum

the neutrons contributing to a scattering intensity have the

Sm(q,w):f n(p) (w—w,—q-p/M)dp, (3.2  same peak final enerdy.Monte Carlo simulations showed

that the energy dependent detector efficiency related to the

wheren(p) is the momentum distribution for the scattering finite energy resolution of the analyzer foils has o_nly a minor
effect (<1%) on the data. Therefore, the possible energy

nucleus andv, =g%/2M the recoil energy. If the momentum q g fthe d 's effic b irrel d
distribution is isotropic the dynamic structure factor can alsg ependence of the detector's efficiency becomes irrelevant in

. : : . ; the present physical context.
be described in IA by a simple scaling functidie,,Y), . '
using the transformati%ﬁ P 9 e, Y) According to Eqgs(3.3) and(3.4) the fitted peaks for each

mass, taken within each detector solid angl@ (i.e., at a
M certain scattering anglé+ A 6) are expected to be propor-
S(q,w)= EJ(eq,Y), (3.3  tional to the qur:mtitiei;l,\,“bf,liENibi2 for each of the masses
M; . (To simplify notations, the subscrip may be dropped
whereY=(M/q)(w—q?%/2M), €y is a unit vector along the here and in the following.The dependence on the mass ratio
direction ofg, andq=|q|. The functionJy (e, Y) is called ~m/M; (m: neutron massat the specific angle, etc., is
the neutron Compton profile. The quantity5,(q,») de- included for each mass in the data analysis program such that
pends only onY and not onw andq separatelyJy(e;,Y) is  the area ratiog\;/A; presented in the following are propor-
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nucleus, Eq(3.3), convoluted with the line shape of the foil
absorption. In our experiments presented below we used a
gold foil analyzer, which has a Lorentzian shaped resonance
absorption centered at 4908 meV and a half width at half
maximum(HWHM) of 130 meV. The velocity of an incident
neutron is determined from the measurement of the neutron
_ TOF via Eq.(3.7) below. Another option available at the eVS
L H D .. Nb - instrument(which, however, was not used in the present ex-
e periment$ is to use a uranium absorption resonance centered
at 6771 meV with a HWHM of 60 meV, which is Gaussian
shaped. This option is often used in such experiments, in
which the primary goal is to determine precisely the shape of
FIG. 2. Upper part: Foil irfull line)/Foil out (dotted ling spec-  the recoil peak, rather than its integral intensity, as in our
trum of NbH, ;Do 70 Measured at an anglé=65°. The dips are Case. However, the U absorption resonance is much weaker
due to resonance absorption of the gold analyzer(ggk text for ~ than that of Au(roughly by a factor of 1§ which necessi-
more details Lower part: Difference spectrurtindicated by the tates considerably longer measuring times.

Intensity [arb.units]

et IIl"'.""""""‘I TR LT
1000 150 200 250 300 350 400 450
Time of flight [ps]

small error bars due to counting statisliex the foil inffoil out The scattered neutrons are collected by 82 doped
spectra. Peaks with increasing time of flight are due to H, D, andjlass detector® In these detectors the neutrons produce
Nb. and 3He particles when hitting th&Li nuclei. The particles

excite Ce iongalso doped into the glass bars, which are 25
tional to the ratios*.)izlbj2 and therefore also to the ratio of the X200 mm each The 190 nm photons from the Ce decay are

bound nuclear cross sections/o; . picked up by photo multiplier tubes producing pulses of
about 100 ns duration.
B. The eV spectrometer The events from the different detectors in each bank are

) i ) ) collected in buffers and fed to one of the two PPpihg-
The eV spectrometer is a time of fligfkOF) instrument. pong frame memojyunits (which one to chose can be se-

The TOF spectra are recorded with respect to the time eaqfceq externally, so as to minimize the load on each of them
neutron takes from the neutron moderatwhich is situated ¢, the specific scattering angle ranges Usdthe informa-

directly after the spallation targeto the detector. This time  jop, is then sent further for histogram formation. Particular

of flight of each neutron is formally given by care was taken in the present experiments to avoid overload-
. ing in any of these steps, which could lead to counting losses
t=to+LolvotLalvy, B8 4t certain angles. Dead time losses were kept below a few
wheret, is a time constant that determines which channel inPercent, even at the highest counting rates used. The perfor-
the time of flight spectrum corresponds (iofinitely fasy ~ mance of the whole data acquisition system was also
neutrons with zero time of flighThis is determined by elec- checked repeatedly by interchanging buffers and PPFM units
tronic delay times in the detector-discriminator-electronicsbetween the different detector banks. _
computer chain Lo is the distance from moderator to  The detector banks of eVS were placed such that angles in

sample(11.055 m and L, is the distance from sample to the range between 30° and 80° were covered in the forward
detector(around 0.5 mandv, andv; are the neutron ve- direction and 100° to 130° in the backward direction. Peaks
locities before and after the scattering process, respectivelgorresponding to scattering on protons, deuterons, and
The time of flightt is measured with an accuracy of around heavier nucleifrom Nb, Pd, or Al containejsappear in the

1 us. time regime 0-50Qus.

