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Abstract. The coherence in quantum superposition states of protons (and chemically similar particles,
the positive muons) has been studied in some condensed matter environments. It is shown that if the
proton systems and the experimental techniques used to study them are carefully selected, it is possible to
observe quantum delocalization states of single particles and to understand the mechanisms for their loss
of coherence. Quantum correlated two- and multiparticle states of protons lose coherence very fast when
coupled to condensed matter environments, but new sub-femtosecond techniques have made them accessible
to experimental studies. The degree of decoherence can be measured as function of time and the decoherence
mechanisms can, at least in certain cases, be identified. Although less clean than in corresponding studies
of quantum optical systems, these studies can be seen as a first step towards understanding the conditions
for preservation of quantum correlation and entanglement in massive systems. Some consequences and
some suggestions for future work are discussed.

PACS. 03.65.-w Quantum mechanics – 61.12.-q Neutron diffraction and scattering

1 Introduction

The great majority of all experiments and discussions on
the specific aspects connected with the superposition prin-
ciple of quantum mechanics originate from the field of
quantum optics; one reason being that photons interact
sufficiently weakly with their environments to keep quan-
tum coherence for times long enough to observe interfer-
ences and other characteristic effects of quantum superpo-
sition and entanglement. Photons are also easy to handle,
manipulate and detect with modern techniques.

Entangled states of atoms and photons have been kept
alive for times of the order of microseconds [1], but only
when the atoms are extremely well isolated in cavities and
with a limited number of photons present. In double-slit
experiments on atoms and molecules [2], interaction with
the environment must also be kept at a minimum. As soon
as atoms are brought in closer contact, particularly in dif-
ferent forms of condensed matter, quantum coherence be-
tween them is lost within a very short time and superpo-
sition effects are washed out.

It is however, appropriate to remember that a
change of phase relations within a certain subset of a
multi-particle system actually takes a finite time (longer
if the subsystem considered is small and weakly coupled
to the rest of the system, as expressed for instance by the
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Joos-Zeh relations [3] for quantum decoherence of parti-
cles of different sizes embedded in environments of differ-
ent strengths). But, except in the specific cases of BE-
condensates and superfluidity, one has to use probes of
extremely short “exposure time” in order to observe ef-
fects of the superposition principle in condensed matter
systems. The present work deals with a couple of such
methods and some consequences that can be drawn from
such experiments about the indivisibility of complex sys-
tems.

The studies discussed here are limited to hydrogen
atoms placed in different environments. Hydrogen isotopes
(by which we will here also include the positive muon,
which chemically acts as a lightweight proton) are likely
to show the strongest quantum effects owing to their low
masses; one aspect of this being their relatively large ther-
mal de Broglie-wavelengths, of the order of Angstroms at
room temperature.

First, single particles will be considered, where a pro-
ton or a positive muon is delocalized over two or more sites
in a tunneling state. The conditions for survival of this
kind of superposition states will be discussed. Secondly
we will consider two-particle states where neighbouring
pairs of protons or deuterons are correlated due to quan-
tum exchange. Examples show how interaction with the
local environment phases out this kind of multi-particle
superposition states within a few femtoseconds.
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Fig. 1. H-sites near a N-impurity in bcc Nb. H-sites shown by
the same symbols have identical energies.

2 Protons and positive muons in tunneling
states

In certain kinds of crystals, an implanted proton or pos-
itive muon can be found in a tunneling state, where it
occupies simultaneously two or more identical intersti-
tial sites between the host atoms. One example is a Nb-
crystal weakly doped with N-atoms that substitute for Nb
at certain positions in the bcc Nb-lattice (see Fig. 1). If
a H-atom is also introduced, it will be trapped near an
N-atom, where there are pairs of interstitial H-sites which
are energetically equivalent and separated by a relatively
weak potential barrier. The result is that the proton can
tunnel between the two sites 1 and 2, a situation equiva-
lent to the well-known quantum double well problem, and
the proton finds itself in a quantum superposition state

Ψs =
(
1/

√
2
)
{Ψ(1) + Ψ(2)};

Ψa =
(
1/

√
2
)
{Ψ(1) − Ψ(2)}· (1)

