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Abstract:

The quasielastic scattering peak in light water at room tempera-

ture has been studied with neutrons of energy ~5 • 10 eV. The

width and shape of the peak has been determined by the time-of-flight

technique at two scattering angles. If it is assumed that the broad

inelastic spectrum is due to scattering by a raonoatomic gas of mass

18, it is found that the quasielastic scattering is in good agreement

with the predictions by the continuous diffusion model.

- 3
Inelastic spectra were recorded up to 13 • 10 eV. Indications

-4of two discrete energy transfers (8 and 14-10 eV) are observed

in the 90 run. The results are discussed and compared with earlier

observations.

Printed and distributed in Jan. 1964.
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Introduction

Many investigations of the scattering of cold neutrons from water

have already been performed. There are two reasons why we under-

took yet another measurement. One is that the main features of the

scattering from water are welJ established and the measurement

was meant to serve as a test of our new spectrometer. The second

reason is that there is still disagreement about the details of the scat-

tering; it was hoped that a measurement with an incident spectrum

narrower than the unmodified Be-filtered spectrum normally employed

and a high time resolution would give some information about those

details. The spectra were recorded between 3 and 13 • 10 eV at

60 and 90 scattering angle.

Theory

As shown by van Hove (1), inelastic scattering of neutrons is an

unique method to study the dynamics of condensed matter. The diffe-

rential scattering cross section is shown by him to be expressible as

the Fourier transform in space and time of a function G(r,t) describ-

ing the motion of the particles composing the scatterer. G(r,t) can

be divided into two parts, one of which, G,(r,t), describes the motion

of pairs of atoms. The other part, G (r,t), describes the motion of

a single atom, and when Fourier transformed yields the incoherent

differential scattering cross section. In the case of water, where the

scattering is mostly by the protons and thus incoherent, the differen-

tial cross section gives information about the motion of a single pro-

ton. The short-time behaviour of G (r,t) corresponds to inelastic
s

processes, while the long-time behaviour corresponds to the elastic

or, in the case of a liquid, the quasielastic part of the scattered distri-

bytion. In the so called Gaussian approximation the cross section

can be written as

i L k 2 aw f -iwt -X2p(t)
dftdw 2ir k inc
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N = total number of atoms in the sample

k, k = wave vector of the scattered and incident neutron respec-

tively

a. = incoherent scattering length

P =h/2kBT

$x<» - energy transfer in the scattering

"X = wave vector transfer in the scattering

The problem is then to calculate f>(t), which contains all the informa-

tion about the motions of the atoms in the sample.

The cross section cannot be calculated from first principles for

a liquid. One must therefore fall back on some simplifying assump-

tion. The simplest one, suggested by Vineyard (2), is to assume

that the motion can be described as continuous diffusion. The G (r,t)
s

is then given by

G (r,t) = (4TTDt)"3/2 exp (-r2/4Dt) (2)
s

this gives a cross section of Lorentzian form with a full width at

half height

AE = 2hX2D (3)

D = the self diffusion constant.

Another model in which it is assumed that the atom vibrates

around an equilibrium position for a time r and then diffuses for a

time T , has been suggested by Singwi and Sjölander (3). In the limit

T » T this theory gives the same result as the continuous diffusion

model. In the limit of pure "jump diffusion" (T » T \ ) the cross sec-

tion is again Lorentzian but the full width at half height is now

given by
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-2W
—S ~) (4)
1 + T DX

o

-2We = Debye-Waller factor.

In the case of a perfect gas the cross section can be written

as (2)

_ÉJL - k ^ c (2TQ1/2 -« 2 / (xvJ 2 , ,
d«du> ~ h k x v v ;x v

V<> = (2 k

M = mass of an atom.

Experimental method

The measurement was done with the new time-of-flight spectro-

meter at the reactor R2. The chopper, working in conjunction with

a Be filter, gives an incident spectrum at ~4Å with a wavelength

spread of ~7 %. The time resolution is 1.2 %. A complete descrip-

tion of the instrument has been submitted to "Nuclear Instruments

and Methods".

The water used in the experiment was demineralized and distilled

three times. The sample container was made of aluminium with a

wall thickness over the beam area of 0. 1 cm (see Fig. 1) The trans-

mission of 4Å neutrons through the empty sample container was

97 %. To avoid the formation of air bubbles in the container it was

filled through the lower tube. The sample thickness was determined

by measuring the transmission of 4Å neutrons which was found to

be 84 %.
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The background was determined by measuring the scattering

from the empty sample container at both scattering angles. As the

fast neutron flux in the incident beam is very low the flat background

obtained in these measurements was assumed to be the same as with

water in the container. The height of the elastic peak from the con-

tainer was ~-20 % of the height of the quasielastic peak from water.

