
VOLUME 79, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 13 OCTOBER1997

any

mit

.
ent
Anomalous Deep Inelastic Neutron Scattering from Liquid H2O-D2O:
Evidence of Nuclear Quantum Entanglement
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A deep-inelastic (Compton) neutron scattering experiment on H2O-D2O mixtures atT ­ 293 K has
been carried out. Well-resolved H and D neutron recoil peaks in the time-of-flight spectra per
the direct determination of the ratioQ ­ sHysD of the H and D total cross sections. In contrast
to every conventional expectation,Q has been observed to vary strongly with the H-D composition
This striking effect provides, for the first time, direct evidence for short-lived entanglement of adjac
protons (deuterons) in condensed matter at room temperature. [S0031-9007(97)04226-9]
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Dynamics of proton transfer and H bonds in condens
matter is of considerable interest to several fields
physics, chemistry, and biology [1–3]. In particular
quantum aspects of protonic motion (in various system
like, e.g., water, biomolecules, and metallic hydrides) a
currently subject to intensive theoretical and experimen
investigations (cf. [1,4,5]). These aspects are main
attributed to the well-known ability of protons to exhibit
enhanced quantum tunneling through potential barrie
due to their low mass. Besides quantum aspects of sin
particles, however, there exist also various quantum co
relation (or entanglement, interference, nonseparabili
etc.) effects between two or more particles. The latt
effects, belonging to fundamental quantum theory, ha
been studied very intensively during the last two decad
(cf. [6–8]).

Our neutron scattering experiment reported in this Le
ter has been motivated by qualitative theoretical inve
tigations [9] concerning the possibility of short-lived
quantum entanglement of adjacent protons in condens
matter at ambient conditions, sayT ­ 293 K. Under
such conditions, the “lifetime” of the entanglement, i.e
the decoherencetime tdec [7], is believed to be much
shorter than the present-day time-resolution techniqu
can resolve, and therefore it is commonly expected
have no experimental significance. In contrast to that e
pectation, it was suggested [9] that scattering from e
tangled particles may cause an “anomalous”—accordi
to conventional theory—component in the (light or neu
tron) scattered field. Intuitively, one may appreciate th
possible existence of this new effect, provided that th
characteristic “scattering time”—i.e., in simple terms, th
time interval during which an incident particle may inter
act with the scattering center—is not much longer tha
tdec. A recent Raman light-scattering experiment [5] o
liquid H2O-D2O mixtures succeeded to measure the e
pected anomalous component in the scattered light, th
providing experimental evidence for the quantum enta
glement of the fermionic OH- (and bosonic OD-) vibra
tional states. However, since the light field interacts wit
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the electronic charges of the molecules, this finding
only indirectly related to nuclear quantum entangleme
In contrast, the neutron experiment presented in the
lowing provides for the first time direct evidence for qua
tum entanglement of adjacent H (and D) nuclei. It shou
also be mentioned that the intuitive picture of necessa
“overlapping wave functions” of single particles in orde
to exhibit quantum entanglement is not correct [10].

Let us begin with a description of some essential fe
tures of the present experiment and its main result. T
used (unpolarized, epithermal) neutrons have energie
the range of several eV. The associated de Brog
wavelengthldB is of the order of0.1 Å. The time-of-
flight (TOF) spectra of the scattered neutrons from liqu
H2O-D2O mixtures with a well-defined H-D isotopic frac
tion NHyND (NS : particle number density of speciesS)
were measured. The neutrons are scattered from the
clei only. The very weak neutron-electron interaction c
be safely neglected in the present context. The neutr
nucleus scattering time previously mentioned may
given by the time intervalDt ­ h̄yDE associated with
the transition of the nucleus from its initial to its pos
collisional state, whereDE is the energy transferred from
the neutron to the nucleus. For example, for a typic
value of, say,DE ­ 10 eV one hasDt ­ 6.6 3 10217 s.
The scattering of epithermal neutrons from H and D is
elastic, i.e., kinetic energy is transferred to the recoili
nuclei from the incident neutrons. Furthermore, due
the fact that theldB of the neutrons is much smaller tha
the mean internuclear distances, the scattering looks
tually identical to the scattering that would be observed
it were completely incoherent. The recorded TOF spe
tra (cf. Fig. 1) yield well-resolved peaks for H and D, du
to the large recoil energies (see below for details). T
areasAS (S ­ H, D) under the H and D peaks (recorde
by each of the detectors) are then determined. Multi
scattering and/or self-shielding is negligible here (see
low). Because of the prevalent scattering conditions,
equations

