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We have measured the double differential cross section of liquid hydrogen using deep inelastic neutron
scattering in an intermediate region of momentum and energy transfer where the crossover between the
molecular and atomic regimes is expected. The range of the momentum transfer, computed on the basis of the
atomic recoil, is between 24.6 and 36.2 A& i.e,, beyond the limit where intermolecular interactions are
effective and therefore the incoherent scattering approximation applies. The data cannot be reproduced either
using a molecular or an atomic model. We find that a satisfactory fit to the data is obtained by a linear
combination of the two models. The relative weight of the molecular model turns out a decreasing function of
the energy transfefS0163-18208)03226-3

I. INTRODUCTION the aim of obtaining information on the momentum distribu-
tion of the molecular center of ma¥&in this regime the 1A
Deep inelastic neutron scatterif@@INS) is an experimen- can be still applied and the width of the scattering function is
tal techniqgue where the momentum and the energy transietermined by a complex balance betweenttheslational
ferred from the neutron to the target nucleus is so large thaindrotovibrationalterms determining the momentum distri-
all the intermolecular and intramolecular interactions are bution of the struck molecule. Using this technique, the den-
considered negligibl&=3 In fact, the intermolecular interac- sity evolution of the molecular kinetic energy of liquid hy-
tions are known to affect the neutron scattering cross sectiodrogen has been obtained experimently.

in a rather restricted range of momentum trangfgrwhere Using the modern neutron spallation sources, the momen-
the intermolecular structure fact&q) is sensibly different tum transfer can become so high that even the intramolecular
from 1. structure becomes negligible. In this case, the spectrum be-

If the system is monatomi§(q) extends typically up to comes again that of a recoiling particle, with a characteristic
10-15 A1, Beyond this point, the system behaves as ampeak centered at the enerdyw=(%q)%/2m, m being the
ensemble of independent particles and the incoherent aprass of the target nuclet:'® This relation has been veri-
proximation applies. A further increase of the momentumfied both on hydroget and deuteriunt? In this case, since
transfer moves the system within the applicability limit of the intramolecular kinetic energy terms are much larger than
the impulse approximatiodA). In truth, this approximation the corresponding translational counterparts, the information
holds only in the limitg— <o and, for finite values of], final  concerning the momentum distribution of the molecular cen-
state effect$FSE should be taken into accouhwithin the  ter of mass is hiddetf:

IA, the scattering cross section becomes that of a recoiling It is worthwhile to compare the analysis of the various
particle, with a peak centered at the recoil energy  experiments for different values qf In the relatively lowq
=(%g)?%/2m and a shape that is determined by the momen¥ange, where the molecular momentum distribution becomes
tum distribution of the particlesn being the mass of the accessible, the data are interpreted using the IA together with
atoms. DINS can be used to measure the momentum distr& molecular model where the intramolecular excitations are
bution of those monatomic systerfguantum solids and flu- uncoupled from the translational dynamics. Within this
ids) that are known to deviate from the classical Maxwell- model, the positions of the various molecular transitions are
Boltzmann distributiord. This technique has been extensively observed to evolve, in & vs g2 plot, following a straight
used to determine the momentum distribution of solid, line with a slope corresponding to tmeolecularmass(see
liquid,® and gaseod$ helium at low temperature. Fig. 2 of Ref. 10. Conversely, in the much higherregion