The background corrections were therefore very important but they

were carefully determined and are believed to be quite reliable.

The background was normalized to the water run with the help of a

monitor placed between the chopper and the sample. An example of

a background run is shown in Fig. 2. If the flat background is fitted

in the wings and subtracted from the total background data there is

a smooth distribution left on the high energy side of the sharp elastic

peak. This distribution is probably due to scattering from the air

around the sample.

The spectrum of the incident neutrons was recorded with a small

fission chamber in the forward direction with the sample container

removed. Because of the high intensity in the direct beam a detector

with a low efficinecy had to be used in order to decrease dead time

effects in the analyzer. The small size of the detector and the use

of narrow time channels made possible a very high resolution as dis-

cussed below.

As the measured spectra must be corrected for resolution effects

a study of the resolution width was undertaken. There are three main

factors contributing to the resolution width, namely:

a) The sweep-time of the chopper over the collimation angle

b) The thickness of the detector

c) The widths of the time analyzer channels.

The resolution was determined experimentally by comparing the

width of the Be break in the spectrum scattered by vanadium with the
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width obtained by folding the unbroadened incident spectrum with

gaussians of various widths. The unbroadened incident spectrum

was obtained by idealizing the breaks in the measured incident

spectrum as shown in Fig. 3.

The spectrum scattered by vanadium and an example of the in-

cident spectrum broadened by a gaussian are shown in Fig. 4. The

widths were determined in the normal way by fitting a line to the

Be break and reading off the time spread on the t axis. The time

resolution was found to be 1.2 %, in good agreement with the value

calculated using the known values of (a), (b), (c) and assuming all

three contributions to be gaussian.

All measured distributions were corrected for the energy depen-

dent detector efficiency and the likewise energy-dependent removal

of neutrons in the part of the flight path that was not evacuated. The

calculated correction curve is shown in Fig. 5. The measurements

were done at room temperature. No effort was made to keep the

sample temperature precisely constant.

The temperature in the reactor hall was 2 0 - 1 C. The tempe-

rature in the chopper house, where the sample was placed, was not

continously recorded but measurements after the experiment was

finished gave 25 T 3 C for the temperature at the sample position.

The higher temperature in the chopper house is due to heating from

the ball bearings of the chopper.

Results and discussion

The results obtained at the two scattering angles are shown in

Fig. 6 and Fig. 7. The data are corrected for detector efficiency

and attenuation in air. The background is subtracted. The inelastic

scattering as given by the gas model is drawn as a broken line. The

dips in the spectra at 4.04A are due to coherent scattering of neut-



rons by 0. 8 cm of aluminium in the beam between the sample and

the detector. The quasielastic peak and the existence and implica-

tions of discrete energy transfers will now be discussed separately.

Qua_s_iela.sti_£ _scattering__

The broadening of the quasielastic peak has been studied seve-

ral times, but the results obtained have been rather discordant.

Hughes, Palevsky et al. (4) observed no broadening at all while

Brockhouse (5) concluded that the broadening was somewhere be-

tween the predictions by Eq. (3) and Eq. (4). Larsson et al. (6) found

agreement with Eq. (4) while the results by Cribier and Jacrot (7)

are well described by the continuous diffusion model (Eq. (3)). A re-

cent investigation by a Russian group (8) gave a width in good agree-

ment with that obtained by .Larsson et al. The different results are

all plotted in Fig. 10, where the two points obtained in the present

investigation are included.

One of the difficulties encountered in the determination of the

width of the quasielastic peak is that the inelastic scattering must

be subtracted. This problem is even more serious in those experi-

ments where the full cold spectrum is used as the ratio of the in-

elastic background to the height of quasielastic peak is greater the

broader the incident spectrum. In subtracting the inelastic part, we

assumed it to be given by the scattering from a gas of mass 18

(Eq. (5)). This model might be open to objections, but it was the

only model tried that gave a reasonable fit on both wings. After sub-

traction of the inelastic part the remaining peak was compared to the

result obtained by folding the ingoing spectrum with a Lorentzian

cross section. Lorentsians of different widths were tried until agree-

ment with the experimental points was obtained. The results which

were found to give the best agreement are plotted together with the

experimental points in Fig- 8 and Fig. 9. The full width at half

height of the Lorentzian was
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(6.4 • 10"4) eV at * 2 = (2.35 • 1016) cm"2

(12. 7 - 10"4) eV at X2 = (4.70 • 1016) cm"2.

