Bulg. J. Phys. 33 (2006) 193—-205

Attosecond Quantum Entanglement of
Protons and Electrons in Condensed Matter -
Neutron and Electron Compton Scattering

C.A. Chatzidimitriou-Dreismann

Institute of Chemistry, Faculty II, Technical University of Berlin,
D-10623 Berlin, Germany. E-mail: dreismann@chem.tu-berlin.de

Received 11 October 2006

Abstract. The “anomalous” scattering of neutrons and electrons from protons
in the electron-volt energy range is described, and related experimental results
are presented. Due to the very short characteristic scattering time, there is no
well defined separation of time scales of electronic and protonic motions. An
outline of a proposed theoretical interpretation is presented, which is based on
the fact that scattering protons represent open quantum systems.

PACS number: 03.65.Ud

1 Introductory Remarks

The counter-intuitive phenomenon of entanglement [1] between two or more
quantum systems has emerged as the most emblematic feature of quantum me-
chanics. Experiments investigating entanglement, however, are mainly focused
on collections of few simple (two- or three-level) quantum systems thoroughly
isolated from their environment (e.g., atoms in high-@ cavities and optical lat-
tices). These experimental conditions are necessary due to the decoherence of
entangled states [2,3]. In short, decoherence refers to the suppression of quan-
tum superpositions caused by the environment.

By contrast, quantum entanglement (QE) in condensed and/or molecular mat-
ter at ambient conditions is usually assumed to be inaccessible experimentally.
However, applying two new scattering techniques (NCS and ECS, see below)
which operate in the sub-femtosecond time scale, we provided results indicating
that short-lived entangled states may affect measurements in condensed matter
even at room temperature [4—6].

The first direct experimental evidence of short-lived (that is, attosecond) QE
involving protons in condensed matter was provided by means of the novel neu-
tron Compton scattering (NCS) method. Starting in 1995, our experiments on
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liquid water and HoO-D5O mixtures [4] have revealed the following striking ef-
fect: The intensity of neutrons scattered from protons exhibits a considerable
“anomalous” shortfall which can be as much as 30%. This finding unequivo-
cally contradicts conventional theory [4]. Further NCS experiments confirmed
the existence of this effect in quite different condensed matter systems, e.g., urea
dissolved in DO [7], metallic hydrides [8], polymers [5, 9], “soft condensed
matter” [10], liquid benzene [9], and most recently in liquid Hy-Do mixtures
and HD [11].

Additionally, the effect under consideration was independently confirmed using
electron-proton Compton scattering (ECS) [5]. ECS-investigations from a solid
polymer showed the same shortfall in scattered electrons from hydrogen nuclei,
comparable to the shortfall of scattered neutrons in accompanying NCS exper-
iments on the same polymer. Thus this effect was shown to be independent of
the two fundamental interactions involved (i.e., the electromagnetic and strong
interactions) [5, 6].

Here we present some experimental results which illustrate the aforementioned
striking effect. In our theoretical considerations, short-lived QE and decoher-
ence [2, 3] (especially, between a struck proton and its adjacent electrons) play
a central role and represent our “working hypothesis”, which a proposed the-
oretical interpretation is based on. This provides an extension of conventional
neutron scattering theory (in which decoherence plays no role). The presented
derivations also reveal the crucial importance of the very short (that is, attosec-
ond) “scattering time” of the experiments.

2 Neutron and Electron Compton Scattering from Protons

The experimental method utilized here is neutron Compton scattering (NCS),
provided by the electron-volt spectrometer Vesuvio (formerly eVS) at the ISIS
neutron spallation source, Rutherford Appleton Laboratory, UK. This technique
is particularly suitable for the investigation of short-lived QE since its “time
window” (i.e., the scattering time 7,.) lies in the attosecond range, see below.
Taking full advantage of the high flux of high energy neutrons, this “inverse
geometry” time of flight (TOF) instrument (see [12] for details) was originally
constructed to measure directly the momentum distribution n(p) of nuclei and
is particularly useful for the investigation of H, D and He [13].