In a molecular system, because of the intramolecular inef the experiments carried out using spallation-source neu-
teractions, the range of the coherent scattering extends toteons, the recoil peak position is observed, in a similar plot,
largerq range(see for example, Ref.)QTherefore, the ap- to evolve following again a straight line but now with a slope
plicability range of the IA is pushed towards higlievalues.  corresponding to thatomicmass(see Fig. 1 of Ref. 14 and
However, neutron scattering experiments can be carried ouEig. 3 of Ref. 13.
using large momentum and energy transfer, so that the ap- In one case, a suitable molecular model is expected to
plicability limit of the IA can be reached. Recent DINS ex- describe the scattering cross section. This happens when the
periments on molecular hydrogen have been performed witmomentum transfer is so low that the molecule reacts as a
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whole to the scattering event. In the other case, an atomic TABLE I. Parameters describing the present experimental con-
model would be more appropriate. In other words, it mayfiguration on eVS. The primary path Is,=11.055 m. The time
happen that the momentum transferred by the neutron is sgfset has been assumed constant and equal to the average of the
large that either the molecule breaks into its components gneasured valueg,=—4.7 us. The instrument resolution is given
the scattering event is so fast that the final state of the strucRy o. This is the standard deviation of the calculated Gaussian that
nucleus is better described by a free particle model. On&aS evaluated computing Fhe functiaifo/dQdE for a sample
would expect that there exists an intermedigtenge where with a momentum distribution represented bys&unction. The
the behavior of the molecular hydrogen cross sectiorfneroy contribution(@absorption width of the uranium fgilis o
changes from the molecular to the atomic regime. In order t??gs:/'gh;gz\gf 'Phéhriéar:;;momcg%ngse\’rve rt?gﬁgf'efroéOcrﬁmualgée%?ﬁ'e
study this very interesting crossover between the two re- ~ . . oy P

. - . s rfecon of atomic hydrogen.
gimes, we have started an experimental investigation o
DINS on hydrogen in a range of reIauve]y low momentum Spectrum 6 (deg
transfer. Here, we report the results of this experiment, in an

Ly (M) o (MeV) Gpea(A™Y) AEpea(€V)

effort to study the inelastic neutron cross section of molecu9 23.41 1.242 100 24.57 1.251
lar hydrogen in that region af that is intermediate between 8 24.26  1.230 102 25.57 1.356
the molecular and the atomic regimes. 10 24.45 1.243 103 25.80 1.380
7 25.48 1.230 106 27.04 1.516

Il. DESCRIPTION OF THE EXPERIMENT 11 2565 1.245 106 21.25 1.539

6 26.68 1.231 108 28.51 1.686

The experiment was carried out on the inelastic resonance2 26.78 1.246 109 28.64 1.701
spectrometer eVS at the spallation neutron source ISIS. Th& 27.84 1.231 112 29.97 1.862
is an inverse geometry spectrometer whose useful incident3 27.89 1.248 112 30.03 1.870
beam energy ranges between 1 and 108%A/thin uranium 4 29.02 1.231 117 31.48 2.055
foil, on the secondary beam, is used as a resonance absorp 20.03 1.249 117 31.49 2.057
tion filter and is moved cyclically in and out with a period- 15 3018 1.251 121 33.00 2958
|C|ty of 10 min. The lowest energy resonance of the Uraniunb 30.20 1.231 121 33.03 2262
foil is rather high E=6.671 eV) and therefore, in order to ;¢ 31.34 1.252 125 3456 2 476
decrease the range of the momentum transfer, we useda 3136 1.231 126 3458 2.480