The eVS instrument is a so-called inverted geonfétry ~ The time at which the recoil peak of a specific nucleus
spectrometer. In this experimental technique, the sample @Ppears in the TOF spectrum depends on the ratio of the
exposed to a polychromatic neutron beam and the energy @fven velocityv;=k;/m of the scattered neutrons to that
the scattered neutrons is analyzed. For this purpose a nucle@€-, vo=Ko/m) of the incident neutrons. The quantity is
resonance difference technique is used, which consists in tHee mass of the neutron. This ratio is given by
following. A foil situated between sample and detector

: M2 —sireg
strongly absorbs neutrons over a narrow range of energies, vi_ kg cosf+y(M/m) sin’¢ 3.7
centered at the neutron absorption resonance specific for the vo ko M/m+1 '

nuclei in the foil material. In order to get TOF spectra allow-
ing the analysis of intensities corresponding to the differen
sc_attering nuclei, two measurements are taken: one with the q=(k§+k§—2k0k1 cosf) 12 (3.9

foil between the sample and detector and one with removed

foil. The difference between these two spectra gives the finahat holds due to momentum conservation, gives the peak
TOF spectrum, cf. Fig. 2. This procedure is automatic angosition in the TOF spectrum for each scattering nucleus of
histograms are collected alternatingly with “foil in” and specific mas#/ (for a detector at scattering angl¢. There-

“foil out” in periods of 5 min. The line shape of a measured fore, the TOF spectra exhibit two features. First, the higher
recoil peak is governed by the momentum distribution of thethe mass of the scattering nucleus, the larger is the time at

%NhiCh, together with

184108-4



ANOMALOUS NEUTRON COMPTON SCATTERING CRGCS. . . PHYSICAL REVIEW B 67, 184108 (2003

' ' ' ' ' ' spectrum(including error barsand its fitted spectrungfull

6 =65deg i line).

i The peak areas thus determined are proportional to the
product of the totaboundscattering cross sectios, and

the number densitil,, of atoms of the masil present in the
sample, i.e.,

Intensity [arb.units]

E AMNUMNM' (39)

Therefore, if the number densities for two atoms with differ-
ent masses are known, the following equation holds strictly:

1 1 1 1 Ll
180 200 250 300 350 400 450
Time of flight [ps]
ot A _ Nio

—_=— 3.1
FIG. 3. Measured time of flight spectrufimdicated by the error Aj  Njo; (310

barg of NbHy D70 Mmeasured at an anglé=65° as in Fig. 2 . .

together with the corresponding fit. The three peaks correspond tgince the conventionally expected values of the bound scat-

H, D, and Nb(from the left to the right Only the peak heights are tering cross sectiom; ando; are given in standard tablés,

fit parameters. The peak position in time of flight is known by thethe validity of the basic Eq(3.10 is directly subject to ex-

mass of the scatterer. The peak fixed widths are known from indeperimental test.

pendent measurements; see text for more det@itden from Ref. Very recently, Blosteiret al3* criticized the widely used

14) expression for the experimentally observed spectral intensity

in terms of a convolutior(see Sec. Il A and proposed a

which its corresponding peak appears in the TOF spectru rocedure based on th? complete absorption cross section of
the used absorption foilAu in the case of present experi-

(cf. Fig. 2. Second, for a nucleus of specific mass, increas

ing the scattering angle corresponds to a shift of the recoﬁnents)'. They concluded that the “usually gmployed .dat‘:’,l

peak to shorter times. The recoil peaks of H and D are wel nalysis procedure bas?d on the “convolution formall_sm
eads, among others, to incorrect values of peak areas in the

resolved for angles larger than 40°. The peak separation i ase of two(or more overlapping recoil peaks, in particular
roves with increasing angle since the peak positions ar e oo
b 9 ang P P those of H and D. However, Chatzidimitriou-Dreismagin

determined by the kinematic equatit®6). The peak widths Ld trated v b i .
in momentum space are fixed at the values obtained frorf} ; @emonstrated very recently by presenting new experimen-

measurements of pure niobium hydride and pure niobiurrﬁﬁlI tre;f]ultsbqn tQO ancfi g;e ;eq_uLm?Iar W'D?O mt|r>]<ture3 K
deuterideby assumption(Adding the peak width as a fitting at the o ch |ons| 0 osfeua al. conce:mn% € pea
parameter usually results in only minor modification of thedr€as are of no reievance for our présent and previous ex-
peak areas.The TOF spectra recorded at backscatterin erimental results and the cross-section anomalies observed.

angles(to which hydrogen can not contribyteffer the pos- n partic_ular, the work F’f Ref. 35 _has re_futed_the critictm
sibility to resolve the peaks of higher mass, e.g., for distin-concerning the evaluation of H/D intensity ratios from partly

guishing scattering from Pd from that of the Al contaitfer overlapping H and D peaks in the TOF spectra recorded with

scattering on niobium hydrides no Al container is necegsary the eVS instrument. It was foufttthat for pure O, where

Here it should be noted that the impulse approximationthe D/O intensity ratio could be obtained instead of D/H, the

(IA, see Sec. Il A is well fulfilled for all scattering angles Cross section raFiO was clqse to r)orrﬁ_ﬂhich means that the

used, because the recoil enerfy is always much larger anomaly found in Ref. 1 lies mainly in the H cross sectjon

than the vibrational energg"™ of H or D, i.e., E,> E"P" and that for the equimolar #0-D,O mixture the H/O peak
, i.e, E, .

