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Origin of the intensity deficit in neutron Compton scattering

G. F. Reiter
Physics Department, University of Houston, Houston, Texas 77204-5506, USA

P. M. Platzman
Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974-0636, USA

(Received 23 March 2004; published 17 February 2005

Neutron Compton scattering measurements in a variety of materials have shown a relative deficit in the total
signal from hydrogen compared to deuterium and heavier ions. We show here that a breakdown in the
Born-Oppenheimer approximation in the final states of the scattering process leads to such a deficit and may be
responsible for the effect.
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Deep inelastic neutron scattering experimefsutron  at the positionsR, and @, (R) is the ground state for the
Compton scatterindNCS)] on a variety of systems have heayy particles in the potential energy surface defined by
found, given the well-known nuclear cross sections for thes%O> R, is the component oR denoting the position of the
materials, that the integrated intensity of the signal from hy- truck particle. There are, in addition, a complete set of ex-

drogen is smaller than EXpefﬁfrﬁd relative to heavy ions, Sucfiieq electronic states for the ions at the same positions, de-
as oxygen, or even deuteriuniThis deficit has also been noted byax(F, ﬁ)_ It is evident from Eq(1) that

observed in electron Compton scatterfnghis has been at-
tributed to previously unknown physics at the very short time R

scales of the measuremeftgyantum entanglement between J G w)dw=1, 3

the struck proton and the other protons of the mateeal

inadequacies in the treatment of the d&afanhile inadequa- for anyd. The total intensity of the incoherent Scattering is
cies of the data analysis cannot ever be ruled out, carefiroportional to this integral times the total scattering cross
analysis of all the possibilities that have been suggested haw@ection for the scattering particle. Our point of view is that if
not turned up any errors or approximations that could acthis appears not to be the case, then some intensity is not

count for the observed discrepanciésle show here that the P€ing accounted for in the experimental integration. This per-
spective is consistent with recent transmission experiments

effect can be explained within the usual formalism by aein which the cross section was measured in the same energy
breakdown of the Born-Oppenheimer approximation in th nge of incident neutrons as the NCS measurenieitiese

final state of the scattering process, which contains a vergal . ; .
rapidly moving proton with sufficient energy to mix the elec- xperiments measure the total cross section for scattering,
. : including all final energies. They give the expected value for
tronic states of the system. These corrections are present fﬂ{e cross section, with no deficit, as we would expect.
any scattering experiment, but only become significant for ;g usually assumed at this p’)oint that the energy eigen-
high momentum transfer. _ _states of the full Hamiltonian can be adequately represented
We begin with the usual expression for the scattering,y the ground state for the electronic system and the excited
cross section when the spin of the neutron is not observed igiates for the ions in the Born-Oppenheimer potential for that
the largeq limit in which only incoherent scattering remains. ground state. The energi& are the sum of the electronic
Our work will be forT=0, since the momentum distributions ) h f the h . in the effec
measured are dominated by the ground state contribution pergyEn(R) and.t € energy of the heavy 1ons In the etiec
the temperatures of the experiments. It can easily be e ve potent|al' defmed.by this energy surface. However, we
tended to finite temperatures, wish to consider the I'|r_n|t that the transfe'rr'ed momentum is
large, so that the recoiling proton has sufficient energy to mix
) in ) (E;—Ep) the electronic states. In short, we must go beyond the Born-
S(G, ) = Z3{(0le™ER|*S| o - | (1) Oppenheimer approximation in expanding the st#t81|0)
in energy eigenstates and consider the full Hamiltonian for
where the ground state is taken to be the Born-Oppenheiméine system, which includes the kinetic energy of the struck

ground state, proton. We will treat this kinetic energy as a perturbation, to
R R R the extent that it acts on the electronic wave functions, and
(F,R|0) = @g o(R) ap(F,R), (2) first calculate the energy eigenstates to lowest order. We take
. the full Hamiltonian to be
wherer are the coordinates of the electrons dthe coor- R p2
dinates of the ions. ThéEs) are energy eigenstates of the H=Hy(,R) +2im_ (4)