special instrument configuration, placing the detectors at th
lowest possible scattering angles. This is in the inte®val
=23°—32°. An alternative configuration of the instrument,
namely, using a gold foil as energy analyzer, would havester 6 mnj fitted into a liquid helium cryostat. The scattering
been more suitable to decrease the momentum tranBfer (cell was connected to the external gas handling system by
=4.922 eV). However, the width of the absorption line of means of a 1/8 in. OD stainless steel tube. The filling tube
gold is much broader than that of uranium and we wouldwas wrapped with an electric heater in order to avoid block-
have lost in the instrumental resolution. age. The upper body of the cell, connected to the center stick
It is well known that lowering the scattering angle corre- of the cryostat, was temperature controlled and stabilized at
sponds to a degradation of the instrument resolution. In orde20.0 K. Inside the scattering cell, out of the neutron path, we
to compensate for this effect, we also designed a furtheinserted a solid catalyst (&Ds-yAl,O3) in order to increase
nonstandard working configuration on the geometry of thehe rate of conversion frorartho- to para-hydrogen.
instrument. To this aim, the detector banks were moved as The advantage of working with almost pungara
far as possible from the sample (=120 cm). As a result, hydrogen is that only one rotational statd=0) is popu-
the angular contribution to the instrument resolution functionlated. In this case, the theoretical calculations become sim-
turned out always smaller thdthough similar tg the intrin-  pler and the comparison between theory and experiments is
sic energy term. Finally, it turned out that the contribution tomuch more clean. The thermodynamic equilibrium composi-
the resolution function from the primary path{), the sec- tion of hydrogen, near to the triple point, is very close to
ondary path [;), and the time of flight ) were 3to 5times 100% concentration of the evelnpara species. However, the
smaller than both the angular contributiédetermined by natural rate of conversion between odd- and e¥estates of
the combined size of the sample and the detepiamsl the hydrogen is very slow and it may take many day&lsing a
intrinsic energy contributioridetermined by the absorption catalyst makes the rate of conversion faster and helps in pro-
linewidth of the uranium fojl The total resolution figure ducing an equilibrium mixture in a more reasonable time.
was evaluated by assuming a convolution of five Gaussian Liquid hydrogen was condensed directly into the scatter-
functions!’ using a Monte Carlo simulation routine. In Table ing cell by cooling the sample under a moderate constant
I, we report the experimental configuration of the presenpressure of gas. The liquid sample was then subjected to
experiment, together with the computed wid#tandard de- small rapid temperature variations so that the induced turbu-
viation) of the resolution function. This quantity is named lence led to a continuous and efficient interaction with the
and was evaluated computing the functitfo/dQdE for a  catalyst. Basing on a previous experience we were confident
sample with a momentum distribution represented by a that the equilibriunortho-paracomposition was obtained in
function. a few hours™® The pressure of the sample was then sqi at
The sample(liquid hydrogen was held in an aluminum =3.6 bar, slightly above the value of the saturated vapor
cylindrical containefexternal diameter 8 mm, internal diam- pressure at 20 K= 0.935 bar) to ensure that the scatter-

3253 1.232 130 36.19 2.716
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ing cell was filled with liquid. The corresponding molecular 35
number density & n=21.23 nm 3.
The data acquisition was carried out in subruns of the

order of 12 h (~2000 wA h of integrated proton current 8.0

The total acquisition timgsample was of 137 h, corre- 1 |
sponding to a total integrated proton current of 25.259 mA h. 25

The temperature stability during the whole experiment was

found to be better than 0.1 K. However, we observed small ] |
fluctuations in the pressure reading. This was attributed both 2.0

to changes in the flux of liquid helium through the throttle

valve of the cryostat, and to small changes in the room tem-
perature of the experimental hall. At any rate, a thorough
analysis of the different subruns did not show any appre-
ciable effect in the spectra and the differences were always
below the statistical noise. This is also due to the fact that a
change of 0.1 bar would produce a change in density of the

1.5
. ! |
order of 0.02%. 05 | “
The instrument calibration is carried out using the four \
lowest energy absorption lines of a thin uranium foil placed
in the incident beam. This is usually done using a thin slab 0.0
sample made of lead, for which one assumes elastic scatter- 1 N

ing, corrected for the effect of the recoil using the IA. In this
way, the geometrical parameters of the instrument can be
derived. Since the primary patly is known, this reduces to
the determination of the secondary pathand the time off-

set 7. The angular _p_osition of the detectors is also obtained 5 1 Time of flight spectrum of liquigphara-hydrogen in the
measuring the position of the Bragg peaks of the same PRion of the first resonance absorption of the uranium fa (
sample. In our case, however, we found that this calibration-g 771 ev). The small structure on the right of the principal peak
procedure brought evidence of a slight systematic error in thgy the recoil spectrum of the aluminum container. The scattering
scattering angles. This was found by comparing the data gfngle isf=32.53° and the value of the momentum transfer, evalu-
the right and left detector banks. We attributed this discrepated on the recoil peak of atomic hydrogengis 36.19 A L. See
ancy to the extended size and the different geometry witttable I.