AS ­ CI0NSsS (1)
© 1997 The American Physical Society 2839
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FIG. 1. A typical TOF spectrum (full squares) of a H2O-D2O
mixture with XD ­ 0.8 as well as the associated fit (full line).
The spectrum was recorded during the first experimental per
at a scattering angle of69± using a Au-foil analyzer. With
increasing time of flight the peaks are due to scattering at
D, and OyAl nuclei. The O and Al peaks are not resolved
The time of flight is measured between the neutron modera
and the detector. Note that the peak positions are not fitti
parameters, but are completely determined by the energy
momentum conservation laws. The distances moderator sam
and sample detector were 11.055 and 0.69 m respective
corresponding to an infinite energy channel of26.8 ms and an
elastic channel of387.6 ms.

are expected to hold strictly;sS (S ­ H, D) represent the
total cross sections of H and D,I0 the number of incident
neutrons, andC, the constant depending on the geomet
of the experimental setup. Therefore one obtains

AHyAD ­ NHsHyNDsD ; QNHyND , (2)

with Q ­ sHysD. Since the H-D molar fractions of the
samples are known with high precision, the numeric
value ofQ follows immediately from Eq. (2). The most
striking feature of our results is that the numerical value
Q ­ sHysD is not constant for all samples, but appea
to depend strongly on the H-D composition of the liqui
(cf. Fig. 2). This effect is in clear contrast to ever
conventional expectation.

We now proceed to the presentation of relevant expe
mental details. The measurements have been performe
the ISIS pulsed neutron source on the electron volt sp
trometer (eVS). The reproducibility of the results has be
firmly established through three different experimental s
ries (during March and July 1995 [11], and Septemb
1996; seven days each). This instrument applies a w
known filter difference technique to determine the TO
spectra of the scattered neutrons [12]. From these sp
tra energy and momentum transfers are deduced, us
standard techniques [13]. The first two series of me
2840
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FIG. 2. Dependence of the ratioQ on the deuteron content
(XD) of the mixture. Full (open) symbols represent measure
ments with Au (U) analyzer (full circles: March 1995; full
squares: July 1995; open squares: September 1996). Depic
are the means of 16 detectors and the associated standard
viations as error bars. The dashed line represents the conv
tionally expected value ofQ s­ 10.7d. The inset shows the
associatedQ ­ sOHysOD values from the Raman light scat-
tering experiment (Ref. [5]).

surements were done using a gold foil analyzer (ha
ing a Lorentzian resolution function centered at 4.908 e
and a half width at half maximum, HWHM, of 0.138 eV
[14]). The third series was performed using a uranium fo
analyzer (with a Gaussian resolution function centered
6.771 eV and HWHM about 0.062 eV [14]). The U-foil
analyzer has a better resolution, but also the disadvanta
of producing much weaker signal intensity, being abou
one-tenth that of the Au analyzer. During the scattering
energy transfers are in the 5–20 eV region, where the s
calledimpulse approximation(IA) [15,16] is known to be
a very good approximation in systems containing H and
atoms [17]. The IA is applicable in those cases where th
energy transferred from the neutron to the target partic
is significantly larger than its binding energy, so that th
particle can be considered as quasifree. (The IA is al
widely applied in the usual photon Compton scatterin
experiments.) The well-resolved peaks of H and D in th
measured TOF spectra, (cf. Fig. 1) were analyzed usi
the standard techniques applied at ISIS (cf. [14,16,17
Here it should be pointed out that the positions of the pea
maxima are not fitting parameters, but completely dete
mined by the energy and momentum conservation law
underlying the scattering process; see also point (E).