complete system of electrons and ioag(r, Ii) is the solu-
tion of the electronic problem with the protons and other ionsThe Born-Oppenheimer energy eigenstafes))|«;,) satisfy
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S 2 > B = E/ (P > 2 . - %
Holr Ren(f,R) = Er(Rheo(f.R). © S1(G,0) = (o de™ 4Ry ) |
and SHo
SR
EP—‘2+E’FE @, (R =E, ®, (R 6 X ag E el
i2|\/| n( ) n,j( )_ n,j n,j( ) ( ) (En,i - EO,j)(En_ EO)
> E.. -E
. - . . X P1|®ni>|25[w—w} (10)
In addition to the kinetic energies of the heavy particles, ’ h

obtained from(Z;(P?/2M)|®))|a,), the leading term in the

. i . We are going to approximate the electronic matrix ele-
perturbation when acting on a state of the fdd|ay,), is going PP

ment in Eq.(10) by evaluating it at the equilibrium positions
of the heavy particles. Since only ionic states for which the
,Pi|®) . Pilan)/M. (7)  struck particle has a momentum in the vicinity &f will
have any significant overlap with the statg, Je ¥R, we
The action of the momentum of the heavy particle on thecan assume thi@, ;) that are important in the sum have this

electronic states is, from E¢5) property. Then this must be true of the staég;) as well.
Furthermore, for the heavy particles that have not been
) SH struck, henceforth referred to as the bath, the wave functions
{am|Pilany = iﬁ<am|T‘)|an>/ (E.-EL), (8)  and energies in both the ground and excited states are unaf-
- fected, initially, by the scattering event. Hence the change in

the heavy particle energies in both the excited and ground

where the matrix elements are taken over the electronic cdE/€ctronic states izs dominated by the kinetic energy of the
ordinates, and the positions of the heavy particles are thetruck particle(.q)*/2M. Thus we can replacke,, ~Eo,) in
same for all the states. This perturbation mixes the originaie denominator of E¢10) by (E;~Eg). The electronic ma-
Born-Oppenheimer energy eigenstates. For all the heavy paltix element is then independent of the heavy-particle energy
ticles except the one struck by the neutron, the momenturifdices, and we can use any basis for the particle wave func-
operator acting on the wave function of the particle gives dions that we like. In particular, we choose a plane wave
small overall contribution, which is the basis for the usualbasis. This also allows us to evaluate the actio®Pgfwhich
Born-Oppenheimer approximation. However, for the struckwe will replace withAq. This approximation neglects the
particle [particle 1 in Eq.(1)], this operator gives a large momentum of the particles in the initial state comparetigo

term, of orderid, and cannot be neglected. when evaluating the matrix elements. In the energy delta
We then have that the energy eigenstates for the fulfunction, we will keep the full kinetic energy#(p
Hamiltonian are given to first order by +@)]%/2M in the final state and replad®, ; by Ej+p?/2M.
None of these approximations are essential for our main
 SHo point, but serve to simplify the result. We find then that the
if e excited electronic states contribute $aj, )
E. V=D, +3 (D 1
| n,|> | n,|>|an> m,j< m,j|<am|(En’i _ Em,j)(Erq _ Er/n)|an> . R )
=S | 4, OHIR
g En%(q&)) —zn <ao| P f 2|an>
P, M (Er - Ep)
X _|(Dn,i>|q)m,j>|am>- (9)
. xfn(”)ﬁ —(E’—E’)/h—ﬁ—(f—ﬁ;a dp
p)o| w n 0 oM M P,

We will neglect, for the moment, the shift of the energies for

these states, as it is not essential for this work. The important (17)
point is that because of the presence of the fast proton, the

excited states have a significant overlap with the groundvheren(p) is the diagonal matric element of the one particle
state, and, as a consequence, there is some amplitude for ttensity matrix for particle 1 in the momentum representa-
scattered neutron to transfer some of its energy to the eledion. We see that these terms give the same functional form
tronic system. When Eq9) is used in Eq(1), we see that in q and w as the usual impulse approximation result, but
the only component of the excited states wave function thashifted to high energies by the difference in energies of the
is significant is that which couples it to the ground state. Theelectronic states.