respect to the hydrogen sample of the Pb target that was used

for the calibration. For this reason, we carried out a secongs the TOF difference spectri@etector No. 1in the region
calibration procedure using the sample container, made Qft ihe Jowest absorption line of the uranium foil. The little
aluminum alloy, as a standard. As a result, most of the obgyctyre, on the right of the main peak, is due the container
served systematic discrepancy between the two detectngihution and was easily subtracted. Then we observed
banks were removed, even if the geometrical parameters gfie presence of a very small offset in the spectrum baseline
this second calibration were found not much different from, ot s attributed to multiple scattering. This is not very large
the previous ones. For the sake of completeness, we report ifyj s of the same order of magnitude of the standard devia-
Table I the results of the calibration. In the last two columnsions of the experimental points. Also this contribution was
we report the theoretical values of the momentim % g hiracted. The order of magnitude of the intensity and the
units and the energy transfer at the position of the reco"shape of the multiple scattering has been confirmed by the
peak for atomic hydrogen. We observe that thénterval  (aguits of a Monte Carlo simulation.
ranges between-25 and~36 A%, ie., well below the The TOF data were first transformed in units of the cross
expected limit of validity of the 1A for the atomic regime. sectiond?s/dQdE at constant scattering angle and constant
Correspondingly, the energy transfer on the atomic recoilin,| energyE,. The sixteen spectra so obtained were com-
peak ranges between 1.2 and 2.6 eV, i.e., well below theareq with the two available theoretical models. On one side,
molecular dissociation threshold of 4.75 eV. As a compariyye computed the measured quantity using a modified version
son, the experlment of Rgf. 10 was carngd out indhrange (MYK )2 of the Young and KoppelYK) model? This is a
5-17 A%, while the previous eVS experiments on h3/1d_r°ge”molecular model where the spin correlations, rotations, and
were characterized by a much highierange(31-79 Atin yibrations are taken into account exactly, to the extent that
Ref. 13 and 35-67 A® in Ref. 14. vibration-rotation coupling can be neglected and that the vi-
brations can be considered harmonic.

In the original work by Young and Koppel, a perfect gas
model (no intermolecular interactionsvas assumed for the

For each detector, the TOF spectra of the different subtranslational dynamics. However, it is well known that the
runs were first visually compared to check for possible dif-contribution from the isotropic potential is the leading term
ferences. No significant instrumental drift was observed anaf the intermolecular interactions, as hydrogen, even in the
the various spectral data were then added together to reducendensed phases, behaves as a free oW have gener-
the statistical errors. In Fig. 1 we report, as an example, onalized the YK model taking into account the isotropic com-

|

Intensity (arb. units)
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Ill. DATA ANALYSIS
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ponent of the intermolecular potentfdlin fact, by means of 14
path integral Monte CarldPIMC) simulations, we are able
to compute the effective kinetic energy of the molecular cen-
ter of mass of molecular hydrogén?® This value can be
used to define an effective temperatdig according to the
equation

3
(Ew= szTeff- 1)

This effective temperaturelT(=40 K) is used in the width
of the translational Gaussian distribution in place of the true
temperature. This simple approximation becomes better ani
better as the energy and momentum transfer increase and tt
effect of the interactions on the intermolecular structure de-
creases. A further improvement of the model was also ob-
tained using, for the vibrational and rotational levels, the F|G. 2. DINS cross section of liquid hydrogen. The scattering
measured correction terms that account for the centrifugangle is6=31.36°. The dots with error bars are the experimental
distortion and the anharmonicity correctiofis. data[normalized using th& factor defined in Eq(4)]. The line on

