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Breakdown of the Born-Oppenheimer description explains neutron Compton-scattering anomaly
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Several neutron Compton scattering experiments reveal an apparent drop of the proton cross section when
the collision timery is around 1 fs. Such smat, corresponds to a large energy spread of the proton wave
packet after collision, allowing it to access excited electronic levels. This nonadiabatic excitation of electrons
leads to a distortion of the shape of the neutron scattering response function with some redistribution of
intensity at energies higher than the nuclear recoil energy and a slight shift of the main neutron intensity peak
to lower energies.
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I. INTRODUCTION M
. . Tq = | 2 ! (3)
Several recent experiments have reported anomalies seen hg\(kg g

in neutron Compton scatteringlCS) from protons in many

different material$=’ The observed anomaly is a large short- wherek, is the projection ok alongq and the expectation
fall in the number of scattered neutrofg to 40% around  \gjye ()4 is over the momentum distributior(kq2>¢

the proton recoil peak at very high energy and momentum__fdkquw(kﬂz' If the nucleus lies initially in an isotropic
transfers. This is a region where the impulse approximatiorbotemim then(k 2>¢=(1/3)<k2>¢,
1 q .

i —-12
(IA) is expected to be almost exdtDepartures from # The timer, gives a statistical measure of the length of the

should be very small and certainly not responsible for the[ime interval during which the collision may occur, in the

reduction of the intensity. Similar experiments with the Pro-come way that the spatial extent of a particle wave function
ton replaced by a deuteron showed little or no anomaly, sug-. y that P P o
ives a statistical measure of the extent of the region in

gesting a quantum-mechanical effect. Coherence effecl\%hich the particle may be found.

between the struck proton and neighboring exchange- In the interpretationsy, was seen as the collision dura-

correlated protons were thought responsible for thetion which had to be small because otherwise decoherence
effect!®-15 A different interpetation involved entanglement ’ . .
effects would set in and destroy the coherence responsible

with the environment in the neighborhood of the StrUCkfor the apparent reduction of the cross section. Interesting|
proton’16 A common feature of the experimental evidence > appa . : ay,
Chatzidimitriou-Dreismann and coworkers remarketat

was that the reduction of the cross section appeared onl%r very short ., the time-scale separation between elec-
ql

when a characteristic time, associated with the scattering tronic and protonic motions is not well defined and hence the
event was short, between 18-10""%s. In Fig. 1 the data concept ofpelectronic Born-Oppenheim@O) surfaces is
points, taken from Refs. 3 and 4, show the relative proton tqQ P PP

metal cross sections for the metal hydrides NbH and PdH, a'%m applicable. . .
Recently, the correctness of the interpretations was

a function of7,. In the IA, 7, is defined for fixed transferred . 4821 o :
momentumq, as the inverse of the root-mean-square sprea(g'SpUt.e and even the Va“.d'ty of the a.”.a'ys'.s of the
’ experiment daf&??>-?*was questioned. In addition, indepen-

of the transfered energywo from the neutron to the nucleus L
dent neutron transmission measurements of the proton cross
o3 section with equally energetic neutrons showed no departure
ity = N 0)s— (hw)s, (1) of the cross section from its expected vatidhese mea-
surements are very difficult to explain with the existing in-
where ( )s denotes the average over transfered energy foterpretations and apparently challenge the NCS experiments.
fixed g, using the scattering response functi®n, w) as the  We will present an explanation that is consistent with all the
probability distribution{A"w"s=% [dwi"w"S(q,w), N=1,2.  seemingly contradictory experimental evidence.
The scattering function is given by