This inequality represents the correct criterion for the valid-ratio was 12.5:1.5 instead of the conventionally expected

ity of IA; see Ref. 26. For instance, for the scattering angleva‘Iue 19.4. This finding represents a 35% reductishich

0=40° one ha¥,>3.5 eV for protons ané,>1.3 eV for cannot b.e explaiped by H/D overlamnd is'in agreement
deuterons, whil&€""" is in both casegsee Sec. Jlless than with the information from the H/D peak ratios reported for

0.1 eV. For different descriptions and various applications ofhe same mixture in the original Ref. 1. For the presently

the NCS technique and the eVS instrument of ISIS, see, e.g?tUdied metallic hydrides, peak-overlap problems are of
Refs. 26,2425 30—33. much less relevance, as has been very recently demonstrated

by Abdul-Redaret al

H cross section reduction in neutron Compton scattering
C. Data treatment has now also been observed for several other materials by
comparing areas of clean and well resolved scattering peaks

For each nucleus of mass the foil-in/foil-out difference i the evS instrument, such as for H/NRefs. 14,15 and
TOF spectra are fitted with the aid of a Gaussian convoluteg;;c (Refs. 37—40 ’ ’

with the instrument resolution function; see Eg.5 above.
In the data analysis employed in our experiment, only the
amplitude is a free fitting parameter to a measured TOF spec-
trum, i.e., the width of the fitting function is kept constant;  Neutron Compton scatteringNCS) is a “fast” process.
see above. Figure 3 shows an example for a measured TOFhis is understood already from the amount of energy trans-

-

D. The scattering times
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ferred[ 7~#/(few eV)], and was pointed out in the discus- spond to typical observation time ranges from 20716 s to
sion by Searé! Sear$’ and Watsoff analyzed the NCS- 1.5x10 *° s for protons in the metal hydrides.
situations in detail for scattering at different angles

(correspondi_ng to differen_t amounts of wave-vector tran_sfer IV. EXPERIMENTAL RESULTS
g). They defined a scattering timeg, which can be approxi-
mated as A. Niobium hydrides

As an example of the data obtained with the eVS we

M7 31 present in Fig. 3 the time-of-fligfiT OF) spectrum for one of

q(0)<p2M>1’2’ (319 the Nb-hydrides containing both protons and deuterons,
NbH, 16Do 70, @S observed at one particular angle 65°.

where(py )2 is the width of the momentum distribution of The peaks correspond, with increasing TOF, to scattering
the scattering nuclei and(6) the momentum transfer at from H, D, and Nb. As explained in Sec. Il B these peak
scattering anglegd. The quantity(pf,l)l’2 can be estimated areasAy, are proportional to the number of nuclei of méés
from the vibrational energies of kbr D) in the interstitial  present in the sample, multiplied by their effective cross sec-
positions in the hydride, or can be taken directly from thetion o, . The measured ratios
momentum width in the NCS spectra, as discussed in Sec.

75( 0)~

I A. AH/ANb:XO-H/O-Nbi AD/ANb:yUD/UNbI
The ratio(3.11) can also be expressed in terms7ai;
= \2mE;,, which is the momentum corresponding to the fi- An/Ap=(Xaonw)l(yop) (4.7)
nal neutron energ¥,=4.92 eV. With the help of the rela- . .
tion [cf. Eq. (3.7)] prpwde values fOI’O'H./O'.Nb, .etc., with an accuracy.deter—
mined by the uncertainties iy, , andx andy, respectively.
p;  cosf+(M/m)2—sirfe In the standard procedure a weighted average of the results
—= M/mE 1 (3.12  from the 2x16 spectra(obtained for different anglesis
Po evaluated. The results obtained in this way for the Nb hy-
and drides were tabulated in Ref. 14. The ratiq/ oy, Obtained
from Eq. (4.1 varied from 11.29) to 10(2) going from pure
h2g? B p;  p? NbH (xp=0) toxp=0.8, and the ratierp /oy, from 1.093)
oM 2m  2m 313 for Xp=0.96 to 0.91) for xp=0.31. The errors given here

) ) are purely statistical.
one obtains, for the transferred momentum for scattering on |t is seen that the data for the cross section ratios are

protons reduced by more than 20% fary /oy, and by about 10%
for opl/oy, as compared to the conventionally expected

hau="ha, tand @14 ross section ratios oly/ oNp) con=81.67/6.25-13.1 and
and for scattering on deuterons (op/oNp) com= 7-63/6.25=-1.22. They represent therefore an
anomaly, similar to the anomaly which has been found for
_, 2y3—zcosd the first time by Chatzidimitriou-Dreismanet al. in liquid
hdp =0, z ' (3.19 H,0-D,0O mixtures and later also in BO solutions of ured,
solid polystyrené’ liquid benzené® and solutions of iso-
where C,E; in D,O.*° In this context it should be stressed that
B metal hydrides, such as the polystyrene samples, allow a pos-
z=Cos0+ 3+ cos ¢ (318 ibility to determine the degree of anomaly separately for H
andq;=48.6 A L. and D scattering. The Nb hydrides were, similar to the poly-

The scattering time- can be seen as an integration time, Styrene foils mentioned earlier, freely hanging in the scatter-
over which possible time-dependent phenomena are avei?d chamber without the need of a container.

aged. By Eqs(3.11) and(3.14—(3.16) the # dependence can It is also interesting to observe that the reduction in the H
be transformed to a time dependence using the equation Cross section as observed in the hydrides is much larger than
that of the D cross section, which is in line with the interpre-

q; tation that the strong reduction ofy/op observed in
7s( 0)=cw10 s, (317 H,0-D,0 mixtured is mainly due to a reduced effective
H-cross section, rather than a change of D cross section. This
where the constartdepends on the mass and the vibrationalhas also been shown by Chatzidimitriou-Dreismanal. in
properties of the scattering hydrogen nuclei in the metal conan experiment on BD and the equimolar }0-D,0O mixture
sidered. For H in Nb it has the value=0.76, for D in Nb  very recently®® So the area ratios @, /Ay, andAp /Ay, are
c=1.32, for H in Pdc=1.01, and for D in Pct=1.68. free from overlap corrections.
The time () is the effective time window which is set As stressed alreadg,, /Ay ratios calculated in the way
by the scattering angl@, the momentum transfer and the described above are expected to be independent of scattering
potential the scattering particle is subject to. The informatiorangle. This seems indeed to be the case for the pure deuteride
obtained from scattering angles in the range-480° corre-  NbDy gy, as seen in Fig. 4, but similar plots of the data for