sum in Eq.(1) extends over the indices of the electronic  The total intensity in these terms is compensated for in the
states, and for each electronic state, one sums over the spetim in Eq.(1) by the reduction in intensity of the scattering
trum of eigenstates of the ionic system in that electronidn which there is no change in the electronic wave function.
state. We have then that there is a contribution to the sum ifthe ground state of the electronic system, in the presence of
Eqg. (1) from each of the the excited electronic states,the fast proton, is no longdey), but is given by Eq(9).
S.(d, w) of the form When used in the sum in E@L), it must be normalized. The
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normalization of this state leads to a reduction of intensity ofsults above. Both of these inadequacies point to the coupling
the primary signal, again with the same approximations, byf the electronic states in the presence of a fast proton being
an amountAl too strong to use the weak coupling perturbation theory pre-
2 sented thus far. The effect of the higher-order terms in the
coupling may be accounted for by introducing linewidths for
<a°|(E' - E')2|0‘”> : (12 the excited states due to transfer of energy in the electronic
"o system to the ions. These linewidths are strongly enhanced
This just compensates for the intensity transferred to the eXpy the presence of the fast proton.
cited electronic states. To the extent that one measures Only The time scale for the relaxation of the density correlation
the intensity in the primary peak, E€L2) gives the apparent function, (qAp/M)~! (Ref. 10, whereAp is the momentum
deficit in the cross section of the struck particle. We see thagistribution width, is about 1 fs in water for typical momen-
this varies withg? and 1M?, as well as the particulars of the ym transfers of 35 AL This corresponds to a momentum
electronic system. o width for the protons of about 5% (Ref. 12. It is known
Although a detailed calculation is necessary to evaluatgnat the relaxation time for the lowest excited electronic state
the magnitude of the deficit in the intensity of the main peakin water to the so-called solvated electron state is about
we can get some idea of the size of the effect by introducing 59 fs13 considerably longer than the time scale in which we
dimensionless variables. A characteristic length scale for mogre interested. However, that is when the protons are moving
lecular systems is the radius of the Bohr omitA charac-  at velocities comparable thp/M above. When one of these

7%, | SHooRy

Al=3, ™

teristic energy scale i€’/ 2a. Since protons has momentum of 30—40%Athe relaxation rate
SHo 2 could be a factor of 50 faster because this rate has a compo-
—=3—, (13 nent that varies ag?. That rate is comparable to the typical
oRy i = Ry[? time scale of the scattering, and the decay of the excited state

can play a major role in determining the intensity deficit.
Furthermore, it is knowit that the excited-electron wave
unction extends over 5-10 water molecules and that the rate
of transfer of energy to the protons or deuterons depends on

where the sum in Eq(l3) is over all the electrons in the
system, we find that an estimate of the magnitude of th
effect is given by

2Ngsg/a |2 a decoherence time scale that is longer by a factor of 2 in
Y D,0 than in HO, providing a mechanism for the concentra-
Al =\ ———|, (14) tion dependence of the deficit. Although we are not be able
e€l2a to compute the electronic properties needed to make this
where Ny is the effective number of terms in the sum ap- argument precise, it is plausible that a stong coupling theory,
pearing in Eq(13). which includes the decay of the excited states, can account

For aq of 50 A1 and Ny of 3, Al =0.15. Using a per- for the concentration dependence in water.
haps more realistic scale for water, which would be the en- T0 go beyond lowest-order perturbation theory, we will
ergy gap of about 6 eV, we would have an increase by &S€ @ mode coupling approximation to include the decay of
factor of 4. The result is also very sensitive to the value ofthe excited states. The intermediate scattering fun@iqnt)
Neff. It is clear that without evaluating the integrals, there is!S
considerable uncertainty in the magnitude of the effect, but _ _ LG R G R

. . . - J.R1AiG-Ry (1)

that nevertheless, it is potentially of the right order of mag- S(G,0) = (Ole™ " 1e4™10]0)

nitude to explain the deficits. However, the result above can- = (0| e-iq_éle(i/ﬁ)[H0+g(pi2,2m)]t eiq‘_lee—i/ﬁ[HoﬂgpiZ/Zm)]t‘O>
not explain two features of the phenomenology of the deficit )
as it is observed in a variety of systems. The deficit is not (15

observed to vary witly (Refs. 3, 8 in the neutron Compton  gjce
scattering measurements on water. Although the results of
the electron Compton scattering experiments in Forfnaae
consistent with ay®> dependence of the deficit for the small

range ofg measured, the great bulk of the available data over

a much wider range |q is obtained using neutrons. The data it follows that the action of the Hamiltonian on the grOUnd
on the deficit in Nb and Pd hydridésdo show a strong; ~ State in Eq(15) can be replaced by

dependence, which, however, saturates at lgrgene satu- i 2 GIENR (i 2 -

ratlioon value ofAl is about 0.4, which is four ti?nges the value e (MEod@ |(R) = e MME(RIg (IMPITMIg, (R).