hzqz B ﬁzq 'k) - II. ELECTRONIC EXCITATION IN A

9q,w) :fdk|¢(k)|25(hw— e v NEUTRON-NUCLEAR COLLISION

_ _ _ The value ofr, gives us an estimate of the energy scale
whereM is the nuclear mass anglk) is the Fourier trans- involved. Whenr, becomes very short; 10716 s, we obtain
form of the initial nuclear wave function before collision 7/7,~6.5 eV, which is of the order of the separation of the
X(R), ¢(k)=1/V87°[dR exp-ik-R)X(R). The scattering electronic levels. For, larger,7/ 7, is less than typical elec-
time was obtaineld-° tronic energies. Although it remains to be seen ity is a
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i FIG. 1. Squares show relative proton cross-
2 K sectional reduction vs; for PdH (full) and NbH
’“::8 ! m PdHData (open, taken from Ref. 3. Line gives the prob-
< 064 : E o NbHData ability that electrons remaiﬂin their ground state

,\g E 2 for a two-level system witle=5 eV.
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7, [5]
relevant energy to the problem, this hints that electronic ex- mzaéqz -4
citations may be responsible for the anomaly. Mo+m?]| ©)
p

The excitation of electronic levels in a neutron-nuclear
(NN) collision cannot be described in the BO or :;1diabatic\,\,hereaO is Bohr’s radius andj=(M,+m)v is the momen-
approximation(in this work we treat the two approximations ym transferred to the atom, aij, andm are the proton and
as ong. In the adiabatic approximation, the nuclear motion,g|ectron masses, respectively. Using a typical large value for
rapid or slow, is decoupled from the electronic system. Sojhe recoil energy from the recent experimehqu/(ZMp)
when the neutron imparts momentumto the nucleus, the _-41gg eV, we find that the probability is 98.5%.
m_otion of the _nucleus is always on the same potential surface Clearly an excitation of a few percent of the electrons is
without affecting the electrons. _ not sufficient to explain the large shortfall observed in the

More technically, the wave functions for the electron- gyheriments. The example is enlightening for another reason.
nuclear system have the product forngX;,(R), where ¢ shows that, at least in the case of the atom, even though the
#ir, is an electronic state corresponding to jteBO level  ycleus has kinetic energy an order-of-magnitude larger than
with energygj(R), Ris th"j nuclear space coordinat®e  the separation of the electronic levéler g values similar to
focus on a single nucleus, incoherent scatteringdX; (R)  the experimentd it still moves almost adiabatically carrying
is the » nuclear eigenfunction on thgh potential surface. along its electrons. So, just the fact that the nuclear kinetic
Fermi's pseudopotential operator for a NN collision that re-energy is much larger than the electronic gap is not sufficient
sults in momentum transfag to the nucleus iqu:beiq'R, to cause significant nonadiabatic electronic excitation.

whereb is the scattering length operator acting on spin de- In g_eneral, the nonadiabatic cpupling between electronic
grees of freedorR.The amplitude to excite electron-nuclear /€Vels j, n, zdepends on the matrix e_lemer(t$n,R|VR¢j:R>
level ¢, gX,, (R) starting fromy; gX; (R) is proportional to  and{ynr|Vgyjr). The latter can be ignored as they play a
role only when the electronic levels come close together.
Obviously, to assess whether the nonadiabatic electronic ex-
fdRX;,#(R)(¢n,R|eiq'R|lﬁj,R)Xj,V(R)- (4)  citation explains the anomaly, we need an estimate of the
order of magnitude of the effect. Unfortunately, the nonadia-
batic coupling matrix elements are not easy to calculate and
The amplitude vanishes fgr# n, since<¢n,R|¢j,R>:5n'j for  the main goal of this work is to understand the underlying
all R. mechanism, why the BO separation may break down. This
However, it is indeed possible to excite electrons in a NNwill allow us to estimate quantitatively the magnitude of the
collision as Lovesey and co-workétsand Reiter and effect.
PlatzmaR® suggest. Actually, the idea dates back to 1939, Conventionally, the BO approximation fails when two
when Migdal investigated what happens when an atom in itelectronic levels cross, or come very close together, in a
ground state receives an impulse that increases its velocitggion where the nuclear wave function is nonzero. The typi-
by v, in the limit that the impulse duration is very short cal scenario for the breakdown is that the nuclear wave func-
compared with the electron period and withv, wherea is  tion in that region accesses more than one electronic level
the dimension of the atom. The problem is discussed as and then the total wave function is not separable as an adia-
worked example in Ref. 27. For a hydrogen atom, the probbatic product. Here, we are considering a different case
ability the electron remains in its ground state is where the electronic levels are not close. We will see, how-
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ever, that after a NN collision of sufficiently highp a similar . ~
mixing happens and the nuclear wave packet after collision f dR¥, (R)h", ,(R)
accesses many electronic levels. (h%,q =