An example of a measured TOF spectrum of a solid polymer (formvar,
monomer: CgO9Hyy) is given in Figure 1. The high energy and momentum
transfers applied,

AE ~1-100 eV, | ~30—200 A", D

have an important consequence: The H and the joint C/O recoil peaks are well
separated, permitting the direct determination of the ratio of peak areas of the
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Figure 1. NCS TOF-spectrum of formvar (self-supporting foil, 0.1 mm thick) at scattering
angle 0 = 51.27°, corresponding to a mean momentum transfer (for the neutron-proton
collision) with ¢ = 60.7 A~!; taken from [5].

atoms in the sample. For an account in detail of data analysis and experimental
procedures, see [12].

We now shortly discuss the striking decrease of NCS-intensity from H, which
is represented by the violation of the basic equation Reyp = Reonw, see below.
As an example, let us consider the scattering results [5] from formvar. From a
measured TOF spectrum, the data analysis procedure [12] determines the double
differential cross section d20 /dEdS). The relevant peak areas Ax (with X=H,
C, O) are then extracted from d?c /d EdS). Thus one determines the ratio

Rewp = AH/(AC + AO) (2)

According to standard NCS theory [13, 14] the conventionally expected value
R.onv of this ratio is calculated with (cf. [4,12])

Rconv = NHUH/(NCUC + NOUO)~ (3)

(0i: bound-atom total cross-section [15]). Nx is the number density of atom
X (=H, C, O), which is for formvar Ng:Ng:Np = 14:8:2. Instead of the con-
ventionally expected equality R.y, = Rconv, however, the experimental results
presented below show that this equation is strongly violated: Rezp < Reono.

Using electrons with energies 15 — 30 keV and a scattering angle of § = 44.3°,
electron-proton energy transfers in the range of about 2 — 12 eV have been re-
cently achieved [5, 16]. The energy loss spectra obtained show that the recoil
peak of protons is well resolved from the combined peak of the heavier C and O.
In this physical context, this electron-proton Compton scattering (ECS) method
is the electron analog to NCS. We emphasize that ECS always refers to electron-
nucleus scattering only, and not to electron-electron scattering.
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Figure 2. Anomalous reduction of NCS and ECS intensity from H of formvar, as a
function of applied momentum transfer 4q. The g-range shown corresponds to scattering
times 75, & 200 — 1000 x 107 % s. Small squares and circles: Values of rations Re;, of
NCS peak-areas measured in the detector angular range 32° — 68°, relative to Rconyv, S€€
Eqgs. (2)-(3). Full squares (open circles) represent results for foils with 0.1 mm (0.2 mm)
thickness. Large open triangles: Rations Rezp/Reony as measured by ECS from films of
50 — 100 A thickness, using electrons with kinetic energies 15 — 30 keV. Note the strong
(ca. 20 — 50%) shortfall of the ratio Rexp; taken from Ref. [5].

According to conventional theory, the aforementioned equation Rz, = Reono
should be also valid for ECS. Here, however, the cross section for electron scat-
tering from hydrogen, carbon and oxygen is simply the Rutherford cross section:
ox X Z% (Zx: atomic number of atom X). Calculations of the cross section
based on the electronic structure show that screening effects are not important
under these conditions [16, 17]. The obtained ECS results reveal that, as in the
case of NCS, the measured ratio R, of the hydrogen peak and the joint oxy-
gen/carbon peak is considerably decreased: Reyp < Reono-

Comparative results from ECS and NCS measurements from formvar were pre-
sented [5]. In Figure 2 the ratios Reyp/ Reony are given as functions of ¢ = |q]
for both ECS and NCS. The effect revealed by NCS is between 25% and 50%,
and increases with increasing momentum transfer, corresponding to decreasing
scattering time 75.; see Eq. (5). The ECS data reveal a corresponding “anoma-
lous” decrease of Regp of 15-45%. The results derived from the ECS spectra
were found to be in very good agreement with associated NCS data [5], see Fig-
ure 2. (For full experimental details, see [17].) Thus this effect appears to be
independent of the two fundamental interactions involved (i.e., electromagnetic
and strong), which also implies that it reveals a genuine property of matter [5,6].

