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Abstract

Recent neutron Compton scattering (NCS) investigations on niobium, palladium and yttrium hydrides at ambient temperatures revealed
a striking anomalous behaviour of the total neutron scattering cross-section densities of protons, in the sub-femtosecond time scale. Thes:
experiments were motivated by: (i) our previous theoretical work on short-lived quantum entanglement (QE) of protons in condensed
matter, and (ii) our first experimental verification of this effect with NCS from liquid H Q/D O mixtures. Based on elementary and/or
basic results of neutron scattering theory, and incorporating the effects of QE and decoherence into the formalism, a first-principles
theoretical interpretation of this novel effect is provided.
O 2002 Elsevier B.V. All rights reserved.

Keywords: Metallic hydrides; Neutron Compton scattering; Protons; Quantum entanglement; Decoherence; Attosecond dynamics

1. Introduction protons (or H-atoms) in condensed systems have proposed
to confirm this effect experimentally by applying suffi-

The counter-intuitive phenomenon of quantum entangle- ciently ‘fast’ scattering techniques, like neutron Compton
ment (QE) between two or more quantum systems has scattering (NCS). Furthermore, in 1995 we detected for the
emerged as the most emblematic feature of quantum first time this new quantum effect on water [5—7]. After
mechanics [1]. Entangled states are often called ‘Schrodin- that, various systems have been investigated, e.g. metallic
ger's cat states. Experiments investigating QE, however, hydrides (in collaboration with E. Karlsson) [8-10],
are focussed on a collection of a small number of simple polymers [11,12], liquid benzene [12], and amphiphilic
(two- or three-level) quantum systems thoroughly isolated molecules [13]. All NCS experiments were carried out
from their environment (e.g. atoms in high-cavities and with the electron-volt spectrometer (eVS) of ISIS (Ruther-
optical lattices, or trapped ions), or coupled to it by ford—Appleton Laboratory, UK), which is presently the
well-known and controlled interaction mechanisms. These world’'s most powerful pulsed spallation neutron source.
experimental conditions are necessary due to the decoher- All these NCS experiments provided direct evidence for
ence [2,3] of quantum systems. In short, the process of the predicted QE of protons in the sub-femtosecond (i.e.
decoherence refers to the suppression of quantum superpo- attosecond) regime. The most striking result has been thg
sitions caused by interactions of the system with the the measured neutron scattering intensity from protons
environment. exhibits a very strong ‘anomalous’ decrease, in some cases

By contrast, QE in condensed and/or molecular matter ever=BQ%. This surprising result may be illustrated
at ambient conditions is usually considered to be ex- by saying that some protons seem to exhibit a new kind of
perimentally inaccessible, due to the very fast and extreme- short-time ‘destructive interference’. It has been empha-
ly effective, decoherence. However, our previous theoret- sized that this effect has no conventional (classical or
ical investigations [4] concerning a novel short-lived QE of quantal) interpretation [14].

Here, considering our NCS experiments on metallic
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scattering formalism (see, for example, the excellent and their specialization to the context of large momentum
textbook of Squires [15]) and incorporates basic elements transfer. The corresponding notations and derivations are
of QE and decoherence theory [2,3]. following the presentation of Squires [15].

Let us temporarily assume (for simplicity of notations)
that the condensed system consist®daitoms of the same
kind only. The usual starting point is to consider the
number of neutrons Ig,/dE, scattered per second into a

We have investigated with NCS the considered QE small solid angle & (in some given direction) with final
effect from niobium [8], palladium [9] and yttrium [10] ~€nergy betweerk, andE, + dE,:
hydrides with various H and D contents. All these experi- 5
ments have clearly confirmed the existence of this effect. dls L
Most recently, preliminary experiments with the well- dE dQ dE;
known ZrH, system have also been successful. S . ) ] )
It is important to note that the scattering time, i.e. the i.e. it is proportional to the double differential cross section
interaction time of the (epithermal) neutrons with the Of the system:
struck nuclei, of NCS is very short, being in the sub-
femtosecond time scale [6,8,11]. This is a consequence of d’o _
the large energy and momentum transfers (for the neutron— Q d&g k e
proton _collision): AE~3—150 eV and q= lg|~ 10 _ _
120 A *. Consequently, the recoil peaks of protons, 3E ~E +E EJ) (3)

deuterons, and some other heavier nuclei can be resolvedD . . , . .
’ s ; ) . . is the so-called ‘bound’ scattering length [15] of atpm
in the measured time-of-flight (TOF) spectra. This fact is (J |1 .N) and|K|, _uk %q and f;wgare%he[mgmentgm

Erumal fortthe Ereusmn glndﬂr]ellzblllt); ?jf ;)ur exptenme?ttsh and energy transfers from the neutron to a struck nucleus;
ecause it makes possible the direct determination of the; fiq =ik, — ik, fiw = E, — E. The subscripts ‘0’ and

ratio A,,/Ay of the areas under the recoil peaks of H atd ‘1’ refer to neutron quantmes ‘before’ and ‘after’ collision,