184108-6



ANOMALOUS NEUTRON COMPTON SCATTERING CRGCS. . . PHYSICAL REVIEW B 67, 184108 (2003

2.0 T T 66— —T7T—"—
18} b
16} . 141 + | * .
14} b /
/O 12 _ — Ow'Onp 12k + * l{! T $ b |
A e 4
0.8 b 10} 1
os} j B4
04l ] 8l = T=208K -
0.2 E o T=20K
00 el
30 35 40 45 50 55 60 65 70 75 80 85 90 01 02 03 04 05 06 07 08 09
Scattering Angle 6 [deg] Scattering Time 1, [fs]

FIG. 4. The cross section ratien / oy, of NbHg 1D 70 VS Scat-
tering angled. The horizontal line indicates the conventionally ex-
pected valueop/oy,=7.63/6.25-1.22. An angle independent
small reduction ofop /oy, With respect to this value is observed.
(Taken from Ref. 14.

FIG. 6. The cross section ratig, / o, Of NbHy 75 vS scattering
time 7, at T=298 K (full square$ and T=20 K (open squargs
after transformation of the scattering angl¢o 75 according to Eq.
(3.11). oy/oyp is anomalously reduced up to 0.6 fs and assumes
then the conventionally expected val(r@rizontal ling. No differ-
ences are observed between measurements at these largely differing
the H-containing samplesee Fig. 5 exhibit striking devia-  temperatures(Taken from Ref. 14.
tions from this expectation. They show a clearly decreasing
trend with increasing scattering angle, reaching reductiong,ound 0.6 105 s. This is a clear indication of the exis-
up to 40% for the highest scattering angles. It is. also notablesce of some kind of fast decaying state of the H system in
that for the pure Nbhizg the curve starts out with normal his hydride. For the mixed hydrides, similar plots of the
values ofay /oy, but has strong deviations already at scat-gffective H/Nb cross sectiold, see Fig. 7, show a similar
tering angles around 55°-60°. Such strong angle dependegirong reduction at short times but with a slower increase
deviations are not existent in data from liquid s/vdtesohd approaching the conventional value. The proposed, possible
polystyrené’’ liquid benzen€? and amphiphile? thus - character of the anomalous state will be discussed further on,
dicating that the different dynamics related to different con-t jt is understood already at this point that such reductions
densed matter environments cause different anomalies. i cross section can only be imagined if the scattering is not

_ Since high scattering angles correspond to short observay ingividual nuclei but by quantum correlated ones; see also
tion times, it was now natural to analyze the data in terms oRef, 1. According to Karlsson and Loveééyhe coherence
scattering time, by transforming th dependence to a de- |ength of the neutrons may still be long enoughout 2.5 A
pendence on the scattering timg using Eq.(3.17. The iy the present setigo show interference from different H

results for the Nbigl;g sample are displayed in Fig. 6, where sjtes?*? although the de Broglie wavelength of the neutrons
data taken at room temperature as well as at 20 K are show(iged here is of the order of 0.1 A.

It can be seen that H nuclei in NgH; show an anomalous
neutron cross section only for observation times shorter than

| | | | | 14- i* + + 1
141 +%+ 1 » 12- i+$$¢$ $ |
il + + + | H N o =
+ + 10 - #é # .
/0 [ + B
10 + + + + 1 8 + EF | = x,=0.82; x=0.16
* ., + o x,=0.32; x=0.61
8l . 6 4 x,=0;x=0.78 .
6L 1 00 0z 04 06 08 10
L L L L L Scattering time _ [fs]

30 40 50 60 70 80 90
Scattering angle 6 [deg] FIG. 7. The cross section ratis, /oy, of some of the various
mixtures of NbHD, vs scattering timer after transformation of
FIG. 5. The cross section ratig, / oy, Of NbH, 75 vs scattering  the scattering angl® to 7, due to Eq.(3.11). xp=np/(ny+np)
angle 6. The horizontal line indicates the conventionally expectedindicates the mole fraction of D andindicates the number density
valueoy/oy,=81.67/6.2513.1. A strong angle dependent reduc- fraction of hydrogen with respect to that of the metal lattice.
tion of oy /oy, With respect to this value is observed. The conven-o /oy, is anomalously reduced up to 0.6 fs and assumes then the
tionally expected value is approached bel6w 50°. conventionally expected valudorizontal ling.
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FIG. 8. The measured cross section ratigy (pg) exp Of PdH) 54
normalized by the conventionally expected valug,(opdcony VS polystyrene normalized by the conventionally expected value
scattering angle@. A strong angle dependent reduction®f/opq (g, /() cony Vs Scattering angle is shown. Data are taken from Fig.
with respect to this value is observed. The conventionally expecteg of Ref. 37. In contrast to the results on the hydrides of niobium
value is approached belo#~60° which differs from the angle ang palladium no angle dependence is visible here within experi-
dependence of the niobium hydride; see Fig. 5. mental error, which indicates that the conventional angle depen-

] dence being inherent to scattering intenggige, e.g., Eq$3.3) and
As it was expected that measurements of the temperaturg g)] is correctly included in the data analysis procedure

dependencies may help to elucidate the character of the
present anomalies, most samples were also run at 80 and
K. Within experimental error no temperature dependencie
were found foroy /oy In @any of the mixturegsee Fig. 6 for
an examplg similar to earlier low temperature experiments
on H,0/D,0.*3* The implications of this observation will
also be discussed in Sec. VI.