A different model which assumes that the final state of thahe left represents the results of the molecM¥K) model. That
struck nucleus is described by a plane wave, should be mom the right is obtained from the atomiaFP) model.
effective to represent the case where a large momentum is
transferred from_ the neutron to the ftarget nuc_leus. Thi?/ersely, the peak of the atomic model is found at higher
modell,sthat was introduced by Andreani, Filabozzi, and Pac nergy than in the experiment. Also in this case, the experi-
(AFP)™° to compute the DINS cross section of hydrogen an T

mental distribution is wider than the model. However, the

deuterium in the limitsT=0 andq— ¢, was recently gener- final decay of the experimental points follows more closel
alized to finite temperature and momenttithe model is ! 2y Xpert pol ws T >y
%ﬂe atomic model than the molecular one. Similar consider-
t

based on the rationale that, in the IA regime, the scattering . | I I I th
event is so fast that the final state of the struck nucleus i&tions apply equally well to all the observed spectra. As an

described, to a good approximation, by a free-particle wav&X@mple, in Fig. 3 we have reported the spectrum No. 9.
function. However, even though such a formalism would bel1€re the scattering angle is smaller and therefore some mo-
able to describe a situation where the molecule is dissociatégcular structure could be visible, as it can be inferred by the
by the scattering event, in this case it is sufficient to assum@PPearance, in the experimental spectrum, of a double peak
that the plane wave description holds in a small region of1-0 and 1.25 eyand some structure at low ener@7 eV).
space close to the initial position of the partiéfe. However, the lack of similarity with the structures that ap-
Both models have been used to compute the inelastic scaR€ar in the results of the molecular model suggest that the
tering cross section of liquid hydrogedto/dQdE at con- observed structures might also be partially attributed to
stant scattering angle and constant final eneEgy and at counting fluctuations. The molecular model results appear
T=20 K (Tes=40 K). The scattering angles, used in the MOre qualitatively similar to the experimental spectrum,
€ . ’

computation, were taken from Table I. Since the sample was
almost purgpara-hydrogen(the equilibrium concentration at 20.0
T=20 K is =99.8% para-hydrogen we assumed in the cal- 175
culation that only the initial states with=0 andv=0 are :
populated. The computed spectra were then convoluted wittg 157
the instrument resolution function and these results wereS 455
compared with the experimental spectra. 3

In Fig. 2 we show this comparison for spectrum No. 2.
The dots with the error bars are the experimental cross secé 754
tion data. The line on the left represents the results using the¢g

Cross Section (arb. units)

Energy Transfer (eV)

(arb

10.04

molecular MYK model, while that on the right is obtained g 07
from the atomic AFP model. It is important to note that, in S 25+
both modelsno fitting parameter is usednd that the calcu- © |

0.04
lation is based only on the molecular properties of hydrogen :

and on the numerical value for the translational kinetic en- 25
ergy (i.e., T¢x) that was obtained from our PIMC simulation.
We observe that neither model is able to give a satisfactory

description of the experimental spectrum. Starting from the [, 3. DINS cross section of liquid hydrogen. The scattering
low-energy side, the experimental points follow the molecu-angle isg=23.41°. The dots with error bars are the experimental
lar model up to about one half of the peak height. Howeverdata[normalized using th® factor defined in Eq(4)]. The line on
the experimental spectrum soon becomes lower, broader, anige left represents the results of the moleciMK ) model. That
characterized by a peak position at higher energy. Conen the right is obtained from the atomiaFP) model.

Energy Transfer (eV)
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line represents the atomic model while the lower dashed line
represents the molecular model. The experimental points
(black dotg are generally intermediate between the two the-
oretical lines and tend to lay closer to the molecular model,
especially for the low scattering angles. This should be ex-
pected, as a low scattering angle corresponds to a low mo-
mentum transfer. However, the size of the experimental er-
rors, that could be inferred observing the different values
obtained from the left and right detector banks, does not
allow a real discrimination between the two models. An even
more interesting graph would have been to draw the average

energy transfeE as a function of £q)2/2. The slope of this
graph should evolve asr wherem is the effective mass of
the recoiling particle, and one should be able to observe the
evolution from the molecular to the atomic regime as a func-
tion of g. However, this procedure nly correct if the en-

FIG. 4. First moments of DINS spectra as a function of theergy average is taken by integrating the distribution at con-
scattering angle. The upper dashed line represents the atomic modghnt g. Unfortunately, the present data do not map a
(AFP) while the lower dashed line represents the molecular modegufﬁcienﬂy wide area of théq,E} space to allow a reliable
(MYK). The black dots are the experimental data evaluated accor4atermination of the constantspectra. In addition, the dif-

ing to Eq.(2).

even though some differences emerge in the high-energy rer
gion. This portion of the spectrum, however, is better repre-

sented by the atomic model.

