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Anomalous Deep Inelastic Neutron Scattering from Liquid HO-D,0:
Evidence of Nuclear Quantum Entanglement
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A deep-inelastic (Compton) neutron scattering experiment ¢0-B,O mixtures atl’ = 293 K has
been carried out. Well-resolved H and D neutron recoil peaks in the time-of-flight spectra permit
the direct determination of the rati® = oy/op of the H and D total cross sections. In contrast
to every conventional expectatio®, 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 adjacent
protons (deuterons) in condensed matter at room temperature. [S0031-9007(97)04226-9]

PACS numbers: 67.20.+k, 03.65.Bz, 61.12.Ex, 61.25.Em

Dynamics of proton transfer and H bonds in condensethe electronic charges of the molecules, this finding is
matter is of considerable interest to several fields obnly indirectly related to nuclear quantum entanglement.
physics, chemistry, and biology [1-3]. In particular, In contrast, the neutron experiment presented in the fol-
quantum aspects of protonic motion (in various system$owing provides for the first time direct evidence for quan-
like, e.g., water, biomolecules, and metallic hydrides) areum entanglement of adjacent H (and D) nuclei. It should
currently subject to intensive theoretical and experimentadlso be mentioned that the intuitive picture of necessarily
investigations (cf. [1,4,5]). These aspects are mainlyoverlapping wave functions” of single particles in order
attributed to the well-known ability of protons to exhibit to exhibit quantum entanglement is not correct [10].
enhanced quantum tunneling through potential barriers, Let us begin with a description of some essential fea-
due to their low mass. Besides quantum aspects of singkeres of the present experiment and its main result. The
particles, however, there exist also various quantum comsed (unpolarized, epithermal) neutrons have energies in
relation (or entanglement, interference, nonseparabilitthe range of several eV. The associated de Broglie
etc.) effects between two or more particles. The lattewavelengthAqg is of the order of0.1 A. The time-of-
effects, belonging to fundamental quantum theory, havdlight (TOF) spectra of the scattered neutrons from liquid
been studied very intensively during the last two decadekl,O-D,0O mixtures with a well-defined H-D isotopic frac-
(cf. [6-8]). tion Ny/Np (Ns: particle number density of speci&y

Our neutron scattering experiment reported in this Letwere measured. The neutrons are scattered from the nu-
ter has been motivated by qualitative theoretical inveselei only. The very weak neutron-electron interaction can
tigations [9] concerning the possibility of short-lived be safely neglected in the present context. The neutron-
guantum entanglement of adjacent protons in condenseudicleus scattering time previously mentioned may be
matter at ambient conditions, say = 293 K. Under given by the time interval\t = i/AE associated with
such conditions, the “lifetime” of the entanglement, i.e.,the transition of the nucleus from its initial to its post-
the decoherencdime 74 [7], is believed to be much collisional state, wherdE is the energy transferred from
shorter than the present-day time-resolution techniquethe neutron to the nucleus. For example, for a typical
can resolve, and therefore it is commonly expected twalue of, sayAE = 10 eV one has\r = 6.6 X 1077 s.
have no experimental significance. In contrast to that exThe scattering of epithermal neutrons from H and D is in-
pectation, it was suggested [9] that scattering from enelastic, i.e., kinetic energy is transferred to the recoiling
tangled particles may cause an “anomalous”’—accordinguclei from the incident neutrons. Furthermore, due to
to conventional theory—component in the (light or neu-the fact that theyyg of the neutrons is much smaller than
tron) scattered field. Intuitively, one may appreciate thehe mean internuclear distances, the scattering looks vir-
possible existence of this new effect, provided that theually identical to the scattering that would be observed if
characteristic “scattering time”—i.e., in simple terms, theit were completely incoherent. The recorded TOF spec-
time interval during which an incident particle may inter- tra (cf. Fig. 1) yield well-resolved peaks for H and D, due
act with the scattering center—is not much longer tharto the large recoil energies (see below for details). The
Taec- A recent Raman light-scattering experiment [5] onareasAs (S = H, D) under the H and D peaks (recorded
liquid H,O-D,O mixtures succeeded to measure the exby each of the detectors) are then determined. Multiple
pected anomalous component in the scattered light, thuscattering and/or self-shielding is negligible here (see be-
providing experimental evidence for the quantum entanlow). Because of the prevalent scattering conditions, the
glement of the fermionic OH- (and bosonic OD-) vibra- equations
tional states. However, since the light field interacts with As = CIyNsos (1)
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. (Xp) of the mixture. Full (open) symbols represent measure-
FIG. 1. A typical TOF spectrum (full squares) of a®D,0  ments with Au (U) analyzer (full circles: March 1995; full

mixture with X = 0.8 as well as the associated fit (full line). < ,ares: July 1995; open squares: September 1996). Depicted
The spectrum was recorded during the first experimental per'oare the means of 16 detectors and the associated standard de-
at a scattering angle o§9° using a Au-foil analyzer. With |iationg as error bars. The dashed line represents the conven-
increasing time of flight the peaks are due to scattering at Htionally expected value of) (= 10.7). The inset shows the