FIG. 9. For comparison, the experimental ratio,( oc)exp in

%—(?g. 5). For comparison the experimental ratio{/ oc) exp in
f)olystyrene normalized by the conventionally expected value
(oyloc)cony VS Scattering angle is shown in Fig. 9. These
data were taken from Fig. 2 of Ref. 37. In contrast to the
results on the hydrides of niobium and palladium no angle
dependence is visible in the polymgrolystyreng sample
within experimental error, which indicates that the conven-
B. Palladium hydrides tional angle dependence being inherent to the scattering in-
Work with Pd hydrides requires hydrogenatiom‘sit” ~ tensity[see, e.g., Eq3.3)] is correctly included in the data
since the metal surface does not develop a protecting oxid@nalysis procedure. The constancy afy(oc)ex, in the
as for the Nb hydrides. The Pd-metal sample, a disc of 6®olymer sample is related to the fact that these data fall on a
mm diameter, 0.5 mm thick, was placed in an Al containerlower time scale because of a larggg)*? factor in Eq.
with wall thickness 0.5 mm which was connected to a hy-(3.11). The polymer data show also a reduced H cross sec-
drogen gas system with a maximum allowed pressure of 2.00n, but no transition to the normal value within the short
bar. The whole arrangement was placed on the cold finger dfme range covered<(0.5 fs).
a liquid He cryostat. The amount of hydrogen absorbed after When converted to a scattering time dependeng®)
an initial connection to a k(or D,) reservoir could be de- the drop of the scattering intensity for the Pd-H sample turns
termined only from the decrease of pressure in the calibratedut to correspond to the samg~0.6 fs as in the Nb-H case,
volume (including a relatively complicated tubing system since the conversion factor for the Pd system is diffefsae
From the absorption enthalpy curves for the Pd-H system iSec. II1 Q. The absolute values derived for the effective
is expected that the H concentration should stabilize atross section ratiery/opy depend on the actual H concen-
PdH, 0 Where the pressure-composition diagram has dration. With the composition Pdj#; calculated from the
sharp kink upwards. This is expected to happen for pressurggessure data the long-time saturation value ogf/ opq
below the initial pressure used here. However, the pressure Ay/(0.53Apy) comes out about 15% higher than the tabu-
decrease actually measured corresponded to somewhat lowated cross section ratio 16.0. The saturation valu& ofAp4
values PdkL_g 55 (the values calculated from the pressurecorresponds actually more closely to the composition fdH
change might therefore be affected by uncertainties in presxpected from the thermodynamic data. To avoid this uncer-
sure and volume calibration tainty, the Pd-H data were instead normalized by dividing all
Several sets of runs were made for this pure Pd-H hydrid@ointsAy/Apgy by the saturation value for long timése., the
at room temperature, using different setups of detectors antiean of data taken fof<50°). These data are compared
electronics as described below in section IM&ntrol ex-  with the corresponding values of Nk in Fig. 10.
periment$. The results of these separate runs were always The information from Fig. 10 is interesting. Large cross
consistent and one of the data sets is presented in Fig. skction anomalies exist for neutron scattering on protons in
whereA/Apqis given as function of detector angte This  both materials; for Pd-H even somewhat larger than for
curve has a characteristic plateau at low detector angles, falNb-H. The time within which they disappear is very similar,
ing off relatively abruptly ford>60° (i.e., at a considerably about 0.6 fs. A run &4 K for the Pd-H samplénot shown
higher angles compared to the corresponding Nb-H curvehere showed only minor differences except perhaps at the
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1.2 - - . . - - . were considered. They might occur in the neutron detectors

- themselves, in the data buffers and in the electronics per-

£ 1.0 ¢+ z # ¥ e ", 3 ¥ forming the histogram formation. The dead times at each of

= I +$‘¢ b these steps were studied carefully and the maximum relative

& 08r b 1 errors estimated at the actual counting rates in the low TOF

& Ing part of the spectra. The sample thickness was chosen such as

"g 06 u ‘F’ ] to keep these maximum uncertainties at the level of a few
3 r percent.(A preliminary run with double sample thickness,

g 04r + T and therefore double counting rate, did not deviate apprecia-
E r = PdH Data bly from the later, main runsAs an additional security, the

0.2 o NbHData | | detector banks covering the higher angles were always con-

nected to the histogramming units that had the least counting

load. Several spectra were taken at the same sample and
geometric conditions, but with interchange of detectors or
electronic acquisition units, in order to track down the action
FIG. 10. The cross section ratig, / opq of PdH, 54 and oy /oy, of possible faulty or overloaded components. No systematic
of NbHy 75 Vs scattering timer, after normalization with their cor- ~ differences could be observed in the data obtained.
responding conventional values for comparison. Despite their dif- Other possible causes for systematic errors would come
ferent angle dependence behavigsse Figs. 5 and)8the same from multiple scattering in the target foileand for the case
dependence on is observed(Taken from Ref. 15. of Pd hydrides the scattering from the Al cané self-
evident test for sample thickness effects is to turn the target