Considerable efforts to identify possible sources of NCS-experimental errors
have been made during the last five years; see [12]. Moreover, Senesi et al. [18]
investigated in the most rigorous way all the criticisms raised in Refs. [19] con-
cerning the effects of instrumental resolution and filter absorption profile, by
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applying directly, and for the first time, the so-called “exact method” of data
analysis proposed in Refs. [19]. These results demonstrated unequivocally the
presence of the same anomaly in the scattering from protons, in agreement with
the results of the standard data analysis procedure of ISIS [18].

3 On Scattering Time

In the context of NCS, as provided by the Vesuvio setup, the Impulse Ap-
proximation (IA) is valid [13, 14] and the characteristic time scale — often
termed “scattering time”, 75, — of the neutron-proton scattering process is very
short [5,8-12],

Tse ~ 100 — 1000 as 4)

(as: attosecond). These sub-femtosecond scattering times are a consequence of
the large energy and momentum transfers attained with the Vesuvio instrument,
Egs. (1), and they follow from the theoretical result valid in the TA [13, 14]

Tsc |Q| Vg = 1 ) (5)

where vg is the root-mean-square (rms) velocity of the nucleus and Aq is the
momentum transfer from the neutron to the proton. The time 7, is given by the
t-width of the intermediate correlation function F'(g,t), which is related to the
dynamic structure factor S(g,w) by Fourier transform [14]

1 o0
S(0,0) = o / exp (—iwt)F(q,t) dt . ©)

— 0o

It is interesting to note that the “actual duration” of a neutron-proton interaction
may be even shorter, as a classical estimate indicates. E.g. a neutron with kinetic
energy Ey =~ 10 eV will pass a distance of 107 A (i.e. the range of the strong
interaction) in a much shorter time, i.e. 1071 — 10720 s.

However, this is not in conflict with the above estimate, for the following reason.
As standard theory shows [13], S(g,w) is peaked around the nuclear recoil en-
ergy E, = h?q*/2m. The scattering time T, is also given by the inverse of the
width AE of S(q,w), and S(q,w) plays the role of the probability density distri-
bution for transferring energy Aw from the neutron to the proton, when the mo-
mentum transfer is fig. That is, 75 & i/AFE. (In addition, it can also be shown
that 7, is about the inverse of the energy spread of the proton wave function after
collision [20].) For a typical value AE =~ 10 eV, one gets 75, ~ 10716 — 10717
s. In other words, the scattering time 7,. gives a statistical measure of the length
of the time interval during which an elementary neutron-proton collision may
occur, in the same way that the spatial extent of a particle wave function (or
wave packet) gives a statistical measure of the extent of the region in which the
particle may be found.
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To shed more light upon the issue of “relevant scattering time”, one may also re-
fer to the celebrated Margolus-Levitin theorem [21]. Let us consider the neutron-
proton system during the collision process. Obviously, the initial and final states
of it are very different and so they can safely be assumed to be orthogonal. This
theorem asserts that in takes at least a time 7', > (wh)/(2Ej) for the system to
evolve from its initial to any orthogonal final state. E is the system’s average
energy minus its ground state energy. 7' provides a strict bound for the con-
sidered dynamical process [21]. Note that in NCS one has E; ~ Ej and thus
FE is larger than, but of similar order as, the aforementioned energy spread AE.
Thus it is revealing that also this time 7' is very similar to the aforementioned
scattering time, i.e. T'| < Tgc.

In addition, the Brunetti-Fredenhagen construction of an observable (as a pos-
itive operator valued measure) characterizing the “time of occurrence of an ef-
fect” [22] should be mentioned, which seems to provide a similar magnitude of
“scattering time”, too.

4 Theoretical Considerations

The thus far existing theoretical models attribute this scattering effect to:

(A) Shortfall of scattering intensity caused by quantum exchange correlations
between pairs of identical particles in the scattering system [23,24].

(B) Contribution of electronic degrees of freedom to the dynamics of a struck
proton (deuteron). ILe., breakdown of the Born-Oppenheimer (BO) approxi-
mation, in connection with (B.1) additional excitations of the electronic sys-
tem [20, 25], and/or (B.2) decoherence accompanying short-lived spatial en-
tanglement of a struck proton with adjacent electrons and perhaps also nu-
clei [10,26,27]. In the models of category (B), quantum exchange correlations
play no role.

