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Abstract

Quantum entanglement (QE) in micro- and mesoscopic systems in condensed matter is very short-lived due to interactions with the
environment. However, neutron Compton scattering (NCS) operates in the attosecond time scale, thus allowing to access QE effects of protol
with electrons. Our findings revealed a striking shortfall of NCS-intensity from protons of M—H and various molecular systems; in simple
terms, about 20—-40% of the protons seem to “disappear”. This new effect was recently confirmed with a completely independent method
electron Compton scattering from nuclei (ECS). During the scattering process there is no well-defined time-scale separation between protoni
and electronic “motions” and thus the Born—Oppenheimer (BO) approximation is not applicable. A theoretical outline of the NCS (and ECS)
results is presented. This theory also applies to other fast processes, like H-jumps, formation or breaking of a chemical bond, electron mobilit
and/or transfer, etc.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction time scale provided results indicating that short-lived entan-
gled states may be detectable in condensed matter even at

The counter-intuitive phenomenon of quantum entan- room temperaturf8-5].
glement (QE) between two or more quantum systems has Inthis paper we present a theoretical investigation of scat-
emerged as the most emblematic feature of quantum mechantering from “small” open quantum systems in condensed
ics [1]. Entangled states are often called Salinger’s cat matter, in the “time window” of decoherence of the scattering
states. Experiments investigating QE, however, are focusedsystem. In particular, extending and improving earlier work
on collection of a small number of simple (two- or three-level) [6], no energy integration is carried out in the basic equation
quantum systems thoroughly isolated from their environment (1). Consequently the main theoretical results (say, Egs. (7—
(e.g. atoms in high@ cavities and optical lattices, or trapped 9)) concern the double differential cross-section which is
ions), or coupled to it by well-known and controlled interac- directly extracted from experimental data (i.e. measured scat-
tion mechanisms. These conditions are necessary due to théering intensities, see e[§]). The focusisin “fast” scattering
decoherencg?]. On the contrary, QE in condensed and/or processes with a duration (called scattering timg), of the
molecular matter at ambient conditions is usually assumedorder to the scatterer’s decoherence timggg i.€.7sc ~ Tdec
to be experimentally inaccessible. However, two new scatter- Our procedure may be considered to represent an “exten-
ing techniques—NCS and ECS—operating in the attosecondsion” of standard scattering theory—as applied e.g. to neutron
physicg[7,8] and electron scatterirf]—in which the con-
cepts of QE and decoherence play no role.

To be specific, the derivations deal with NCS explicitly,
but they can rather easily be extended to other “fast”
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processes.
tering theory, our starting point is given by the standard
expression for the double differential cross section, .
below, which is based on “Fermi’s golden rule”; §&€8].

In accordance with conventional neutron scat-
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The particular case of large momentum transfer and, \ypere VT = exp(—iq - ). The N-body density operators

consequently, incoherent scattering is considered—which
simplifies the formalism, makes the essential points more
transparent, and also applies to the NCS and ECS processe

Then a reducedpen quantum system is introduced, i.e.

a micro- or mesoscopic system, characterized by a set of

preferred states (also called: pointer bagi§). This corre-

sponds to the “small” physical system that scatters a neutron

(electron, etc.) with a sufficiently large momentum transfer.

Its dynamics is described by a simple Lindblad-type master

equatior[11], thus incorporating the effects of irreversibility
and decoherence into the theoretical model explicitly.

The striking result of the derivations is as follows: the irre-
versible time-evolution is shown to cause a reduction of the
transition rate of the system (from its initial to its final state).

n “experimental” terms, this is tantamount to an effective

reduction of the system’s cross-section density and thus ay

shortfall of scattering intensity; cf3-5].

2. Quantum dynamics of scattering

To simplify notations, let us temporarily assume that the
condensed system consists @fatoms of the same kind
only, say, hydrogen atoms. The starting p¢8)7] is to con-
sider the number of neutronk, scattered per second into
a small solid angle @ (in some given direction) with final
energy betweerf; and E1 + dE;. One hasls((E1, )
d?s/d2dE, i.e., it is proportional to the double differential
Cross section
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b; is the so-called bound scattering length of atp(e=
1,...N) and|k|; = k;. hq and hw are the momentum and

energy transfers from the neutron to a scattering nucleus, ,

respectively; i.e.hq = hko — hk1, hw = Eg — E1. “0” and
“1" refer to neutron quantities “before” and “after” collision,
respectivelyv andv’ refer to the initial and final states of the
scattering system, respectively, making the transition—
[v'). W, denote the probabilities of the initial states. It holds
Vi(q) = explq - r)).