In the experiments, 16 detectors (being positioned at d
ferent scattering angles) and three different liquid samp
geometries (provided by cans set perpendicular to the i
cident neutron beam) were used. In the first experime
we used plane aluminum cans (wall thickness 0.15 mm)
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65 mm height and 65 mm width, providing a sample thick
ness of ca. 0.2 mm. During the second experiment w
used plane vanadium cans (wall thickness ca. 0.15 m
of 50 mm height, 5 mm width, and a sample thickness
about 0.4 mm. In these two experiments a Au-foil ana
lyzer was used and the detectors were set in the angu
range50± to 75±. In the third experimental period we
used plane vanadium cans (wall thickness ca. 0.15 m
of 70 mm height, 20 mm width, and a sample thickness
about 0.3 mm. In this experiment, the detectors were s
in the angular range30± to 60± and a U-foil analyzer was
used. During the last experimental period we also test
the cans used before, showing the results to be indep
dent of the used sample geometry. In all experiments t
scattering power was kept at 10% or less, to maintain
sufficiently low level of multiple scattering; see also poin
(C). As an example, Fig. 1 shows a measured TOF sp
trum belonging to the first experiment.

Figure 2 shows the experimental results o
Q ­ sHysD [cf. Eq. (2)] for the different samples.
The Q values shown are the mean values taken fro
the 16 detectors, with standard deviations shown
error bars. The isotopic compositions of the sample
represented by the molar fractionXD of D of the samples,
were determined with accuracy better than 0.3% (a
reexamined with densitometry after the completion of th
measurements). It should be stressed that the value ofQ,
as determined by each detector, appears to beindependent
of the scattering angle (i.e., the position of each detecto
despite the wide variation in peak separations and as
ciated overlappings. Moreover, the fitted values of th
widths of the H and D peaks in individual spectra are als
independentof the molar compositionXD . As mentioned
in connection with Eqs. (1) and (2), the variation ofQ
with XD represents the new effect being inexplicable b
standard theory, the latter predicting the constancy ofQ
(with Q ­ 10.7) for every value ofXD.

After close examinations and/or various tests, th
following possible errors have been definitely ruled out:

(A) The assumed validity of the IA represents n
problem, since deviations from the IA are small and we
understood [15,17]. Performed corrections due to the
changed the values ofQ only by a few percent.

(B) The resolution functionR of the instrument is incor-
porated as a convolution, which is accurate only ifR does
not vary over the width of each peak. For measuremen
with a Au foil (with LorentzianR), numerical simulations
showed that theQ values may be slightly obscured, sinc
the numerical procedure transfers some of the fitted area
the H to the D peak. Also this effect is small and cann
account for the observations. To test this conclusion e
perimentally, in the third series of measurements the U-fo
analyzer was used (see above), for which these possible
tifacts are negligible. Although the correspondingQ data
appear to be slightly shifted from the previous results, th
crucial feature is that the slope of the wholeQ curve (see
Fig. 2) remained unchanged.
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(C) Monte Carlo simulations incorporating the sample
geometries described previously showed that multiple sca
tering cannot cause any significant change of theQ val-
ues. More quantitatively, for a sample withXD ­ 0.5 and
the sample geometry used in the first experimental serie
inclusion of multiple scattered neutrons in the simulate
data tends to decrease the conventionally expected val
of Q only by about 2%. We also made associated tes
measurements using foils of different thicknesses (abo
0.2–0.6 mm) of solid polyethene, showing that multiple
scattering effects are not significant. Recall also that th
scattering power was always kept about 10% or less.

(D) A correction for the intensity of the incident neu-
trons, which varies as a function of TOF must also be mad
This can be accurately measured by independent calibr
tion measurements [18]. Furthermore the H and D pea
positions in the TOF spectra and hence the range of inc
dent energies sampled in the measurements vary strong
with scattering angle. However no variation in theQ val-
ues with scattering angle is observed, showing that the in
cident spectrum shape is accurately described in the fittin
programs.