In order to test the relevance of these competing theoretical models, we recently
carried out NCS experiments [11] from (a) the equimolar mixture of Hy and
D5, and (b) the mono-molecular liquid HD, using the same experimental setup.
Both systems have the same overall atomic composition, that is, H:D=1:1. Sys-
tem (a) contains homonuclear molecules and thus exhibits exchange correlations
between indistinguishable particles; e.g., these lead to the well known para- and
ortho-states of Hy. In contrast, there is no reason to assume that the heteronu-
clear system HD comprises the same amount of such correlations between pairs
of protons belonging to different HD molecules.

Interestingly, the considered “anomalous” NCS from protons was found to exist
in both samples, and even with the same magnitude [11]. Thus we may conclude
that quantum exchange correlations between pairs of protons play no significant
role in NCS. This conclusion agrees with related theoretical results of Colognesi
[28] and Sugimoto et al. [29]. In contrast, the experimental findings [11] do not
contradict the theoretical models of category (B).
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4.1 Effects of short-lived QE and decoherence on scattering

In the following we present an outline of the theoretical interpretation of the con-
sidered NCS (and ECS) results, which belongs to the aforementioned category
(B.2); for more details see [27].

Let us consider neutron scattering from a system consisting of NV particles with
the same scattering length b, and the N-body Hamiltonian Hypqp = Ho + V
with the interaction

_ 271 h?
om

V(r) =An(r), A b. (7)

m is the neutron mass, n(r) is the particle density operator

1 N
n(r) = VZa(r—Rj), (8)
j=1

where V' is the volume, and R is the spatial position of the j-th particle; cf. the
textbook [15].

In the interaction picture, the Schrodinger equation is now (setting for simplicity
h=1)i0;¥ = An(r,t)¥, with the perturbative solution

U(t) = T(0) — i /0 n(r,t') dt'¥(0). ©)

We write the transition probability T (¢) between initial states ; (with proba-
bility F;) and final states ¢ of the scattering system to be given by
t
W)= 301 s A [ ntet)at | ) P P (10)
if 0
It should be noted that 1); and ¢y are eigenstates of the N-body Hamiltonian Hy

omitting the probe system [15,30]. The transition probability is then given in
the form

t t
W(t) :)\2/0 dt’/o dt” > (g | n(rt') pn(rt”) | y), (11)
f

with p = ", | ¥;) P;(; |, where we have noted that n'(r,t) = n(r,t).

In an actual scattering experiment from condensed matter, we do not measure the
cross-section for a process in which the scattering system goes from a specific
initial state 1); to another state ¢¢, both being unobserved states of the many-
body system. Therefore, one takes an appropriate average over all these states
[15,30], as done in Eq. (10).
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Furthermore, the initial (kg) and final (k;) momenta of an impinging neutron
may be assumed to be well defined [15,30]. Introducing the momentum trans-
fer g = ko — k; from the probe particle to the scattering system, the Fourier
transform of the particle density reads

n(r,t) = @ / dqn(q,t)exp (iq- 1) , (12)

where, in the case of neutron scattering, cf. Eq. (8),

n(q,t) = Zexp [—iq- R;(1)] - (13)

Since n(r,t) is Hermitian, we have n'(q,t) = n(—q,t) and one obtains from
Eq. (10)

t t
W(t) = X2 / dt / a3 (wsln(a ) pr(—a, )og).  (14)
f

At this stage one traditionally assumes that the sum over )¢ runs over all pos-
sible eigenstates of Hy which constitute a complete set, i.e. X¢|ts) (s = 1;
see [15,30]. Hence

> (Wrln(a,t) pn(—a, t")r) = Trn(q,t') pn(—a,t")] , (15
f

where T'r[...] denotes the trace operation. As done in standard theory [15,30], in
Eq. (15) one first sums over all final states, keeping the initial state 1); fixed, and
then averages over all v; (see e.g. [15], p. 19). The right-hand-side of Eq. (15)
contains the density operator p of the system before collision. Also, if the inte-
gration in Eq. (14) is extended over all times (i.e., t — 00), this ensues over-all
energy conservation. This reproduces the well known result of standard neutron
scattering theory, cf. [15,30].