f dR'[Wq,,(R")[?
A. Mechanism for the breakdown of the Born-Oppenheimer

scheme in a neutron-nuclear collision Ek, (Ex)"|(Xer[€9R[X)|28(hw + E — Eyr)
It is timely to revisit time-dependenfTD) perturbation - S(q, )
theory at this point. Initially, the space part of the nuclear (9)

wave function is in its vibrational ground state described by

X(R) with energyE. We include both nuclear and neutron The integral on the right-hand side of

spins in spin statés) and the energy of the incoming neutron

is Eo. We haveHX(R)|s)=(E+Ey)X(R)|s), whereH is the <ﬁn>q7 = f dw(ﬁ“)w S(q, w) (10)
unperturbed Hamiltonian of the combined NN system. When d ae

Fermi’s pseudopotential interactiow, is switched on for
time t, the wave function in first order becomes BxgE

+Egt/fi] X(R)[s)+exp(—iHt/ /)| W, (R, 1), with

is the average ovéiw of the expectation vaIuéﬁ”)ll,q‘w. The
double average can be interpreted rather loosely as the ex-
pectation value of" in terms of an averag@ver fiw) wave
packet\I_fq. We have denoted the double average(qu_,.

With a little effort, we obtain from(9) the theorem

t ” N
[Wq(R.1) = f dt' MMy e X (R)|s).  (6)
0
<ﬁ”>q7q =h J do(hw+E)"S(q,0). (11
We find that|\1fq,w(R ,1)) can be written as a product of a NN

spin state25|s><s|6|s> and a spatial function A corollary of (11) is that the root-mean-square variance

Ay, =\, ~ iy, (12)

of the double distributiorti.e., of the average wave packet

W¥,) is equal to the root-mean-square variarder, of the
%) distribution S(q, ) for fixed q

\Ifq,w(R,t):EXk,(R)fdR'X*k,(R’)e‘q'R'X(R’)
k!

sin (i + E - E)t/24]
(ﬁw+ E- Ek/)/Zﬁ '

h
AE\;q =—, (13
T
where we sum over a complete set of NN spin stégeand d
nuclear eigenfunctionX,, with energiesE,/, iw is the dif- From(3) we have that the energy spread of the average wave

ferepceﬁwVT/EO—El, andE, islthe enﬁ:gy of :[[h_e oultgoingt packetV, is proportional to the square root of the recoil
neutron. Whengq is very large, the matrix elemen 2T o g L
de’Xk,(R’)éq'R X(R') is appreciable only wheb,, is a energy \A°q</(2M) times the square root of the initial ki

. _ ) . netic energy(isotropic potential \%*k?),/(2M). We ma
continuum state with momentutk’ comparable in magni- ay( pic p A VAXI) o/ (2M) y

tude tog. So, ¥, ,(R,t) is a wave packet composed of plane write

waves with a distribution of momenta arougdand moving N ——
with the recaoil velocity. By Fermi’s golden rule, the probabil- AE‘I’q = V3B
ity of transition from_stateX(R) to the plane wave state
X (R)=explik’ -R)/VV is proportional to