IV. DISCUSSION

The overall picture which was described by Figs. 2 and

in this experiment, i.e., in the interval of scattering angle
going from 23.4° to 32.5°. From the experimental spectra
given the neutron final energy; and the scattering angle,
we could derive the momentum transfer distribution an
therefore we could evaluate an average momentum transf f

E(a). The range oEis not much different from the values
reported in Table | even if the actual values, ranging betwee
24.4 and 35.6 A, are a little lower than the atomic model

calculation. Therefore, in the whole range Efthat was

S

ferences observed in Fig. 4, do not reflect the real situation
that was better depicted by the spectral informatifnFigs.

and 3.

We have no suggestion for a new intermediate model,
independent of either the moleculaviYK) or the atomic
(AFP) model. However, we have found that a convenient
way of describing the present data is obtained using a linear

3superposition of these two models. In fact, the observed fea-
Jure that the width of the experimental spectrum is larger

than either theoretical result would suggest a mixing of the
two models. In addition, one would expect that by increasing
the scattering angle, and consequently the average value of

dthe momentum-energy transfer, the experimental data should

semble more and more the atomic model, while the mo-
ecular model should become progressively less accurate.
Therefore, one should be able to reveal a crossover between
the two different regimes by looking at the evolution of the
relative weights as a function of the average energy transfer.
This is exactly what we have found.

tested by the present experiment, neither one of the two mod- The data were fitted using a linear superposition of the
els is able to give a satisfactory description of the experitwo models according to
ment. A first attempt to discriminate between the two models

was carried out computing the first spectral moment of the 2o

energy distribution. This is defined by

+ o0

dofiwS(6,w)

My(6)= ——
f, dwS(0,w)

)

d2

dQdE

B| A . 4

1-A d%o
A=A GadE]

The amplitude paramet& in Eq. (4) has been introduced to
account for the different intensity calibration of the 16 inde-
pendent detectors. In Fig. 5 we report one of the experimen-
tal cross sectionsd= 31.36°) and the best fit obtained using

dQdE vk

and is a function of the scattering angle. The spectral funcEd: (4). The agreement is now excellent, as it is testified by
tions S(6,®) where obtained by multiplying the cross sec- the value of the reduced chi-squarf.q=1.276. Graphs of

tion data by the ratid,/k; according to the equation

d20' _ kl b2

0

©)

similar quality were found for all the measured spectra. As a
further example, we report in Fig. 6 the spectrum at the low-
est scattering angled& 23.41°). Here, the agreement is less
spectacular(the value of the reduced chi-square ¥4
=1.608) but the data are much better represented than by the

The effective scattering lengthis not specified, as it cancels two models separatelfcf. Fig. 3. It is important to stress,

out in Eq.(2).

once more, thad is the only relevant fitting parameteasB

In Fig. 4 we report the behavior of the first spectral mo-takes only into account the different intensity calibration of
ment as a function of the scattering angle. The upper dashedtie various detectors.
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FIG. 5. DINS cross section of liquid hydrogen. The scattering  FIG. 7. Relative weight&\ of the moleculaMYK) model as a
angle is¢=31.36°. The dots with error bars are the experimentalfunction of the measured first spectral moméeft Eq. (2)]. The
data[normalized using the factor defined in Eq(4)]. The line scattering angles are a monotonic functiobf( ). The line is the
represents the best fit using a linear superposition of the moleculdtest linear fit to the points. Its extrapolation givés=0 when
(MYK ) model and the atomi6AFP) model. The reduceg? of the M;(8)=5.5 eV. The dissociation energy of hydrogen is 4.75 eV.
fit is 1.276.