This kind of state was first studied by Wipf et al. [4] using
inelastic neutron scattering. Its character is governed by
a tunneling matrix element J for the proton. Since in the
practical case the tunneling of a proton “carries with it” a
deformation of the crystal lattice and (in metallic systems)
a screening electron cloud, phononic and electronic prop-
erties are also strongly involved. This give rise to a reduc-
tion of the “bare” matrix element, (J → Jeff), but also to
strong mechanisms for quantum decoherence. The energy
difference between the two “tunnel-split” states in equa-
tion (1), which is equivalent to 2Jeff , was determined from
the inelastic neutron scattering to be 0.23 meV. When
there are transitions between the two states the inelastic
neutron scattering peak is lifetime broadened. Its width Γ
gives a measure of the “lifetime” of the tunneling states
(Γ = �/τcoh, where τcoh is the characteristic time over
which quantum coherence in Eq. (1) is preserved).

Wipf et al. first followed the temperature dependence
of Γ = �/τcoh at low temperatures in normal conducting
Nb and found it to be a linear function of T (Fig. 2a).
Such a linearity is expected, according to Kondo [5], if the
temperature is low enough for the decoherence mechanism
to be mainly caused by the interaction with the surround-
ing conduction electrons. At higher temperatures phonons

Fig. 2. The linewidth Γ = �/τcoh measured in neutron scat-
tering on H in Nb-metal, showing (a) the linearity with T in
the normal conducting state (with τcoh of the order of 10−13 s)
and (b) the strong reduction of Γ (i.e. increase of τcoh) in the
superconducting state. The vertical arrow marks the instru-
mental linewidth. From reference [8].

are excited, which are expected to give a lifetime broad-
ening Γ proportional to a higher power of T . The explicit
expression for the conduction induced decoherence rate
1/τcoh, as given by Kondo, is

1/τcoh = πKkBT/� (2)

where K is a strength parameter for conduction electrons
scattering on protons (it can be expressed in terms of
phase shifts and a scattering potential [6]). For a temper-
ature of 1 K, decoherence rates of the order of 1011 s−1

are expected.
The disappearance of the tunneling state as a result

of interaction with the environment can be illustrated
by plotting the probability for the particle to be at one
of the two sites (compare the text-book example of the
N-tunneling in the NH3 molecule in Ref. [7]) as function
of time. The tunneling frequency is ω = Jeff/�. The per-
turbation of the tunneling state is connected with a spread
σω in ω caused by energy changes in the two wells (in the
actual case by the conduction electron interaction whose
fluctuation is proportional to kT in the metallic state).
The spread in ω makes the oscillation decay with a Gaus-
sian envelope function

f(t) = exp[−σ2
ωt2] cosωt. (3)

If t > 1/σω this oscillation will be strongly damped (see
Fig. 3) and the particle will soon be localized in one of the
sites. The tunnel-split state can exist only at low temper-
atures, where τcoh is long.

Particle states in this kind of environment provide
some of the best understood examples of mechanisms for
quantum decoherence. In further experiments it has been
shown [8] that if the Nb-metal is in the superconducting
state (it is possible to switch between the superconducting
and the normal state by applying a magnetic field) the de-
coherence rate is drastically reduced because of presence
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Fig. 3. The probability for finding a proton in potential
well 2 after starting in well 1, when damped by decoher-
ence induced by interaction with phonon or conduction elec-
tron baths (sketched above). The right hand figure represents
overdamping.

of the energy gap ∆sc for the conduction electrons. The
density of states for electrons at the Fermi level, which are
the “active” ones in the interaction with the protons, is
then changed such that

1/τcoh = πKkBT
/

�{1 + exp[∆sc(T )/kBT ]} (4)

which means that not only the phonon bath but also
the electron bath is effectively decoupled at T � Tsc in
Nb-metal (see Fig. 2b).