(14)

where E; is the nuclear recoil energy and, the initial
nuclear vibrational kinetic energy. Now, the mechanism for
the breakdown of the BO approximation in a NN collision is
2 obvious. Wheng is low, the average energy uncertainty of
‘ j dR’X;,(R’)e‘q'R'x(R’) Shw+E-Ey). (8  therecoil nucleus is small and the adiabatic separation of the
nuclear and electronic motions is valid. Whgnncreases,
the spread of the recoil wave packet becomes large enough
. L , v o o R , that the struck nucleus samples more than one electronic
?‘im%k =q+k, we find [dR'X,(R)EX(R) level. This signals the departure from the BO picture, where
=\87°/V¢(k). From Egs. (7) and (8) the norm pciej and electrons can be treated separately. The effect is
JdR[¥, (R)|? is proportional toS(q, w). ~ stronger the higher the initial vibrational energy of the
Using the wave packe¥ ,, we can calculate expectation nyclei. So, the nonadiabatic excitation of electrons will be
values of nuclear operators. For thitn power of the nuclear much stronger in molecules and solids than what it is in
Hamiltonianh, we have atoms.
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B. Model to estimate magnitude of electronic excitation

PHYSICAL REVIEW B71, 054106(2005

IlI. EXPLANATION OF APPARENT ANOMALY

To model the nonadiabatic electronic excitation we say Thjs gives us confidence to proceed. After some algebraic
that Only two electronic levels can be involved. We denote b)h]anip["ationsy the response function for Scattering of a neu-

aq and g, the amplitudes that electrons, originally in their tron off a nucleus in the limit of highy, allowing for nona-
ground state, will remain in the ground state or will be ex-diabatic excitation of electrons becomes

cited by the NN collision. We havgyg|*+|B4|*=1. Our re-
sults will be valid for smallAEy /E, with E the mean-

energy separation of the electronic levels. Whagy,

becomes large, more than two electronic states will be ac:, , 2 = 2 2 2 = :
cessed. We know from the previous discussion that the wav a9/ (2M)—AE, /E and#®q®/(2M)+E+AE,, /E. For high

S(qaw) = |aq|28.|.(q!w) + |:Bq|2SZ(q!w)’ (22)

where S, ,(q,w) are scattering functiong2) centered at

packet energy spreatiEy, couples the electronic levels. To @, the scattering function splits into two distributions,
proceed, we model this coupling with that present in a 2S,(q,w) (main and S,(q,w) (secondary, separated byE

X 2 real matrix with diagonal elements separatedsbgnd

off-diagonal eIemenAE;q, obtaining the eigenvalue equa-

tion

xq<;: ) (15)

(0 AE@q)(“q>_
AEy, E J\By/

+2AE§/E. In the experiments, it is possible that neutrons
scattered near the secondary peak have been missed, since
one does not expect to find intensity at energies higher than
the proton recoil peak. In a realistic system with many neigh-
boring excited electronic levels available, the original distri-
bution will actually split in the main peak and a series of
weaker secondary peaks that will be hard or even impossible

We expand the eigenvalues and eigenvectors in powers ¢¢ observe. The apparent cross-sectional shortfall probably

AE\;q/E and ignore terms higher than second order

AEZ
A\
Ng=——1, (16)

E
=
)\&:E+?q, (17

lag|?=1-—=1, (18)

|Byl?=—=". (19

corresponds to the weight of the secondary pAE% /E2.
Writing AEq_,q:ﬁ/rq [Eqg. (13)], we compare in Fig.q 1_the
plot of the weight of the main peakr(ry)[>=1-42/(7,"E?)
against the plot of the relative proton to metal cross section
for NbH and PdH. We use@&=5 eV. The line|a(7,)|? is

meaningful(solid) for small#/(74E). The density of states of
both PdH and NbH show pronounced peaks on either side of
the Fermi energy separated by about 5 eV and about 4 eV,
respectively(Refs. 28 and 29