highest scattering anglés: shortest timeswhich showed a  foils with respect to the incoming neutron beam and the de-
slight tendency towards higher anomalies than at room temf€ctor banks such that both in- and outgoing neutrons pen-
perature. This observation was also in agreement with thgtrate a minimum of matter. As an example of control experi-
previous experiments on the Nb-H system. In summaryMents the plane of the PdH metal hydride foil was changed
within present experimental error, there is no significant dif-rom 90° to 60° with respect to the incoming beam. The
ference between the run @=4 K and that one at room Vvariation of theAy/Apq area ratios with detector angle re-
temperature. mained unchanged, within statistical errors. This confirmed
A few experiments were performed with deuterated pdthe results of Monte Carlo calculations of the effect of mul-
but difficulties in sample preparation allowed only a limited tiple scatteringsee belowwhich showed that this contribu-
set of data to be obtained. They indicate a slowly decreasinton is very small and is distributed evenly over the TOF
oplopg ratio in an angular range between 30° and 80° SPectra and could not give rise to any strong anomaly in the
which corresponds teg~1.0—3.1 fs. peak ratios; see Sec. IV D below. _
Data from backscattering angles>120°) were neces- N a different kind of control experiment, samples with
sary since for these angles the peaks corresponding to Pd aftiferent material characteristics were introduced, in between
Al (in the cany could be partially resolved in the TOF spec- 'uns with the metal hydride foils, with no changes whatso-
tra. This is because a calculation based on the sample aRyer of detectors or electronics. These comparison targets
sample holder geometry cannot be accurate enough to estiére selected to give about the same counting intensities as

mate the ratio of different masses covered by the neutroH! the main eXperi_ments. One of thgse_ was a mixed
beam. H,0O-D,0 sample, with known characteristics from Ref. 1

and many other measuremefftsAnother one used in con-
_ nection with our experiments on Pd hydrides was a freely
C. Control experiments hanging foil of polystyrene, as recently reported by

Since the present results deviate strongly from convenChatzidimitriou-Dreismanet al.in Ref. 37. The polystyrene
tional expectation, several control experiments were carriedata are essentially independent of detector atiglehile
out in direct connection to the collection of the data pre-the An/Apqdata fall off strongly at higher scattering angles,
sented above. In particular, it was important to check the dat@lthough the same experimental setup has been used. This is
for the higher scattering angle®*#55°) for which the H & d|recF confirmation that the drqp of the H cross section in
cross section data show a strong angular dependence.  Pdhbe is not the result of counting lossésr faulty back-

In this context it should be remembered that the TOFground subtractionin the H peaks of the TOF spectra at low
spectra, as that shown in Fig. 3, are the results of a subtraéight times (high scattering angles
tion of an Au-resonant spectrum from a nonresonant one in
the “foil-in/foil-out” operation (see Fig. 2. According to the
kinematic relation3.9) the H peak moves from a position at
210 s in the TOF spectrum at 55° to 1@Gs at 75°,(which The data treatment of the experimerigee Sec. Il ¢
was the highest angles used for present H)ddtamight = makes use of the expressio(&1)—(3.10 which are based
therefore be suspected that counting losses could affect then single neutron scattering events only. To find out to what
evaluation of the area8, more for the higher angles than extent multiple scatteringMS) in the samples could influ-
for the lower ones and several possible causes for such lossesce the results, a Monte Carlo progrémmsms), available

o.o 1 1 1 1 1
00 02 04 06 08 10 12 14 16
Scattering Time 1, [fs]

D. Monte Carlo simulations of multiple scattering
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scattered neutrons was calculated. It was found that, with the
relatively thin metal foils used in the present experiments,
the multiple scattering intensity was always small in com-
parison to that for single scattering. One example of these
simulations is presented in Fig. 11, where the multiple scat-
tering contributions from the PdH samptbe thickest one in
this series was compared with the single scattering for a
TOF spectrum taken a#=72.5°. Even at this high angle,
where the neutron path length in the sample is relatively
large, the multiple scattering contributigdotted curve is
small, and almost negligible compared to the anomalies
& found in the H/Pd peak ratios discussed in the present paper.

V. REMARKS ON THEORETICAL INTERPRETATIONS

o015 4 As is evident from the discussions presented above, no
A conventional explanation for the observed anomalies has
\ been found.
(a) As explained above, Eq3.10 is strictly valid within
0.01 | . conventional theory.

(b) The area ratiod\, /Ay, , whereM represents scattering
on a heavy nucleus, have been obtained under clean condi-
tions (no problems with overlapping tails, which could have
- caused problems of the type discussed in Ref. 34; this is
particularly clear for scattering angles larger than, say, 50°,
where the peaks are widely separatdd the Nb-H experi-
ST Lo ments there is no background due to containers, etc that
100 200 ] 500  could have caused uncertainties in these ratios.
. (c) The program for calculation of areas at the eVS spec-
Time of flight trometer has been carefully checked and it was found that the

FIG. 11. (a) Shown is the geometry of the scattering process a pprOXImatlor.]s used in it cannot lead t.o errors exceedlng.a
it occurs oncgfull line arrows and twice(dashed line arrowsor ew percent, 1.e., fa}r be'QW the an_oma“es observed. In this
the Monte Carlo simulations of multiple scattering probabilities program, all peak$|nclud|ng the hlgh-gr.u?rgy H peglare .
which are as follows(i) Single scattering: The neutron enters the COMPosed of all events, with separate initial neutron energies
sample at point A under an angfg is scattered by the nucle(g) Eo and momentum transfec The peaks are all found to be
and is deflected by a scattering angleand leaves the sample at Well described by Gaussians in tA€Y) representation. This
point E. Otherwise it leaves the sample at point B without interaciorogram has also the option to take into account final state
tion. (i) Double scattering: After being scattered by nucleus C, theeffects(FSE) which lead to distorted Gaussians in they)
neutron hits a second nucle(3) before leaving the sample at point representatiorisee Sec. Ill ¢, but our analysis has shown
F and gets detected by the same detector that has detected the ntat FSE play no role in the determination of peak areas
tron which has been scattered on@®. Shown are the single scat- [although they usually affect the shapeJgiY)].
tering (full line) and the multiple scatterin¢dotted ling time of (d) Multiple scattering has been minimized and the re-
flight spectra of PdH as simulated with the Monte Carlo Method fOfmaining contribution was calculated to be far beyond the
a scattering angl@=72.5°. For the sake of visibility, the multiple 2004 anomalies observddee Sec. IV D