Similar experiments have been made on positive muons
implanted in metallic host crystals. The effective tunnel-
ing matrix elements Jeff for muons are essentially larger
than for protons in the same potential wells (their mass
is about 10 times lower) and positive muons can be delo-
calized over several interstitial sites if the coherence con-
ditions allow it. The mobility and localization of positive
muons was first followed by Hartmann et al. [9] from high
to low temperatures, 100 K → 0.03 K in a normal con-
ducting metal, through the phonon-dominated down to
the electron dominated range. In the latter, the muons
can tunnel from site to site, but they are in a quantum
diffusion regime. This is not a proper tunneling state of
the type described by equation (1), since coherence is lost
between each tunneling transition (τcoh < 1/ω), but for
muons in Al, it was later shown by Karlsson et al. [10,11]
that there is a dramatic difference when the metal becomes
superconducting below 1.2 K. Equation (4) then allows the
muons to be delocalized over times as long as 10−6 s in
quantum superposition states. These involve several crys-
tallographic sites at the lowest temperatures. Well below

Tsc the muons can be said to be in propagating states,
similar to those for conduction electrons in a metal.

In µSR (muon spin rotation) one measures the spin
depolarization rate Pz(t) of the muons. The signature of
a completely delocalized state is a time-independent func-
tion Pz(t). In Figure 4 (up and left), this state does not ex-
ist because the 75 ppm Li-impurities destort the Al-lattice
and destroy the similarity between the muon sites (and
therefore the tunneling possibility); in Figure 4 (down and
left, up and right) an increasing fraction of the implanted
muons become delocalized and when impurities are prac-
tically absent, Figure 4 (down and right), delocalization is
complete. Muons in propagating states can be scattered
elastically by impurity atoms present in the metals [11],
but elastic collisions do not lead to loss of coherence.

3 Proton and deuteron pairs in quantum
superpositions

So far, only the coherence in delocalized one-particle states
has been treated. Two or more particles can exist in quan-
tum superposition states, not describable by a simple
product of wavefunctions for the separate particles but
only by a superposition of such products. The simplest
example is the wavefunction for two indistinguishable par-
ticles α and β, situated at two positions 1 and 2. If their
spin is I which can be coupled to a total spin of J = I + I,
the antisymmetry rules forces them to have a wavefunc-
tion of the form

|i〉 =
(
1/

√
2
)
{φ1(Rα)φ2(Rβ)

+ ζφ1(Rβ)φ2(Rα)}χJ
M (α, β) (5)

where the spatial coherence is described by the phase fac-
tor ζ = (−1)J = exp(±iπ/2) and χJ

M is the coupled spin
function. For electrons, the exchange correlation is a ba-
sic ingredient in all quantum calculations, but it is usu-
ally neglected in the description of the nuclear part of
the wavefunctions in molecules and solids. Only in certain
specific situations has it been necessary to take into ac-
count exchange correlations for pairs of nuclei (hydrogen)
in order to explain experimental data; the classical ex-
ample being the thermal neutron scattering on hydrogen
molecules [12]. The cross-sections for J = 0 and J = 1 are
dramatically different, effects that can be traced back to
the indistinguishability of the two scattering particles.

In principle, non-separability may not only be the re-
sult of coupling spatial nuclear wavefunctions to a com-
mon total spin (as in the exchange correlation above), but
also to other shared degrees of freedom such as phononic
or electronic excitations, in analogy to the atom-photon-
atom entanglement often studied in quantum optics. How-
ever, the phase factors in such coupled states will not have
the simple form that is valid for the exchange interaction
in equation (see Eq. (5)), but must be evaluated from an
explicit model for the particular entanglement mechanism.

Not unexpectedly, the quantum superposition states
of two- and more atoms or nuclei are strongly perturbed
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Fig. 4. Muon depolarization in Al for
different sample conditions (see text).
In down and right panel, depolarization
is absent, which means that the muons
stay in a coherent, strongly delocalized
state in the purest aluminium over their
whole lifetime (2 × 10−6 s), when T is
well below the superconducting transi-
tion. From reference [10].

by environmental interactions. The quantum phase rela-
tions that exist at one particular moment are easily lost,
particularly in condensed matter systems. Normally, co-
herence times may not exceed a few femtoseconds even
for molecular-sized quantum systems, and for macroscopic
ones (like the grains of dust considered in simple decoher-
ence models [3,13]) overall coherence has been estimated
to be preserved only for 10−20 s or less. Experimental
methods that allow the study of local few-proton correla-
tions (or entanglement) must therefore take “snapshots”
with time windows of 10−15 s or less. Up to now, two
methods with characteristic time windows in this range,
Compton scattering with neutrons and Raman scatter-
ing [14], have been used to look for proton and deuteron
quantum correlations in condensed matter.