In this equation, the surh_; containsN terms. So the
square of its absolute valusz 12, is the sum ofV2 terms
of which a typical member is (defining; = V;(q) for sim-
plicity of notation)

M iy = b VIV [V v)]*

bj,<v’|v,-|u)<v|v}|v/>

= )(v | andp, = |v){v| correspond to the final and ini-
tlal states, respectively. Tr[-] denotes the trace operation.

For simplicity,b is assumed to be real.

In the considered physical context of NCS one has
27/d, whered is the nearest-neighbor distance of two scat-
tering nuclei. Hence the spatial scale of the scattering event,
represented by /L (whereqg = |q|), is too small for one to
detect interference effects due to scattering from pairs of dif-
ferent nuclei. This is because the terms wjtk ;' in this
equation correspond to fine—spatially oscillating, i.e. con-
structive and destructive—interference patterns which tend to
average to zero due to the finite spatial (and solid angle) res-
olution of the detector. These physical considerations imply
that the terms withy = j’ do not contribute to the measured
scattering intensity, and therefore one obtains from ().
he “incoherent approximatior12,13]
Mjowy = b5 Tt oy Vj py V}] 3)

Since the quantityV; p, V; = |V;v)(vV;| is a projec-
tor (thus having emgenvalues 0 or 1) apgd is a density
operator (thus having non-negative eigenvalues), the product
ov Vi py VT must be hermitian and positive semidefinite.

Consequently, Tihy Vi py V ] = 0andM .y > 0. Thus,

in the expression of the scattenng intensity, B, and for
sufficiently large momentum transfers (asin the case of NCS),
occur now only non-negative terms.

The pure statep,, andp, refer to the complete (macro-
scopicN-body) system. Each individual neutron scattering
process, however, is expected to involve only a much smaller
number of “relevant” degrees of freedom, e.g. those of a few
number of atoms. The latter can be described by the reduced
density operatorg,, andp, obtained fronmp,, andp, through
partial trace Tgny) over the degrees of freedom of the “envi-
ronment”:

(4)

In general, these are not pure states. Thus one obtains

= Trenvlov], Pv = Trenvipov]
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()

where Tirel) denotes the trace over the degrees of freedom of
the relevant subsystem.

Until now, the effect of decoherence played no role in
the derivations. In the following we investigate possible
implications that QE and its decoherence may have for
the scattering process. Obviously, the physical context
associated with the relatiofec ~ 15c iS relevant here. Let
{1€)} be thepreferred representatioffil0] being selected by
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the decoherence accompanying the dynamics of a scattereran open quantum system. Here one easily recognizes that

According to decoherence thedB] we may write here the above procedure of Eq$§)—(8)can be straightforwardly
. ) . 2 generalized, so that the quantidy ;. () contains addi-
(1D (D)IE) = Iy (0)€) e ME—ET (6) tional exponential factors due to the decoherendg,ohe

further conclusions remain unchanged.

In summary, the exponential factors exq|£ — &'|%)
due to decoherence lead to a reduction of the time averages
M j;,,» and thus of the scattering intensity, as observed in our
NCS and ECS experiments, §3-5,14]

Starting from a general equation of motion of an open
quantum systenjll]—instead of Eq.(1}—a generalized
M jjion() = b? / / dé d?(%‘lﬁw(ﬂl?)(%'/Iij)vV,Tl%') treatment of the a}bove mo_del ell‘nd iEs main resu.lt can be pro-

vided, which applies to various “fast” processes in condensed

and molecular systenj$5].

To simplify the following derivations, we temporarily
assume the initial statg, to bes-independent, and thus not
subject to decoherence.

Performing now the trace in E5) with respect to the
basis{|¢)} and noting the closure relatiohds’|§') (| = 1,
Eq. (5) may be written as

=2 [ [ dea e1p(0))

2
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This quantity contains adependence due to the non-
diagonal elements gf,/(¢). Obviously, time-resolved details
of this (very fast) dependence are not accessible to our
experiment. Therefore, comparison with experimental results
should be made after taking the time average over the duration
of the scattering processsc. The associated experimentally References
relevant quantity is then
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