The first-moment sum rufeis obeyed in second order,
Eq=#2/ dowS(q, w)=#2%q?/2M, as expected. The main peak
in (22) is shifted to a lower energy byAEf; /E

J— q

=4/3E4E,/E (isotropic potentigl The shift is a consequence
of the requirement of the first-moment sum rule that the av-

erage energy remains at the recoil energy, while at the same
time some intensity appears at much higher energies. Cowley

lag|? is the probability that electrons are not excited. For anwrites that since a significant shift of the main peak has not

isotropic potentialag|?=1-#q%k?) 4/ (3M =

We can compare the prediction of our model with the

analytic result for the hydrogen atom. From EH), the

probability the electron remains in its ground state, for tpw

is

mPago?

1- .
(M, +m)?

(20)

For the hydrogen atom E]e energy levels Erre:—ﬁZ(Mp
+m)/(2M,man?). So, E=34%(M,+m)/(8M,mag) and

<k2>¢:1/a§. Therefore for our model, the probability that the

electron is not excited is

2.2
1-pgp AL 21)
(Mp+m)?

been observed experimentally, especially when the shortfall
is large, the nonadiabatic excitation of electrons probably
cannot account for the anomafyTo investigate whether the
predicted shift can be observed, we must estimate the differ-
ence in the scattering angkethat corresponds to the peak
shift. In terms ofé, the proton recoil energy is given by

hqf tarf 6
5= "om, @3
p

whereq; is the momentum of the scattered neutfdnvert-

ing (23) we may express the scattering angle in terms of the
proton recoil energy

N
12M E
6= arctar<\—ﬁu). (24)

a1

the same as the exact res(@®) within a numerical constant A small change in the recoil energl, amounts to a change

of order 2.

in the scattering angle by
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sin 20 fected. For deuterons, it would require about twice the mo-
60 = 4E q- (25) mentum transfer needed for protons to see a similar cross-
q sectional reductiorfour two-level model indicates that the
Setting 6E, equal to the shift, we obtain that the change inratio of the momentum transfers i$2=1.7). Unpublished
the scattering angle, due to the shift, is data on hydrated and deuterated yttrium, y&hd YD;,
agree with the prediction.
8Os = Ei sin 26. (26) Our theory does not account for all experimental evidence

in its present form. NCS experiments, in a class of systems,
) ) reveals that the drop of the proton cross section depends on

The maximum change in the angle occursfat45°, when  the relative concentration of protons to deuterbigork is
the transfered energy is rather l¢a¢fs~0.6° for NbH and i progress to explain these experiments in terms of a more

~0.4° for PdH. For example, in NbH and PdH, the shortfall sophisticated theory of nonadiabatic electronic excitations.
becomes obvious for angles greater than 55°46af.the

same time, ab=45°, the peak shift due to conventional final
state effects is significant and comparable in magnitude to
the new shift® For large scattering angles, even though this | thank Tyno Abdul-Redah, Steve Bennington, Daniele
new shift grows, the corresponding change in the angle i€olognesi, Roger Cowley, Erik Karlsson, Martin Long,
damped and the shift could not have been observed easily &ephen Lovesey, and Jerry Mayers for helpful comments
the angle was determined within0.2°3! Obviously, to ob- and discussions, Roger Cowley for suggesting that the BO
serve the shift, the error in determining the scattering angl@pproximation should fail in the final states, and George
should be much less thaid, In the experiments, | believe Reiter for comments on the original manuscript and for com-
these shifts, which were not anticipated, would have beemunicating a prepridt with a similar analysis during revi-
confused with shifts due to conventional final state effects. sion. Finally, | thank Tyno Abdul-Redah for showing unpub-

Looking at the mass dependencdmﬂz, one understands lished results on YK and YD; and for providing the
why for similar wave vector transfers the proton cross secpublished data for Fig. 1. Of course, not all of those ac-
tion appears reduced and the deuteron cross section und&rowledged agree with my theory.
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