In neutron Compton scattering (NCS), neutrons of
much higher energy, 10–100 eV, than those normally em-
ployed in thermal scattering (≈ 0.02 eV), scatter on the
nuclei in the sample. This leads to a recoil of the nuclei and
an outgoing neutron with reduced energy and momentum.
Scattered neutrons of one particular energy are selected
by a resonance method [15] and the kinetics is such that,
at each neutron scattering angle θ, the corresponding en-
ergy for the incoming neutrons (and therefore the total
time-of-flight from the production target) is characteris-
tic for each type of scattering nuclei. In the time-of-flight
spectrum, the intensity for scattering on H, D, C, etc.,
can therefore be obtained separately. Furthermore, each
particular scattering angle θ for each scattering mass M
is associated with a characteristic scattering time [16]

τsc(θ) ≈ M/(k(θ))
√
〈p2〉 (6)

which can be calculated from known parameters (k(θ) is
a trigonometric function). The times τsc fall in the range
≈ 10−16–10−15 s, depending on the mass of the scattering
particles and the average momentum

√〈p2〉 that the par-
ticle has in its thermal motion when hit by the neutron.
This does not only provide a suitable time window for ob-

servation of the correlation effects discussed here, but also
a possibility for a kind of time differential measurement of
the neutron scattering cross-sections: the scattering inten-
sities I(θ) can be transformed to functions of scattering
time, I(τsc); and directly from the spectra it is possible to
derive cross-section ratios σH(τsc)/σM(τsc), where M rep-
resents some heavier nucleus in the sample. It has been
observed in several measurements on condensed systems:
water [17] and different polymers [18,19] that the H-cross-
sections are lower by 20−30% than expected for individ-
ually scattering protons as given in standard tables. For
scattering on protons and deuterons in metallic hydrides
like NbHx and PdHx [20,21] it has also been observed
how the anomalous cross-section ratios σH/σM measured
at shorter times τsc approach the tabulated values when
τsc reaches times of the order of 10−15 s (see Fig. 5). The
latter is a clear indication that the anomalies have to do
with a quantum state that decays very fast as coherence
is lost in the proton subsystem.

The theoretical cross-sections for pairs of exchange cor-
related nuclei under Compton scattering conditions have
been derived by Karlsson and Lovesey [22,23]. The start-
ing point is equation (5) which represents the initial state,
and the final state was assumed to have the form

(
1/

√
2
)
{exp(ip′ ·Rα)Ψ(Rβ)

+ ζ′ exp(ip′ · Rβ)Ψ(Rα)}χJ′
M ′(α, β) (7)

with the recoiling particle represented by a plane wave. It
should be noted that in this expression, where Ψ stands
for the state of the non-recoiling member of the pair, the
quantum correlations are not yet broken and α and β are
not yet distinguishable; this occurs only later, through
a collapse process in the interaction with the condensed
matter environment. With this Ansatz, and the usual scat-
tering operator V = bα exp(ik ·Rα) + bβ exp(ik ·Rβ) the
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matrix elements 〈f |V |i〉 are evaluated as

〈f |V |i〉 =
(
1/

√
2
){

χJ′
M ′ (α, β)[bα + ζζ′bβ ]χJ

M (α, β)
}

× K(p)[T2 + ζ exp(−ip · d)T1]. (8)

Here, K(p) describes the so-called Compton profile (shape
of the momentum distribution in the outgoing neutron
spectrum) and Ti are overlap integrals

∫
dRΨ∗(R)φi(R),

which to a good approximation have the values 1/
√

2. The
cross-sections are dependent on how the momentum of the
local vibration p is related to the vector d = R1 − R2

connecting the two nuclear sites. For half-integer values of
particle spins (I = 1/2 for protons), one has, per particle,

σ/σsp = (1/2)(2I + 1)−1{I|T1 + exp(ip · d)T2|2
+ (I + 1)|T1 − exp(ip · d)T2|2} (9)

if no J ′ �= J selection rule is imposed [23]. The maximum
cross-section reduction for protons occurs if p is perpen-
dicular to d (1/4 of the standard value σsp), whereas for
isotropic vibrations a reduction to 1/3 is expected. For
deuteron pairs, a formula analogous to equation (9) also
predicts reductions, but of lower magnitude. If |f〉 is not
a superposition, but a simple product state of particles α
and β, the result of the calculation is the standard cross-
section, as expected.