in the deuterated Nb hydride as the theory above would pre- (17)

dict, but the deuterated material shows no variation with ) ) L GIELRI )

Also, as it stands, there is no explanation for the depen'—"aV'”g done thlS_,ﬂtbe functiog (MEyRt commutes with the
dence of the deficit on the relative concentration of deutedensity operato€/dR, and can be combined with the Hamil-
rium and ordinary water.Since the matrix elements and the tonian acting on the final state. There is an additional term,
density of electronic states that determine the amplitude ofrising from the commutator of the kinetic energy term in
the effect are presumably nearly the same y©and HO, Eq. (15 with E)(R). This gives the effects of the forces
we would expect no concentration dependence from the reacting on the heavy particles. This term has no direct effect

2

ES_iMq)OrO(FE) =[Eoo~ E(’)(R)](I)oyo(li), (16)
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on the impulse approximation limft q—o,t—0, gt finite, ing standard projection operator methods for the the
as it is of ordergt?. It leads to traditional final state correc- resolvent operator for the electronic Hamiltonian, we can
tions of order 1¢, which are included in the data analysis. show

Thus we can include the ground-state electronic energy in .
the exponent in Eq(15). The kinetic energy terms that do B _ -1

not inv%lve the strﬁck particle can also bgeyapproximated as <a0|[z— Ho+ Bo(R) + } |a0) =[2=To(2]™,
commuting with the electronic energy, as this is the essence (21)
of the Born-Oppenheimer approximation. The noncommuta-

tive terms are responsible for the thermalization of the elecwhere

tronic states. These lead to the relaxation processes men- 9\ 2

tioned earlier and occur on a much longer time scale than the Ty(2)=3/ (ﬂ) (el 6Ho/5R1| )

one in which we are interested. We will therefore neglect the 0 M 0 (E,-Ep)

- 22

hq. Py

commutator of the kinetic energy of the unstruck particles VS

with the electronic Hamiltonian. We can then commute the x(a |[z— (Ho - EL)/ - hq. Pl:| |

kinetic energy for the unstruck particles through the density " o =0 M

operator and eliminate it from the direct time evolution of - 141

the density operator. “(a |{ OHo/ Ry ] ) (22)
Finally, we can approximate the operaf®y® by " (El,-E) o

The prime on the summation in E@®2) indicates the that
the the ground state is omitted from both sums. Furthermore,
where the operatdP! acts only on the proton wave function the perturbation(7iq.P)/M operator should be understood

and the operatoP? acts only on the parameteR of the @S having no matrix elements with the ground state.
electronic wave function. In its action on the ground state, V& Will approximate the sum in E¢22) by keeping only

we will ignore the second term on the right in EQ.8), Lhe_diagon_al terms. These are Lhe leading terr]ms in the pertur-
which is, again, the Born-Oppenheimer approximation. ation series in powers af. In this case, we have

P,2=PY+2p! P2, (18)

We will also replacePi by #q in the second term of Eq. 72§ 5HOI§R
(18), when this operator acts on final states for which the < ol 1| ap)
momentum is approximatelq. The full Hamiltonian acting Ty(2)=3 (Ern-Ep) (23)
on the final state is now the sum of two commuting terms. 0 " —( I —E)I-Th(2)
Allowing the operatorPl to act onedR1 we can then ex- where
press the intermediate scattering function as )
) . L B2, SHoloRy
Gt = <O|e—id.Rlei/h[Ho—E(’)+(ﬁd.Pf/M)]teiq‘-[Rﬁ(P}/M)t]|0>_ —< n|(E’ | )
I'n(2) =% : 24
(19 (D=2 z- (B~ Eg)lfi - rm< 2) =9