5x1072

1

Scattering I§nu|tlp|led by a factor Oﬂ.O As can be seen, the mul' (e) POSS|bIe errors due to dead_tlme Iosses |n detectors
tiple scattering contribution is very small and rather evenly distrib-304 data handling have been found to be negligible both by
uted over the time of flight. specially dedicated experiments and by measuring on other

samples which do not show strong angular dependencies un-

at ISIS, was used. The MS program calculates the attenualer similar counting rate conditions
tion length wo(vg) for each incident velocity,, based on Therefore, the reason for the anomalies observed here and
tabulated neutron scattering and absorption cross sectidn experiments on other materia(svater, organic liquids,
data®® For a recent application of the simulation program,polymers, etd.must be sought on a deeper level. To interpret
see Ref. 46. anomalies observed with Raman scattering in liquid wéer,

The samples used in the present experiments are thifirst theoretical model of scattering from entangled particles
metal foils of thicknes©=0.5 mm, placed either perpen- (i.e., OH oscillators was proposed by Chatzidimitriou-
dicular or with a tilt angle of¢ degrees with respect to the Dreismannet al.® which was based on exchange correla-
incoming beamFig. 11). tions. Further theoretical models based on quantum correla-

For the calculation of the multiple-scattering corrections,tion effects between the scattering particles have been
the ratio between “twice” A-C-D-F) and “once” (A-C-E)  developed by Karlsson and Love$é§* and by
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Chatzidimitriou-Dreismanret al*°“8 These theories have in matter systems, coherence is expected to be lost very much

common that cross section losses observed by NCS are dfi@ster than in the systems studied by quantum optidgere

to quantum entanglement of scattering particles, but diffecoherence can be preserved over times of the order of micro-

concerning the assumed reason for the entanglement as wekconds

as the role that decoherence plays. Order-of-magnitude estimates can be obtained from the
In the models by Karlsson and Love8&§' and expression for the decoherence rAtgiven by Joos and Zeh

Chatzidimitriou-Dreismannet al® it is assumed that ex- (see Ref. 50

change correlations are the dominating reason for entangle-

ment(i.e., the nonseparability of the wave functions for dif- A=1Urgec= Kkénlr’—r|2, (6.1)

ferent scattering particlgsand calculations are carried out

starting from purely exchange correlated states of two fermiwhere|r’ —r| is the spatial extension of an “entangled” mi-

onic (protons or OH oscillatojsor two bosonic systems  croscopic quantum systemthe number of quanta hitting it

(deuterons of OD OSCiIIatO)SIn Refs. 47,41 this was shown per time unit, and(q the momentum of such quanta- (S a

to result in strong NCS cross section reductions for protorgonstant of the order of)1A quantum object with the exten-

pairs (down to 1/3 of the standard value when the particlesjon of a few A, embedded in a solid with a typical phonon

vibrations are isotropic with respect to the transferred mospectrum, has been estimatetb lose coherence in a time

mentumgq in Compton scatteringand a smaller reduction for |ess than 10%° s.

deuteron pairs. The same model has recently been used by Generally, in the absence of external perturbations the de-

9 ot ; R ; . .
Karlssorf® for a quantitative explanation of thery/op  coherence time is determined by the interaction of the en-
anomalies in water observed in the original NCS experimenfangled system with “the rest of the world,” i.e., by colli-

of Chatzidimitriou-Dreismanmet al.l Effects of decoherence sions with phonons] e|ectr0nS, etc. in thermal equi”brium
were essential in the model of Ref. 6 but were not introduce%ith the System, and is expected to show a temperature de-
in the model of Refs. 47,41. In Ref. 49, decoherence eﬁECtﬁendence.
were added by Karlsson, but were found to destroy the ef- Comparing the low- and high-temperature results for
fects of the exchange correlations only for times longer tharNb|_|O ;g it is noted that the data in Fig. 6 for 20 and 300 K
around 20 fs, a number determined by the characteristic ﬂUCpracti'caIIy coincide. A very similar time dependence was
tuations in water. This model has not yet been developed fog|so seen for Pd-H at room temperature, see Fig. 10. This is
the more complicated proton configuratiof@nd decoher-  an indication that the time for losing the coheretiice., the
ence mechanismsn systems like the presently studied me- gecoherence timeg.) is not set by thermal processes in the
tallic hydrides, but anomalies similar to those in the simplerpresent type of experiments, but probalilyby characteris-
system are expected to exist, although of lower magnitude tic response times of electron densities surrounding the scat-