In Compton scattering, the decoherence rate is
strongly influenced by the after-effects of the recoil pro-
cess itself. For protons in the metal hydrides mentioned
above, where the decoherence time has been measured to
be 0.6 × 10−15 s (cf. Fig. 5), the spatial coherence of the
protons is lost primarily by the shake-up when the re-
coiling proton leaves the scattering sites (it takes about
one femtosecond for the proton to move a distance of
0.5 Å). The coherence time expected when the proton
subsystem is perturbed only by the natural processes is
expected to be essentially longer, but still shorter than
the 10−13−10−12 s typical of thermal neutron scattering
(for which no H cross-section anomalies are observed in
the metal hydrides).

The situation in water is particularly well suited for
analysis of the short-time quantum correlations and their
disappearance by use of the explicit theoretical model [23],
valid for a pair of correlated nuclei. The interaction of the
protons with their environment in water is also well stud-
ied, particularly by infrared and Raman spectroscopy [24].
The H-vibrations in water have such values for

√〈p2〉 that
the time range for observation according to equation (6)
lies as low as at 5×10−17−5×10−16 s. Over this interval,
the correlations in equations (1, 2) are still well developed
and the cross-section reductions observed by Dreismann
et al. [17] could be explained quantitatively [25] by the
Karlsson-Lovesey theory assuming fully correlated pro-
tons in H2O.

The decoherence of the proton-proton correlation in
water is caused by surrounding water molecules which per-
turb the vibrations in the H2O molecule. It is only when
the vibrations are perturbed randomly by the hydrogen

Fig. 5. The observed cross-section ratio σH/σNb in the metal
hydride NbH as function of scattering time. From refer-
ence [20].

Fig. 6. Water molecule with coupling to a fluctuating envi-
ronment through hydrogen bonds.

bonds to neighbouring molecules, and many environmen-
tal modes are mixed in, that the quantum phase relations
are lost. Each hydrogen bond represents a potential well
with a characteristic bond frequency around the value ωσ

(cf. Fig. 6). This broadens the stretching vibration ωs to a
band with frequency ωs±ωσ (where ωσ is about one tenth
of ωs). On an energy scale, the band width is known from
vibrational spectroscopy [26] to be about 0.03 eV.

The spatial part of the final state in equation (7) can
be written as a superposition of states with particle α
starting from Rα = R1 (with β staying at site Rβ = R2)
and α starting from Rα = R2 (with β remaining at site
Rβ = R1), and since the Ψ ’s in equation (7) can be ex-
pressed as Ψ = T1φ1 + T2φ2,

|f ′〉 =
(
1/

√
2
)
{exp[ip′ · (Rα − R1)]T2φ2(Rβ)

+ ζ′ exp[ip′ · (Rα − R2)]T1φ1(Rβ)} · (10)

This is one of two possible final state (without environ-
mental interaction). The other one, |f ′′〉, is obtained by
interchanging the indices.

When the water proton at site 1 is coupled to a stretch-
ing vibration with angular frequency ω1 = ωs + ωσ1
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and the one at site 2 to a vibration with ω2 = ωs +
ωσ2, the coupled wavefunction is obtained by multiply-
ing each spatial single particle wavefunction by oscillat-
ing terms, exp(iω1t) and exp(iω2t). From equation (10)
one obtains the form (extracting a common phase factor
exp[iω1t] exp[−ip′ · R1]),

(1/
√

2){exp[ip′ · Rα]T2φ2(Rβ)

+ ζ′ exp[i(ωσ2 − ωσ1)t] exp[ip′ · d]

× exp[ip′ · Rα]T1φ1(Rβ)} · (11)