If we neglect the perturbatiohﬁ.Pi/M in Eq. (19) we  The prime on the sum in E¢23) indicates that the ground
obtain immediately the impulse approximation result forstate is omitted and, in Eq24), that both the ground state
S(q,t), making clear again that it is the mixing of the Born- and the staten=n are omitted. Equation3) and(24) are
Oppenheimer eigenstates that is the source of the intensign approximation, which should be understood as self-
deficit. consistently defining the self-energies. We will not attempt to

Equation(19) can be expressed in more detall making calculate these. For our purposes, it is sufficient to note that
use of the identityea72mitgidRigd (PYMI=dd[R+PIMI 55  these self-energies are proportionatcfor smallg, and can

become independent offor largeq.

o, L The energies in Eq(23) depend on the position of the
S(G,t) = elia ’2M)tf didRd, o(R) (T, R) proton, which is to be averaged over in E0). The effect
of this averaging is to produce a distribution of energies in
¢ glimHo-Eq RI+(4iG.P2IM)]t (@ PllM)tao(r R)q)o o(R) the resolvent expression E@3) that is independent af and

will, therefore, be neglected in comparison to the self-energy
(200 of the excited states. However, while formally smaller in
For each value oR, we see that we now have a standardpowers ofqg, the electronic energies are large compared to

perturbation problem for the action of the Hamiltonian on the??dAP/M, and their variation can introduce a time scale com-
electronic wave function. parable to the decay time &d,t) for moderate values af.

It is clear from the above that it is the evolution of the !N the work of Schwartzt al,'* it is shown that the deco-
electronic state in the presence of the fast proton that must deerence factote'”(E/(R)-E4(R))t) that arises from this av-
calculated to obtain the deficit. We choose to do the pertureraging has a decay time of about 5 fs for deuterium and
bation calculation for the electronic propagator in the fre-about half that for proton¥ Therefore, the numerical value
quency domain rather than directly in the time domain. Us<or I'y(z) can be strongly influenced by this averaging, which
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must also include, in a realistic calculation, the average oveon the main point, the qualitative behavior of the intensity
spatial configurations of surrounding molecules. We believeleficit with g, and evaluate the energies at the equilibrium
this difference in decoherence time is responsible for theyosition of the proton. The electronic propagat@solvent

concentration dependence of the deficit inCHD,O mix- Eﬁen becomes independentlé_{, and the momentum of the

tures. The shorter decoherence time produces smaller rela . . .
ation rates, smaller values fdk(z) and, hence, larger defi- proton is conserved by the dynamics. We find then, that the
Laplace transform of Eq19) is

cits. We neglect it here for simplicity only, in order to focus

f dte?'S(g, t)dt

0

B2, | HyoRy B
A 5.4 g ey
-—Ifdﬁn(p) z- == =3, — = = (25)
2M Z_(E,_E,),ﬁ_m_u_r(z_ﬁi_w>
A2 ¥ I Y I N V I ¥
I
We can recover the results of the previous weak coupling e (gAp\™?
analysis by ignorind™,(z) in the denominator of the expres- 222\ M
sion in the sum in Eq(25). The neutron-scattering function A—p ~9 (27)

S(d,w) in Eq. (1) is obtained by letting— w—ie in Eq. (25)
and taking the real part of the resultant expression. The amand cannot be neglected. It has been included in the discus-
plitude of the pole atw=%0%/2M+p.G/M is 1/[1  sion above. It is, nevertheless, useful to consider the very
— (8T (2)/ 82)|,=,.], whereT'y(2) is the sum in Eq(25). This  largeq limit, where this phase factor can be neglected. We
is the same result as E(L2), to lowest order irg. With the  then find thatS(g,t) can be written simply as

inclusion of linewidths for the excited states, and hence line- o . hGit

shifts as well, we have the possibility of this intensity deficit S(G,t) = glifg2mt f dRCDZ)(R)(I)O<R+ &)
saturating agg—oc. What is required is that the lineshifts M

become comparable to the energy differences from the R - Adit

ground state for the excited states for which the matrix ele- X\ a(R) ao(R+ V) : (28)

ments in the numerator are significant. While we cannot
show that this occurs for the values @fin the experiments The notationd, in Eq. (28) indicates that it is a vector cor-
because we cannot evaluate the electronic matrix elementssponding to a displacement of the coordinate of particle 1.
we can show that in the limit of very strong coupling, in It should be noted that the electronic matrix element is inde-
which the perturbation matrix elements are comparable to opendent oR att=0, and will be weakly dependent énfor
greater than the energy level separations, such a result holdsubsequent times, while the nuclear wave function depends