(with X:Nb’ Pd, etc). Accord!ng to well—establlshed_ respectively. Accordinglyy and »’ refer to the initial and
theory, under the_ prevalent conditions of our NCS expen- final state of the scattering system, respectively, i.e. the
ments, the equation: transition|») - |»'). Usually, the many-body stat¢s) and
Ay A, = Nyay, /N o, (1) |v') are assumed to be eigenstates of the map_y_—body
HamiltonianH, andW, represent Boltzmann probabilities.
must be strictly valid [6]N, /N, is the ratio of the particle  The first Born approximation (being equivalent to Fermi’s
number densities of H an¥, which is precisely known  golden rule) is valid here, and as a consequence the cross
through sample preparations,, and o, are the total section depends only on the changes in energy and wave
neutron scattering cross sections of H and another atom  vector of the neutron. The potential describing the neu-
Thus, since the conventionally expected valuesrgfand tron—nucleus interaction is Fermi's pseudopotential [15].
oy are given in standard tables [16], the validity of Eq. (1)  As is demonstrated in textbooks of neutron scattering

2. Connection with NCS experiments

(2)

'lexp(iq - r)\v>

is immediately subject to experimental test. theory, the general expression Eq. (3) applies to all neutron
For a description of the €VS instrumental setup and the scattering techniques and is valid very generally. In
data analysis procedure, see Ref. [11]. particular, it also holds in such specific cases in which

All the aforementioned experimental results reveal that correlations between spatial co-ordinates &ndalues of
the basic Eq. (1) is strongly violated: usually, the measured pairs of nuclei do exist, for example, wheguantum
ratio A,/A, appears to be ‘anomalously’ reduced by exchange correlations are significant, as e.g. in the case of
15-40%. This striking effect has been attributed to ortho- and para-hydrogen [15]. Furthermore, Eq. (3) can
protonic QE (also involving ‘dressing’ with electronic describe scattering by (any given number of) particles
degrees of freedom), which, due to the very fast and exhibiting no spin entanglement, but spatial QE only.
effective decoherence process, is very short-lived in con- In the experiments revealing the ‘anomalous’ effect

densed matter (see Refs. [11-13,17]). mentioned above, the energy resolution plays a minor role,
and thus it suffices to consider the differential cross
section:

3. Theoretical interpretation

d'o
In this section, a concise (and self-contained) theoretical o) ~ dQ j <dQ dE >

interpretation of the ‘anomalous’ NCS effect under consid- (4)
eration is presented. The starting point is given by some EW 'lexpiiq- r)|1,>
elementary results of standard theory of neutron scattering, Ko 3o
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Here we use the following property of the Dirac delta Tr[ p, ®|€,X%,[]=0 and M, =0 @
function: [ (a—x) dx=1 } ) . )
In the last equation, the sulj containsN terms. So the Thus, in the expression of the scattering intensity:

square of its absolute valu€j|2, is the sum ofN? terms K,

of which a typical member is: ls(a) ~ —Nr Nb” 2 WTr[ p, ®|8,X%,|] (8)

M., =bb,.(v'lexpla - r))|v)vlexpiq-r;)|»") occur now only non-negative terms. On the last equation,
= bjbj,Tr[ p, @exp(iq-r,)|v)Xvlexp —iq- rj,)] the averageé” over allN identical particles is introduced,

and the subscrigt has been dropped since it is immaterial

Ebibi’Tr[p”'@)'%”Jx g"l"'] here. As the cross-section is given by= 47b’ the last

(5) result impliesl,.~No, which is tantamount to the basic
Eq. ().
where the definition&,) = exp{q - r;)|») is introduced for To proceed, recall that the excited pure sjaterefers to

the sake of brevity of the following derivations. Here, the the complete (many-body) system. Due to the smallness of
scattering length is assumed to be rggl=[»'X»'|isthe  1/q (see above), the neutron-nucleus scattering process
exact density operator corresponding to ffmal state’, itself concerns only a much smaller number of ‘relevant’
andTr[...] denotes the trace operation with respect to all degrees of freedom. Thus, in Eqg. (8) it is sufficient to use
degrees of freedonp,. is introduced for reasons which the reduced density operatp}, obtained fromp,. through
will become apparent below. partial traceTr,,, over the ‘remaining’ degrees of free-

Being of particular importance for our NCS inves- dom (often termed ‘environment’):
tigations, we now consider exclusively the physical case of
high momentum tranfer, i.e |g| > 27/d; d is the nearest- P = Teny[ ] = T enn|#'X7'[] (9)
neighbor dlstancg of o scattering nuclgl. As a conse- Thus, a typical member of the sum in Eq. (8) contains the
guence, the spatial scale of the scattering event, repre- o
sented by 1d (whereq = |q|), is too small for one to detect quantity:
interference effects due to scattering from pairs of different m,, =Tr[ p,, ® |EXE,|]=Tr[p" @€ XE,|] (10)
nuclei; see the right-hand site (rhs) of Egs. (4) and (5).
This happens because the terms jithj' in this equation
correspond to fine—spatially oscillating, i.e. constructive
and destructive—interference patterns which tend to aver-
age to zero due to the finite spatial (and solid angle)
resolution of the detector (for illustration, see Figs. 1-5 of
the ‘Feynman Lectures’ [18]).