to the points of Fig. 7. It turns out tha&=0 for M(6)

It is interesting to observe the evolution of the weights =5.5 eV, i.e., a value quite similar to the dissociation en-
defined in Eq.(4) as a function of the average momentum- ergy of hydrogen E,=4.75 eV).
energy transfer or, equivalently, of the scattering angle. What
we observe is that, by increasing the scattering angle, the
weight of the molecular modéMYK) decreases, and there-
fore that of the atomic modéAFP) progressively increases. We have carried out a DINS experiment on liqyidra-

A more effective way of looking at the evolution of the hydrogen, in a region of momentum and energy transfer
weightsA is as a function of the average energy transfer thatvhere we expect the emergence of the molecular features of
is defined by Eq(2). In Fig. 7 we report the values of the the sample. We have compared the experimental data with
weight A, defined in Eq.(4), as a function of the measured the results of two theoretical models: one based on a molecu-
energy spectral momeM ,(6). The progressive decrease of lar description of the sample, the second assuming an atomic
the importance of the MYK model is apparent and, moremodel. In the calculations, the only inputs were the molecu-
interesting, the behavior points to a vanishing of the weightar properties of hydrogen and the effective temperature ob-
of the molecular model for a sufficiently high energy. Even if tained from the value of the translational kinetic energy of
the data are not extremely good, we have fitted a straight linfiquid hydrogen derived by our PIMC simulations. No fitting
parameters were introduced. Neither one of the two models

V. CONCLUSIONS

20.0 was able to describe properly the experimental spectra in the
1754 explored range of energy transfer. In all cases, we find that
; the rising part of the experimental spec{tawer energy
@ 1507 was following more closely to the molecular model data,
€ 155 while the high-energy decay was more close to the atomic
g model. However, the experimental peak of the recoil spec-
8 100+ trum was always intermediate between the theoretical calcu-
é 7.5 lations involving the two models and its width larger. This
§ 50 suggests an interpretation of the experimental data as a su-
@ o perposition of two mechanisms. In the molecular model, the
O 254 intramolecular structure is not affected by the collision with
© 0.0 the neutron and the molecule reacts as a whole to the scat-
; tering event. In the atomic model, instead, the final state of
-2.5

the target nucleus is described by a plane wave. Even if this
fact does not imply that the hydrogen molecule is dissociated
by the collision of either atom with the neutron, the molecu-

FIG. 6. DINS cross section of liquid hydrogen. The scatteringlar identity becomes, in this case, conceptually less relevant.
angle is#=23.41°. The dots with error bars are the experimentalAt any rate, neither one of the two models is able to repro-
data[normalized using th@ factor defined in Eq(4)]. The line  duce the observed spectra to a quantitative level. It is only
represents the best fit using a linear superposition of the molecula¥hen allowing a linear superposition of the two models that
(MYK) model and the atomi¢AFP) model. The reduceg? of the  the agreement between theory and experiment greatly im-
fit is 1.608. proves.
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The relative weights of the molecular and the atomiclow value with respect to the dissociation threshold of 4.75
model change by changing the scattering angle, and therefosd/. However, it appears that the plane wave approximation
by changing the average energy transfer. The moleculasf the final wave function of the target nucleus is descriptive
model seems to be more descriptive of the experimental dataf a rather large portion of the dynamics of DINS on mo-
in the lower-energy region and appears to deteriorate as tHecular hydrogen in a relatively low-energy-momentum re-
average value of the energy transfer approaches the dissocgime.
tion energy of 4.75 eV. It is worthwhile to note that the
atomic model extends its influence down to a rather low
energy and seems to contribute t8B0% of the cross sec-
tion, even for an average energy transfer of 1(ei Fig. 7). The technical assistance of the ISIS Instrument Division
This is a rather surprising result, because this is a relativelpf RAL is gratefully acknowledged.
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