Here, however, it is important to retain the finite duration of the scattering time.
This introduces an additional freedom into the theory, because we may be able
to observe the influence of the decoherence on the scattering yield. The result
will be expressed in terms of the correlation function

C(q,7) =Tr[n(q,t) pn(—q,t + 7)] = Tr[n(q,0) pn(—q,7)], (16)
where we have utilized the fact that the scattering system is stationary.

By introducing the so-called scattering time 7., representing the time interval
in which the scattering process may happen, we find

Tse Tse Tse t
W (ra) = X2 / dr / 4" C(g, " —t') = N2 / dt / dn[C(q.m) + Clg, —n)].
0 0 0 0

a7)
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Here we use the stationarity of the correlation function [15]. If we assume this
function to be real, and that C(¢,n) = 0 for p 2 75., we obtain the result

Tsc

W (rse) ~ 2077, / dn C(q,1). (18)
0

Now we can introduce the transition rate, 174 say, which is defined as

Tsc

=2)? / dn C(q,n). (19)
0

W(7se)

TSC

W=

Here the correlation function is analogous to the so-called intermediate function
of neutron scattering theory [15]. This result for the scattering yield is analogous
to that of standard theory.

4.2 Dynamics of open systems and scattering

We now introduce a set of preferred coordinates {|£)}, cf. [2,31,32]. These
represent the relevant degrees of freedom coupled to the neutron probe. The
density matrix needed in (16) is then the reduced one in the space spanned by
these states, and it is obtained by tracing out the (huge number of the) remaining
degrees of freedom belonging to the “environment”. To simplify notations, we
denote this reduced density matrix by p too.

In the subspace spanned by the preferred coordinates (also termed “pointer ba-
sis”’), we may assume the relevant density matrix to obey a Lindblad-type equa-
tion [3](a) of the form

Op=—i[H,p)+Rp=Lp (20)

with the formal solution: p(t) = e“*p(0). Let us look at a time-dependent
expectation value

(A(t)) = Tr (p(t)A) = Tr (e“'p(0)A) = Tr (p(O)eUtA) . @D

where we define LT by setting Tr (LX) Y) = Tr (X (£1Y)). Thus we obtain
a Lindblad time evolution for the operators too by writing

DA(t) = LTA(1) . (22)
cf. [3](a). Note that this assumes that £ does not depend on time.

We may use this formalism to calculate correlation functions like the one in
Eq. (16). It holds

(A(t)B) = Tr [p(O) (eﬁ”A) B] = Tr [Ae“t (Bp(0))] = Tr (App(t)) ,
(23)
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where pp(t), as defined in Egs. (23), obeys the equation
dipp(t) = Lps(t) (24)

and the initial condition pp(0) = Bp(0). Thus, except for the initial condition,
we have to solve the same equation of motion as for the density matrix, Eq. (20).

Let us assume here a simple Lindblad-type Ansatz for the master equation in
the relevant subspace of the preferred coordinates. In order to show the effect of
decoherence, we simply assume one Lindblad variable X; in the real system we
would have a multitude of such variables. We set

atpz—i[H,p}—K[Xa[X,PH:£P» (25)

where K > 0, H is the reduced (or relevant) Hamiltonian of a microscopic or
mesoscopic scattering system, and the double commutator term describes deco-
herence (and/or dephasing). For simplicity of the further calculations, we here
assume that we can take the preferred coordinates to commute with the total
Hamiltonian

H|&=E19, X|1=¢1¢). (26)

This time evolution is now introduced into the correlation function C(q,7),
Eq. (16). A short straightforward calculation (see Ref. [27] for full details) yields
for the transition rate the result

W= 23 / Y espl-i(E — &) 7] e [-K (€ - )77
13134

x (€ [ n(=q,0) | £)(" [ n(q,0) p(0) | ) dr . 27)