D, and QAl nuclei. The O and Al peaks are not resolved. ; _ ; .
The time of flight is measured between the neutron moderato?esr?r?g |2;%ogimeg??éeaf?,i5]\gélues from the Raman light scat
g

and the detector. Note that the peak positions are not fittin

parameters, but are completely determined by the energy and . .

momentum conservation laws. The distances moderator sampfrements were done using a gold foil analyzer (hav-
and sample detector were 11.055 and 0.69 m respectivelyng a Lorentzian resolution function centered at 4.908 eV

corresponding to an infinite energy channel26f8 us and an  and a half width at half maximum, HWHM, of 0.138 eV
elastic channel 0887.6 us. [14]). The third series was performed using a uranium foil

. _ analyzer (with a Gaussian resolution function centered at
are expected to hold strictlyts (S = H, D) represent the - 2237\, " 4 L\WHM about 0.062 eV [14]). The U-foi

total cross sections of H and I, the number of incident analyzer has a better resolution, but also the disadvantage
neutrons, and’, the constant depending on the geometryof ?/oducin much weaker si ﬁal intensity, bein abou?
of the experimental setup. Therefore one obtains X 9 9 Y, 9

one-tenth that of the Au analyzer. During the scattering,
An/Ap = Nuou/Npop = ONu/Np, 2) energy transfers are in the 5—-20 eV region, where the so-
with Q = oy /op. Since the H-D molar fractions of the calledimpulse approximatiolA) [15,16] is known to be
samples are known with high precision, the numericak very good approximation in systems containing H and D
value of Q follows immediately from Eq. (2). The most atoms [17]. The IA is applicable in those cases where the
striking feature of our results is that the numerical value ofenergy transferred from the neutron to the target particle
Q = ou/op is not constant for all samples, but appearsis significantly larger than its binding energy, so that the
to depend strongly on the H-D composition of the liquid particle can be considered as quasifree. (The IA is also
(cf. Fig. 2). This effect is in clear contrast to every widely applied in the usual photon Compton scattering
conventional expectation. experiments.) The well-resolved peaks of H and D in the
We now proceed to the presentation of relevant experimeasured TOF spectra, (cf. Fig. 1) were analyzed using
mental details. The measurements have been performedthe standard techniques applied at ISIS (cf. [14,16,17]).
the ISIS pulsed neutron source on the electron volt speddere it should be pointed out that the positions of the peak
trometer (eVS). The reproducibility of the results has beemmaxima are not fitting parameters, but completely deter-
firmly established through three different experimental semined by the energy and momentum conservation laws
ries (during March and July 1995 [11], and Septembemunderlying the scattering process; see also point (E).
1996; seven days each). This instrument applies a well- In the experiments, 16 detectors (being positioned at dif-
known filter difference technique to determine the TOFferent scattering angles) and three different liquid sample
spectra of the scattered neutrons [12]. From these spegeometries (provided by cans set perpendicular to the in-
tra energy and momentum transfers are deduced, usirgident neutron beam) were used. In the first experiment
standard techniques [13]. The first two series of meawe used plane aluminum cans (wall thickness 0.15 mm) of
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65 mm height and 65 mm width, providing a sample thick- (C) Monte Carlo simulations incorporating the sample
ness of ca. 0.2 mm. During the second experiment wgeometries described previously showed that multiple scat-
used plane vanadium cans (wall thickness ca. 0.15 mntering cannot cause any significant change of ¢theal-
of 50 mm height, 5 mm width, and a sample thickness olues. More quantitatively, for a sample wiXpy, = 0.5 and
about 0.4 mm. In these two experiments a Au-foil anathe sample geometry used in the first experimental series,
lyzer was used and the detectors were set in the angularclusion of multiple scattered neutrons in the simulated
range50° to 75°. In the third experimental period we data tends to decrease the conventionally expected value
used plane vanadium cans (wall thickness ca. 0.15 mngf Q only by about 2%. We also made associated test
of 70 mm height, 20 mm width, and a sample thickness omeasurements using foils of different thicknesses (about
about 0.3 mm. In this experiment, the detectors were s€.2—0.6 mm) of solid polyethene, showing that multiple
in the angular rang80° to 60° and a U-foil analyzer was scattering effects are not significant. Recall also that the
used. During the last experimental period we also testedcattering power was always kept about 10% or less.