If now, in the last line, exp[iφ] is introduced for
ζ′ = (−1)J′

, where φ = π for J ′ odd and φ = 0 for J ′
even, equation (11) displays how the phase factor in the
spatial part of the two-proton wavefunction disappears
and reappears with the factor exp[i{φ + (ωσ2 − ωσ1)t].
But in the fluctuating network of hydrogen bonds in liq-
uid water, the factor (ωσ2 − ωσ1) charges randomly, with
an r.m.s.-value of σ on a time-scale which is of the same
order of magnitude as the vibrational period itself. The
energy spread of 0.03 eV mentioned above corresponds to
σ ≈ 0.5 × 1014 s−1. If the distribution in ω ≈ ωs can be
represented by a Gaussian function one obtains therefore
for the mean value of the phase factor,
∫

dω′ exp[(ω′ − ω)2/4σ] exp(iω′t) = exp[−σ2t2] exp(iωt)

(12)

where the decay factor exp[−σ2t2] measures the decoher-
ence (like the damping factor ∆ω in the oscillating am-
plitude of the tunnel-split state in Eq. (3)). From the
known value of σ the characteristic decoherence time for
the proton-proton correlation water, as seen by the neu-
tron, can therefore be estimated to be τcoh = 2× 10−14 s.
After a complete loss of phase memory the end result is
one of the two simple product states

|f ′〉 = (1/
√

2) exp[ip′ ·Rα]T2φ2(Rβ)

or |f ′′〉 = (1/
√

2) exp[ip′ ·Rβ]T1φ1(Rα) (13)

where either particle α or particle β has been identified as
the one leaving the molecule in the recoil process in the
Compton scattering

As mentioned briefly already, the Compton scattering
of neutrons (NCS) has the disadvantage that it actively
contributes to the decoherence process through the violent
shake-up following the recoil. Actually, a softer scattering
process should be needed to follow the natural decoher-
ence process in water. It is hoped that data from inelas-
tic neutron scattering on water could be helpful to fill in
data for the decoherence in the 10−14 s range. It works
in the transferred momentum range Q = 5−20 Å−1. Be-
low Q ≈ 15 Å−1 the whole H2O molecule recoils with
an energy less than 0.3 eV (much lower than the 50 eV
typical for the liberated protons in NCS), From the neu-
tron coherence length λcoh = λ2/2∆λ estimated from the
wavelength resolution ∆λ and the velocity v of the neu-
trons, it can be concluded that the scattering time (and

therefore the time window for observation) under these
conditions should be in the range 2−100 fs. A decrease
of the intensities of neutrons scattered on protons, when
moving from the long observation times at low Q, to the
shorter ones at higher Q (where decoherence processes
have not had time to operate) should be expected. From
the empirical evidence gained from reference [20] the cor-
responding decrease with Q is expected to be much less
evident (or absent) for scattering on D2O. It should be
mentioned here that another neutron scattering experi-
ment (on protons in KHCO3) by Ikeda and Fillaux [27]
has shown exchange-related interferences at Q ≈ 5 Å−1

for a scattering time that also falls in the 100 fs range.
Deuterons in KDCO3 showed no such effect.

If measurement conditions are chosen properly, it
might be possible to observe effects of quantum corre-
lated proton states even with the use of thermal neu-
trons, not only in the H2 molecules mentioned, but also in
other molecules. Returning to the correlated two-particle
model, the final state will have the form, for “soft” en-
counters, where there is no recoil effect or shake-up (only
the possibility of a spin flip which changes J to J ′ and ζ
to ζ′ = (−1)J′

),

|f〉 = |γ′, JM〉 = (1/
√

2){φ1(Rα)φ2(Rβ)

+ ζ′φ1(Rβ)φ2(Rα)}χJ′
M ′(α, β) (14)

as long as there is no decoherence. The same procedure
as the one giving equation (8) for the Compton scatter-
ing will now give the following expression for the matrix
elements,

〈f |V |i〉 = (1/2){〈γ′| exp(iq ·Rα)|γ〉〈J ′M ′|bα|JM〉
+ 〈γ′| exp(iq ·Rβ)|γ〉〈J ′M ′|bβ |JM〉
+ ζζ′〈γ′| exp(iq · Rα)|γ〉〈J ′M ′|bα|JM〉
+ ζζ′〈γ′| exp(iq · Rβ)|γ〉〈J ′M ′|bβ|JM〉 · (15)

Here, 〈J ′M ′|bα|JM〉 = χJ′
M ′(α, β)bβχJ

M (α, β), etc., and q
is the momentum transfer. Noting that 〈J ′M ′|bβ|JM〉 =
ζζ′〈J ′M ′|bα|JM〉 (see Ref. [22], Eq. (4.1)) and using the
usual expression for the scattering amplitude operators,
bi = A(i)+(1/2)B(i)s ·I, i = (α, β), one recovers the stan-
dard expressions for the thermal neutron cross-section of
the exchange correlated protons in the hydrogen molecules
(in their ground vibrational and rotational states and for
Rα+Rβ = 0 and sin[(1/2)q·(Rα−Rβ)] � 1, see Ref. [28],
Chap. 1.7):

σ(J = 0) = 4πA2; σ(J = 1) = 4π
[
A2 + (1/8)B2

]
.