Obviously, the decoherence-free limit of this result, i.e. with K = 0, corre-
sponds to the conventional result of scattering theory. The oscillating factors
exp [—i (€ — &) 7] are characteristic for the “unitary-type” dynamics caused
by the commutator part —i [H, p] of the master equation (25) for the reduced
(or relevant) density matrix p. These factors have the absolute value 1 and
are well known from standard theory [15]. On the other hand, decoherence
is present in the case K ! ~ 7, leading to the additional restrictive factors
exp(—K (€ — €)®7) < 1, which can be seen to cause a decrease of the tran-
sition rate and thus of the associated cross-section. This can be illustrated in
physical terms as follows.

Let us first assume that the reduced density operator p(0) can be chosen to be
diagonal in the preferred { —representation (which corresponds to the usual ran-
dom phase approximation at ¢ = (). Then each term of Eq. (27) contains the
factor

(€ln(=a,0)[€")(¢'In(a,0) p(0)I€) =1(¢ | n(~=a,0) | &')*(€]p(0)I6) > 0(-28)
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If the assumption of diagonal form for p(0) would be considered as be-
ing “too strong”, one may note the following: The decoherence factors
exp(—K (¢ — 5)2 7) imply that only terms with £ & &’ contribute significantly
to the transition rate. Thus we may conclude that, by continuity, all associated
terms with £ ~ & in Eq. (27) should be positive, too. The further terms with
& being much different from &’ can be positive or negative. But they may be
approximately neglected, since they decay very fast and thus contribute less sig-
nificantly to W; cf. [2](b).

The main conclusion from the preceding considerations is that the time average
over T, in Eq. (27) always decreases the value of W= W (7sc)/Tses due to the
presence of the exponential factors exp(—K (&' — £)*7) < 1. In other words,
the effect of decoherence (and/or dephasing) during 7. plays a crucial role and
may lead to an “anomalous” decrease of the transition rate and the associated
scattering intensity. This result is in line with that of Ref. [26], which investi-
gated the standard expression of the double differential cross-section of neutron
scattering theory [15] by assuming decoherence of final and initial states of the
scattering system.

Obviously, in the limit of “vanishing” decoherence, K — 0, the anomalous
scattering effect disappears, i.e. the preceding scattering results are predicted to
agree with the conventional theoretical results [13, 15].

In the opposite limiting case of “very fast” decoherence, K — oo, one imme-
diately sees that only the “diagonal” terms with £ = &’ survive in Eq. (27) —
which is due to the action of the factors exp(—K (¢ — 5)2 7). For £ = ¢’ it also
holds: exp [—i (¢ — &) 7] = 1. Consequently, Eq. (27) goes over to the stan-
dard expression Eq. (19) in the limit of short scattering times. Also this result is
in line with conventional expectations.

5 Discussion and Conclusions

It was mentioned that the ultra-short time window of our NCS and ECS experi-
ments, given by the scattering time 7., lies in the attosecond regime. Obviously,
any technique with “long” (e.g. neutron interferometry [33]) or not well-defined
(e.g. neutron transmission) characteristic time window is irrelevant for testing
the appearance of our effect [34].

As mentioned above, one may expect NCS and ECS to be governed by the dy-
namics of the “relevant” open quantum system consisting of the struck proton
and its adjacent particles (electrons and perhaps other nuclei), up to a distance
of a few A apart. Note also that, during the scattering process, there is no well
defined separation of time scales of electronic and protonic motions. However,
QE and decoherence constitute uncommon, if not unknown, terms in the sci-
entific literature of neutron scattering (cf. [13, 15]) and their real existence is
often questioned (cf. [28,35]). A fortiori, the dynamics of open quantum sys-
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tems might then be regarded to be irrelevant in the considered physical context.
In contrast, our theoretical considerations (Section 4) are based on the physical
insight that micro- and/or mesoscopic scattering systems ought to be treated as
open quantum systems.

The preceding striking NCS and ECS results obtained from a variety of con-
densed matter systems indicate that attosecond entanglement (and its decoher-
ence) involving protons are quantum phenomena of broader significance and
relevance than realized so far.
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