In Eq. (20) we can write strongly onRy. Ignoring the position dependence of the elec-
tronic overlap, we can then write the nuclear overlap integral
) in the momentum representation and obtain the usual im-
liMHgEg(R+hGBIM) It pulse approximation result fo8(q,t) multipled by a time-
. . o -y dependent factor. Our point here is that this factor ap-
~ liM[HoEoRtglia PUM)gif2(@M).(HI/ ORI (26)  proaches a constant in the lamyéimit for times of the order
of the characteristic time. Since the time for whig(,t) is
significant is (qAp/M)™%, the electronic overlap integral,
if we neglect higher-order terms in the Baker-Campbell-which is responsible for the intensity deficit, involves the
Hausdorf formula. The last term in E(R6) is of orderqt?>.  two states separated by a finite amo(itAp) or using the
While this is formally of higher order than the terms kept in uncertainty relation, by a separation comparable to the local-
the impulse approximation limit, the coefficient is deter-ization distance of the proton in the ground state. The reduc-
mined by the forces on the proton in the excited states and igon in intensity, therefore, is independent @fin the very
on the scale of electronic energies. For times of the order oftrong coupling limit and proportional @y in the weak cou-
the characteristic times that are actually achieved in the expling limit. While we are not in the very strong coupling
periments, the last phase factor in Eg8) is approximately limit, we think it plausible that the experiments are being

054107-5



G. F. REITER AND P. M. PLATZMAN PHYSICAL REVIEW B71, 054107(2009

done in an intermediate region, with the perturbation compaelata is that there are no apparent large-scale lineshifts in the
rable to energy level differences, and showing a wgale-  experiments. Our theory predicts a lineshift, which is always
pendence. This could lead to a variety of dependences of theward lower energies in the weak coupling limit. This is
deficit on the electronic properties, as observed. While mostecessary to compensate for the intensity shifted to high fre-
experiments show an increase in the deficit withfor in- qguencies, since the first moment of the momentum distribu-
stance, recent experiments on La&hd LaH, show a slight tion is unchanged by the corrections to the Born-
decrease with increasingat largeq.*® Oppenheimer approximation. For weak coupling, this shift
If the intensity is transferred, then it is important to know not being observed could be accounted for by the uncertainty
why it has not thus far been observed. In water, the minimunin the position of the detectors. It may be that in the inter-
excitation energy is about 6 eV, therefore, the intensity thatmediate coupling region, the intensity is more uniformly
is shifted by exciting the electronic system would be on thespread out as a broad background, and therefore the shift
high-energy side of the main signal by at least that amount. ldoes not become large enough to see, again given the uncer-
would continue to higher energies by an amount that detainty in the positions of the detectors.
pended on the sum of the widths of the occupied and unoc- It is evident that to give a quantitative explanation for the
cupied levels involved in the transitions. Using recent calcuintensity deficit in various materials, it is necessary to be able
lations of Cabral do Coutet al.® we find this to be on the to calculate the integrals over the electronic levels with some
order of 30 eV if the dominant contribution to the sums inaccuracy. We have not done this, and, indeed, it is possible
Eg.(23) come from the valence and conduction band, but théhat the effects we are calculating may be too small to ex-
widths could be much larger if there is significant excitationplain the observation$ What we have shown is that a
of higher and/or deeper bands. It is difficult to say where thestraightforward physical effect, the mixing of Born-
center of gravity of the shifted spectral density would lie, butOppenheimer levels and an increase in the linewidth of ex-
it is easily conceivable that it lies at energies that correspondited electronic levels when a proton of large momentum is
to transit times at Vesuvio of less than 50 ms, which is whergresent—effects that must be operative at some level in any
the data for water stop. It is also the case that because of tlei@se—have the capacity to account for the phenomenology
collapse of the phase space for short tinfebere a large of the intensity deficits in neutron Compton scattering, and
range of momentum transfers are incorporated in a smalve have provided a framework in which to accurately calcu-
change in the time of flight the signal may be missed due to late these effects.
detector saturation. The data for Laldnd LaH; are more
problematical, as there is a band gap of about 0.5 eV in ACKNOWLEDGMENTS
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