It is more interesting, however, to consider what would
happen in an experiment with neutron reflection, where
quantum interference enters in a different way. It is text-
book knowledge that only the A-terms in bi = A(i) +
(1/2)B(i)s · I contribute to the coherent scattering, and
therefore to the reflected intensity. A commonly used ex-
planation for the absence of the B-term is (see, e.g.,
Segre [29], p. 570) that, as soon as a spin-flip has oc-
curred the scattering site for the incoming neutron has
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been identified, and there is no interference left to build
up a reflected wave.

In the exchange correlated two-particle model, the fol-
lowing matrix elements will enter the quantities Q(1) and
Q(2), whose correlation describes the reflected intensity,

Q(1) = (1/2)[bα(1) + ζζ′bβ(1)]

Q(2) = (1/2)[bα(2) + ζζ′bβ(2)]. (16)

In the formulation of the coherent cross-section, there
is then a contribution also from the spin-flip B-terms
to the correlation Q(1) ∗ Q(2), which does not occur
for scattering on uncorrelated particles. For protons, the
B-terms are exceptionally large compared to the A-terms
(A = −0.38 × 10−12 cm, B = 5.78 × 10−12 cm) and even
if only a small fraction of the coherence remains over
times characteristic for thermal scattering, the effect of
the B-terms might be detectable. For deuterons, where
the A-term is dominating, no such effects are expected to
be visible.

Reflectivity experiments on water surfaces have actu-
ally been performed by Streffer et al. [30], with an indica-
tion that the reflectivity is increased by about 10% com-
pared to what is expected from standard theory. In the
light of what has been said above about the decoherence
time for exchange correlated protons in H2O, such a result
is not unreasonable; if the decoherence time is 2× 10−14 s
and the scattering time is 10 times longer, the effect of
the B-terms would have diminished about two orders of
magnitude, but since it is very large initially it could still
contribute in a measurable way. It would be interesting to
have this observation confirmed by other measurements,
since it means that even for scattering times of the order of
10−13 s there would be reminiscences of the relative quan-
tum phase that the protons had in water at the beginning
of the neutron encounter. The effect itself is a subtle fea-
ture of quantum mechanics that can described in words
by saying that “a spin-flip can occur without identifying a
specific scattering site for a particle, by which ‘incoherent
B-terms’ become coherent”.

4 Discussion

The topics treated here may give rise to a couple of spec-
ulations of more general nature. One interesting point
in the treatment of the water molecule is that, during
one femtosecond (and when unperturbed by a measure-
ment, probably for several femtoseconds), the two protons
must be looked at as indistinguishable particles. When
the molecule is attached to two other neighbouring wa-
ter molecules through hydrogen bonds, there is actually
a bridge through the two correlated protons similar to
that of an EPR pair of photons in quantum optics. This
is a coupling of a specific quantum character that might
have an influence on the hydrogen bonding. In particu-
lar, these very ephemeric couplings may be of importance
in the first preparatory stages of chemical reactions in-
volving protons, perhaps also in reactions in biomolecular
systems.

Another topic that deserves some attention is the fact
that the times within which two- and multiparticle states
stay coherent is generally shorter than the times it takes to
establish thermal equilibrium in condensed systems. This
important difference between the quantum dephasing time
and the thermal relaxation times is also stressed in the
works by Joos and Zeh [3] and by Zurek [31]. The results
of the neutron Compton scattering experiments, with their
time window below 10−15 s, have actually turned out to be
independent of temperature (from 300 K down to 20 K for
NbHx [20]). This is expected since these times are clearly
“subthermal” with respect to the times of the order of
10−13 s needed for thermal equilibrium.