the cans used before, showing the results to be indepen- (D) A correction for the intensity of the incident neu-
dent of the used sample geometry. In all experiments th&ons, which varies as a function of TOF must also be made.
scattering power was kept at 10% or less, to maintain &his can be accurately measured by independent calibra-
sufficiently low level of multiple scattering; see also pointtion measurements [18]. Furthermore the H and D peak
(C). As an example, Fig. 1 shows a measured TOF spegositions in the TOF spectra and hence the range of inci-
trum belonging to the first experiment. dent energies sampled in the measurements vary strongly
Figure 2 shows the experimental results ofwith scattering angle. However no variation in tBeval-
0 = oy/op |cf. Eq. (2)] for the different samples. ues with scattering angle is observed, showing that the in-
The Q values shown are the mean values taken frontident spectrum shape is accurately described in the fitting
the 16 detectors, with standard deviations shown aprograms.
error bars. The isotopic compositions of the samples, (E) If the H- and D-peak widths, as used in the analysis
represented by the molar fractidfhy, of D of the samples, of the data of all mixtures, were fixed at the values obtained
were determined with accuracy better than 0.3% (andor pure HO and pure RO, so that each spectrum was
reexamined with densitometry after the completion of theitted only with the heights of the H, D, and /@etal
measurements). It should be stressed that the val@ of peaks as parameters, th@ values obtained from this
as determined by each detector, appears todependent procedure were not significantly different than the previous
of the scattering angle (i.e., the position of each detectorpnes. This suggests that correlations between the fitting
despite the wide variation in peak separations and ass@arameters do not have any significant effect on the results
ciated overlappings. Moreover, the fitted values of theobtained, thus providing further evidence for the validity
widths of the H and D peaks in individual spectra are alsmf the applied data analysis procedure.
independenof the molar compositioXp. As mentioned (F) Moreover, various tests with other samples
in connection with Egs. (1) and (2), the variation @f (polyethene foils, PBe, and SyiBe pairs of slabs, with
with Xp represents the new effect being inexplicable bywidely differing geometries) gave always ratios of cross
standard theory, the latter predicting the constanc)of sections as conventionally expected. All these tests
(with @ = 10.7) for every value ofXp. provided also further evidence that multiple scattering is
After close examinations and/or various tests, thdnsignificant in the context under consideration. Very
following possible errors have been definitely ruled out: recently, some additional measurements on mixtures of
(A) The assumed validity of the IA represents nopowders of H and D polystyrene were performed, which
problem, since deviations from the |A are small and wellalso gave values afy/op as conventionally expected.
understood [15,17]. Performed corrections due to the IA  Summarizing, the observed dependence @f=
changed the values & only by a few percent. ou/op on the molar H-D composition of the liquid
(B) The resolution functio® of the instrument is incor- H,0-D,0O mixtures represents a striking new effect. This
porated as a convolution, which is accurate onlg ifloes effect is obviously in clear contrast to every conven-
not vary over the width of each peak. For measurementsonal expectation, since it is not evident how and/or
with a Au foil (with LorentzianR), numerical simulations why Egs. (1) and (2)—which imply the constancy of
showed that th values may be slightly obscured, since Q —could be violated.
the numerical procedure transfers some of the fitted area of In this context, the recent Raman light-scattering ex-
the H to the D peak. Also this effect is small and cannotperiments on the same mixtures [5] should be mentioned,
account for the observations. To test this conclusion exwhich revealed a similar anomalous variation of the ratio
perimentally, in the third series of measurements the U-foiboy /oop 0f the cross sections of the OH and OD vi-
analyzer was used (see above), for which these possible drational modes (see Fig. 2 inset). The fact that the rele-
tifacts are negligible. Although the correspondifigdata  vant interactions in these two scattering experiments are
appear to be slightly shifted from the previous results, theompletely different—i.e., electromagnetic versus strong
crucial feature is that the slope of the wh@lecurve (see interaction—corroborates the conclusion that the consid-
Fig. 2) remained unchanged. ered effect may be caused gyantum entangleme(QE),
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