The observation of strong NCS anomalies even in matetering nuclei(see Refs. 39,3@&nd/or(ii) by the perturbations
rials containing tightly confined protons in covalent C-H c3used by the measuring procdse., the neutron-proton
bonds"*****’motivated an associated theoretical model bycollision) itself. For example, it is to be expected that in the
Chatzidimitriou-Dreismanret al.”*">*"in which quantum  compton scattering, which is a violent process, spatial quan-
entanglement is created by the dynamics of interacting sysym coherence between two protofes deuteronswill be
tems(e.g., protons “dressed” with electronic degrees of free-gestroyed as soon as one of them starts to leave the equilib-
dom). If the interaction HamiltoniarV ,;—describing inter-  rjym position, producing excitations in the metal hydride lat-
particle and/or particle-environment interactions—does nofice and/or electronic excitations in the surrounding equilib-
commute with the one-particle effective HamiltoniaH$,  rium electron density. With the recoil energies typical for the
andH of the single particles, then the complete evolutionpresent experiments, the first fs corresponds to motion over
operator , 5(t) = exf —it(H,+Hp+V,z)/%] does not factor-  distances of 0.1-1 A. Phonons can be excited in the metal
ize into terms describing the individual dynamics of each ofand H sublatticegand also in the D sublattices, in the mixed
the particles, which leads to entanglement between thaydride3. A dependence of the coherence loss on the com-
particles®®**Further interactions with the environment causeposition of the hydrides(as visible from Fig. 7 for the
decoherence. The point now is that entanglement alone is ”NbHXDy system is therefore not unexpected, since the pho-
sufficient to eXplain the NCS results. |nstead, both effects Ohon densities of states are Considerab|y different for NbH,
entanglement and decoherence, taken together, appear 1o RBD, and the NbiD, mixed hydrides. It is conceivable that
the cause of the reductions of observed cross sections ge strong local perturbation associated with the recoil is
H.3"4%*Moreover, as already theoretically predictd?*®  more likely to excite the highest energy modeghich are
anomalous reductions of cross sections can appear eventffose of the H-sublattice vibrationthan the less energetic
exchange correlations are abseAtNCS experiment to test gnes. This is a hypothesis that may explain why the transi-
this crucial point is under progress. tion to “normal” cross sections is faster for NligHg than for
the NbHD, samples.

Here a comparison should be made with the experiments
on polystyrene (presented by Chatzidimitriou-Dreismann

The gradual disappearance of the anomalies for longeet al.in Ref. 37, see also Ref. B&nd used here as reference
scattering(or observatioptimes in Figs. 6, 7, 10 is inter- sample in our control experimentsee Sec. IV Cand also
preted as an effect of quantum decoherence. In condensedth the earlier data on liquid watérwhich both showed

VI. DECOHERENCE TIME
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large cross sections anomalies but only weak dependence tierence between scatterers and other degrees of freedom of
scattering angl®. When theq dependence is converted into their “environment” fulfilling relation (5.2);***°see the short

a 7, dependence by E@3.11), for these materials the obser- theoretical considerations presented in Sec. V. The present
vations turn out to fall in the 0.05-0.5 fs range because ofesults are also giving support to earlier, less clear-cut indi-
the essentially higher momentum spread)/2. These sys- cations of the existence of unconventional quantum states of
tems are probably observed, in the NCS experiments usingrotons in condensed matter, such as indicated by the results

the Au foil, over a time interval which is never much longer from Raman light scatterinfrom elastic neutron scattering

than the decoherence time. with lower momentum transfeflkeda and Fillau%), from
various proton transfer processes in condensed matfter,
VIl. CONCLUSIONS and from the observation of coherent superpositions of states

of single positive muons in metats.

The anomalous neutron cross sections observed here and |n addition to addressing the question of the nature of
in our previous workse.g., Refs. 1,3,14,15,37,39)380 not  these short-lived quantum states, the present experiments
seem to be possible to explain without a considerable comave also pointed to other fundamental aspects of basic
ceptual change in the conventional quantum description ofjuantum mechanics. It has been possible to study the deco-
condensed matter systems. The main reason why the expligierence(destruction of the inferred quantum entanglement
introduction of entanglement in condensed matter systemig different systems, even at ambient experimental conditions
has not been necessary before is that very few experimenti condensed matter. Decoherence is now an important topic
methods work on time scales where its effects become olin quantum optics and related fields, but has been only re-
servable. The eVS instrument at the ISIS neutron spallatioaenﬂy considered in relation to condensed matter systems
source, Rutherford Appleton Laboratory, is unique in the(see Refs. 6,37—-39,51,6%nd the special case of Bose-
sense that it has sufficient intensity to allow studies of theEinstein condensaté$.lt appears that quantum entangle-
scattering intensity for scattering times in the(@d sub-fs  ment and its decoherence on tfseibfemtosecond level are
range. With the present studies in the sub-femtosecond tim@uch more ubiquitous phenomena in solid and liquid envi-
range it has become possible to show that the anomaloygnments than thought before, especially when the lightest
cross sections are connected with very short-lived, “anomaatoms are involved. They may have important consequences
lous” states of the scattering particles. for various stages of many chemical reactions, including

The exact character of these scattering states remains fRose of organic chemistry and molecular biology, and

be clarified, but it seems clear that the protémsdeuterons  should therefore be given further attention.
in the metal hydride systems studied héiad in other sys-

tems, e.g. liquid water® solid polysterené’* liquid
benzené® amphiphilic molecules® etc) can no longer be
regarded as a collection of individual scatterers. The reduc- This work was partially supported by the European Com-
tions observed in the cross sections must be relate@)to munity research network QUAC&uantum Complex Sys-
guantum phase relations in the amplitudes of different scatems: Entanglement and Decoherence from Nano- to Macro-
terers, giving rise to interferencég*and/or(ii) an interplay ~ Scale$. C.A.C.-D. acknowledges further support by the
of (two- or many-particle quantum entanglement and deco- Fonds der Chemischen Industrie and DAAD.
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