Decoherence also plays a key role in the thermo-
dynamic definition of time. The loss of phase memory
through decoherence introduces a time asymmetry and
makes retrodiction impossible. From the point of view of
the local system, unitarity seems to be lost (although it is
maintained when the whole chain of couplings to further
and further external systems is included). It is interest-
ing to note that, in this respect, the flow of time is more
discontinuous in the local proton subsystem, where time
symmetry is preserved over steps of the order of femtosec-
onds, than it is for the time as seen from the point of view
of a macroscopic system.

The above examples have shown that the processes
by which coherence is lost can be measured and under-
stood, at least if the quantum systems are simple and
the environment is well defined. Lastly, therefore, it may
be remarked that the examples mentioned here may help
to throw light on the quantum measurement problem, in
particular at what level the “measuring apparatus” se-
lects a particular value from the possibilities inherent in
a quantum superposition. It is evident that even for a
quantum object exceeding a few atomic distances in size,
in contact with a condensed matter environment, this is a
very fast process. For any other, reasonably sized object
in contact with a measuring apparatus, it is practically
instantaneous.

This work has been supported by the EU network QUACS
(Quantum Complex Systems).

References
1. M. Brune, E. Hagley, J. Dreyer, X. Maitre, A. Maali, C.

Wunderlich, J.M. Raimond, S. Haroche, Phys. Rev. Lett.
77, 4887 (1996)

2. M. Arndt, O. Nairz, J. Vos-Andreae, C. Keller, G.
van der Zouw, A. Zeilinger, Nature 401, 680 (1999)

3. E. Joos, H.D. Zeh, Z. Phys. B 59 223 (1985)
4. H. Wipf, A. Magerl, S.M. Shapiro, S.K. Satija, W.

Thomlinson, Phys. Rev. Lett. 46, 947 (1981)
5. J. Kondo, Physica B + C 126, 377 (1984)
6. K.Yamada, A. Sakurai, M. Takeshige, Progr. Theor. Phys.

Jpn 70, 73 (1983)
7. R.P. Feynman, R.B. Leighton, M. Sands, The Feynmann

Lectures on Physics (Addison-Wesley Publ. Co, Reading,
MA, 1964), Vol. III

8. H. Wipf, D. Steinbinder, K. Neumaier, P. Gutsmiedl. A.
Magerl, A.J. Dianoux, Europhys. Lett. 4, 1379 (1987)



400 The European Physical Journal D

9. O. Hartmann, E. Karlsson, E. Wäckelg̊ard, R. Wäppling,
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Mayers, Europhys. Lett. 46, 617 (1999)

21. T. Abdul Redah, R.M.F. Streffer, C.A. Chatzidimitriou-
Dreismann, B. Hjörvarsson, E.B. Karlsson, R.M.F.
Streffer, J. Mayers, Physica B 276-278, 824 (2000)

22. E.B. Karlsson, S.W. Lovesey, Phys. Rev. A 61, 062714
(2000)

23. E.B. Karlsson, S.W. Lovesey, Phys. Scripta 65, 112 (2002)
24. M.D. Joesten, L.J. Schaad, Hydrogen Bonding (Marcel

Dekker Inc., New York, 1974)
25. E.B. Karlsson, S.W. Lovesey, Proceedings of the 7th

International Symposium on “Foundations of Quantum
Mechanics in the Light of New Tecnology”, ISQM-Tokyo,
27–30 August 2001, edited by Y.A. ono, K. Fujikawa
(World Scientific, Singapore, 2002), p. 291

26. S. Bratos, G. Tarjus, M. Diraison, J.-Cl. Leicknam, Phys.
Rev. A 44, 2745 (1991)

27. S. Ikeda, F. Fillaux, Phys. Rev. B 59, 4134 (1999)
28. S.W. Lovesey, Theory of Neutron Scattering (Oxford Sci-

ence Publications, New York, 1987)
29. E. Segre, Nuclei and Particles (W.A Benjamin Inc., New

York, 1965)
30. R.M.F. Streffer, T. Abdul Redah, J. Bowers, I. A. McLure,

R. Steitz, F. Mezei, C.A. Chatzidimitriou-Dreismann,
Physica B 266, 198 (1999)

31. W.H. Zurek, Phys. Today 44, 36 (1991)