(E) If the H- and D-peak widths, as used in the analysi
of the data of all mixtures, were fixed at the values obtaine
for pure H2O and pure D2O, so that each spectrum was
fitted only with the heights of the H, D, and Oymetal
peaks as parameters, theQ values obtained from this
procedure were not significantly different than the previou
ones. This suggests that correlations between the fittin
parameters do not have any significant effect on the resu
obtained, thus providing further evidence for the validity
of the applied data analysis procedure.

(F) Moreover, various tests with other samples
(polyethene foils, PbyBe, and SnyBe pairs of slabs, with
widely differing geometries) gave always ratios of cross
sections as conventionally expected. All these tes
provided also further evidence that multiple scattering i
insignificant in the context under consideration. Very
recently, some additional measurements on mixtures
powders of H and D polystyrene were performed, which
also gave values ofsHysD as conventionally expected.

Summarizing, the observed dependence ofQ ­
sHysD on the molar H-D composition of the liquid
H2O-D2O mixtures represents a striking new effect. This
effect is obviously in clear contrast to every conven
tional expectation, since it is not evident how and/o
why Eqs. (1) and (2)—which imply the constancy of
Q —could be violated.

In this context, the recent Raman light-scattering ex
periments on the same mixtures [5] should be mentione
which revealed a similar anomalous variation of the ratio
sOHysOD of the cross sections of the OH and OD vi-
brational modes (see Fig. 2 inset). The fact that the rele
vant interactions in these two scattering experiments a
completely different—i.e., electromagnetic versus stron
interaction—corroborates the conclusion that the consid
ered effect may be caused byquantum entanglement(QE),
2841
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rather than by quantum interactions. (Recall that QE m
exist even in the absence of interactions [10].)

Let us here shortly outline our qualitative theoretic
considerations which led us to the performance of this e
periment. As a working hypothesis, the possibility of
short-lived and spatially restricted QE between adjace
protons (deuterons) in the liquids may be assumed [5
The QE of the nuclear degrees of freedom can be m
diated through the electromagnetic interactions betwe
the electronic charges surrounding the nuclei. Desp
the possibly very short decoherence time of such QE
at T ­ 293 K (see the introductory paragraphs), the inc
dent neutrons can “experience” entangled scattering c
ters, because the duration of the scattering process is
very short. In this case, the scattering process is ass
ated with the value of the matrix element

M ­ kFi
1,2jHI jf

f
1 f

f
2 l , (3)

whereHI is the interaction Hamiltonian,Fi
1,2 is the initial

entangled state of two H’s or D’s, andff are the final
single-particle states [5]. Furthermore, the possibili
of QE in the H-D mixtures is certainly restricted du
to the spin superselection rule. Proceeding along
theoretical lines of Ref. [5], one can show thatM vanishes
in certain cases (depending on the intrinsic symmetr
of the ground stateF

i
1,2), which then leads to the

description of the “anomalous changes” of cross sectio
as observed [19,20]. Qualitatively speaking, in tho
cases whereM ­ 0 the incident neutrons cannot interac
“properly” with the nuclei, which is tantamount with a
change of the apparent cross section [5]. In this conte
it should be emphasized that the scattering experim
determines directly the (ratio of the) productsNSsS

sS ­ H, Dd, rather thansHysD [cf. Eqs. (1) and (2)].
NHyND is known through the sample preparation. Thu
the presented experimental results can be alternativ
viewed to be related with “effective changes” ofNH
and ND being caused by attenuated (enhanced) QE
protons (deuterons) in the H2O-D2O mixtures [20]. For
an introduction to multiparticle QE, see [21].

Further work, as well as related neutron reflectivi
and interferometry experiments, are presently in progre
The effect reported in this Letter may have considerab
implications in various physical, chemical, and biologic
subfields.
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