These physical considerations imply that the terms wit
j #j' do not contribute to the measured scattering intensi-
ty, and therefore one obtains from Eq. (5):

These results are valid for systems being composed of
non-entangled particles at all, as well as for those ex-
hibiting (any degree of) quantum entanglement.

Let us now consider the quantity (10), which is suitable
for the study of the consequences ddcoherence. First,
note that the highly excited staj€,. is far from equilib-

h rium and thus may be subject to decoherence (One may
consider this physical assumption to be our ‘working
hypothesis’). Of particular interest for our work is the fact
that the dynamics of a scattering system may be properly
_ described in apreferred representation (sometimes also

b Tr[ ®|g”>< g”” ©) called pointer basis), related with the set of state vectors
{|&)} in which the phenomenon of decoherence appears
(Being a basis, this set contains excited as well as initial
states). According to present-day knowledge, the preferred
representation of any open quantum system is not arbit-
rary, but selected by the quantum dynamics of the system.
This interesting point has been particularly emphasized by
Zurek [3]. According to decoherence theory, the dynamics
of p'. in the preferred representation reads [2,3,11]:

ijV

This limit is usually termed ‘incoherent approximation’

[19]. It should be emphasized that, according to the

preceding reason, the distinct terms wjtkj’ have not

just been ‘neglected’ in this equation. Furthermore, since

the above equations follow straightforwardly from Eq. (3)

in the limit q > 27/d, they also apply to the case of

systems exhibiting quantum exchange correlations, the

latter being still included in the properly chosen many-

body quantum statels’) and|v’). . <§|p;’(t)|§/>z<§|p;’(0)|§/>e—/\\§—f’\2t (11)
For our purposes, however, the main result of the

preceding derivations concerns the interpretation of the Performing the trace in Eq. (10) with respect to the basis

effect of ‘anomalous’ reduction of scattering intensity (see {|£)} and noting the closure relatiohd¢’|¢')(é'| = 1, Eq.

Section 1). Since the quantit#,; X €, is a projector (thus ~ (10) may be written as:

having eigenvalues 0 or 1) ang), is a density operator

(thus having non-negative eigenvalues), the product of them, . (t) = J f dé dé’ (&|p’, (0) €0 €€,

two operators must be hermitian and positive semidefinite. ,

Consequently: (€,leye M (12)
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This quantity contains &dependence due to the decoher- The above derivations lead to the conclusion that the QE
ence effect, the latter being related with the non-diagonal effect may become observable in a suitable ‘decoherence
elements of the reduced (or: relevant) density operator (Eq. time window’ only, viz. when7,. In the limiting
(11)). Obviously, time-resolved details of this (very fast) Case > T, OUr results predict that no ‘anomaly’ will
time dependence are not accessible to any neutron scatter- exist.
ing experiment. Therefore, comparison with experimental The presented results strongly affect the conventional
results should be made after taking the time average over and widely used theoretical concept of electronic Born—
the duration of the scattering process, given by the Oppenheimer (BO) energy surfaces. Recall that BO sur-
scattering timer,.. Thus, the associated experimentally faces are determined by considering the nuclei as classical
relevant quantity is: mass points and fixing them at various spatial configura-

o tions, which allows then to solve the associated ‘elec-
_ 1 tronic’ Schrodinger equations. As a matter of fact, our
mw'EEJdt m,, (t) (13) results clearly demonstrate that the protons in metallic

0 hydrides (and other systems) cannot be described as
From relations (7) it also followsn, .(t) =0 andm, . = 0. classical mass points in the sub-femtosecond time scale.

Furthermore, the presence of decoherence implies thatThis conclusion may also have considerable multidisciplin-
all terms contributing tol_, are reduced due to the ary implications, since this time scale is of the order of the

decaying exponential factors expd|é — &'[t) < 1. That characteristic time of the electronic rearrangements accom-

is, from Eq. (8) we obtain: panying: (i) the formation and/or breaking of a typical
chemical bond in a molecule, or (ii) certain changes of
d k - o ey . . .
'sc~d—g~k—l N2 S W, (14) positions of protons in a metallic lattice.
0 v’

where all terms in the sum are nonnegative. This result
implies immediately that thedecaying exponential factors
cause always a reduction of any term contributing to the
scattering intensity,.—as compared to the associated term
for the case of no decoherence (ife=0). In short:
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