2
The width, plotted as a function of x in Fig. 10, is in good

agreement with the predictions of the continuous diffusion model.

The diffusion constant obtained from the slope of the line is the same

as that measured by Simpson and Carr (9) at 24 C, using nuclear

magnetic resonance methods.

Possible sources of error in the determination of the width will

now be discussed.

1. Subtraction of the background from the sample container.

The background from the empty container was carefully deter-

mined and, as the transmission through the sample was 84 %,

the scattering by the container should not be much changed by

the presence of the sample.

2. Multiple scattering effects are believed to be small due to the

high transmission.

3. The true line shape is not Lorentzian.

As the measured distributions are reasonably well fitted with a

Lorentzian folded over the incident spectrum it is tempting to

state that the true line shape cannot be far from Liorentzian.

The fit in the wings of the 60 distribution is not very good but

that could be due to difficulties in the normalization of the in-

elastic contribution. The fit is, on the other hand, meaningless

if it is achieved by including discrete energy transfers in the

quasielastic peak (see point 6 below).
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4. Subtraction of the broad inelastic background.

This is difficult to discuss quantitatively, especially as we do

not know if the model choosen is correct at all. Even if the

scattering in this region is partly due to gas-like terms it might

contain vibrational contributions. Furthermore the'effect of

hindered rotation might extend down to the region where we have

normalized the gas term, thus making the normalization erro-

neous.

5. Resolution effects are allowed for and are in any case too small

to make any significant contribution.

6. If there are discrete peaks at small energy transfer (~10 eV)

they are included in the broadening which is thereby overestima-

ted. This is an effect which is also very difficult to estimate

quantitatively, as we not know the height and shape of the peaks.

Of the various items enumerated above items 3, 4 and 6 seem

to be the most serious. A quantitative discussion of the effects 3 and

6 would require more information about the discrete small energy

transfers than is yet available. We believe that no final conclusion

can be reached about the width of the quasielastic peak before the

question of the discrete small energy transfers is solved. "With the

large uncertainties of items 3, 4 and 6 in mind we have made no

attempt to estimate the errors in the line widths obtained in this

investigation.

J3mall_ener g_y

In 1959 Hughes, Palevsky et al. (4) reported the observation of

a very low quantum level (7 - 10 eV) not revealed in earlier expe-

riments on water. The observation was supported by measurements

done independently at the same time by Larsson, Holmryd and Otnes

(10). Later Stiller and Damer 0 1) found three low lying levels at
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3.6, 6. 8 and 8. 7 • 10" eV. They concluded that at least the level
-4observed at 6. 8 • 10 eV appeared to have its origin in the water

while the situation was more unclear for the other two. Brockhouse

reported measurements on water in 1958 (5) showing no evidence of
_4

discrete transitions in the region around 7 - 1 0 eV. He repeated
-4

the measurements in 1961 (12) using high resolution ( 2 - 1 0 eV)

but still saw no trace of discrete energy transfers. In 1962 a Rus-

sian group (8) published measurements done with the high resolution

( 3 - 1 0 eV) time-of-flight spectrometer at the pulsed reactor in
-4

Dubna. They saw indications of transitions at 2, 4 and 6 - 1 0 eV

in shorter runs but when the results were added the peaks disappe-

ared, (probably due to instability in the time analyzer) and they con-

cluded that the existence of the small energy transfers is still an

open question.

In the present investigation we observe, at least in the 90 run,
-4indications of bumps at ~8 and 14 - 10 eV energy transfers (see

Fig. 6 and 7). The former is in agreement with earlier observa-

tions while the latter has not buen reported before. The intensity

was unfortunately very low and the statistics obtained do not allow

us to state conclusively that the bumps exist, but they were indicated

at the same positions in all the separate runs made at 90 . The sta-

bility of the equipment was checked by plotting the separate one-day-

long runs on top of each other. They all agreed within statistics. To

check that the analyzer did work properly runs were made with Po -

Be neutrons on the detector. Time dependent electronical noise and

time dependent neutron background would have shown up in the care-

ful background measurements done.

It is to be noticed that, due to the excessive length of our beryl-

lium filter (50 cm), the analysis is not disturbed by the break in
o

beryllium at 3. 58 A. Our findings might on the other hand be affected

by coherent scattering effects in the detector walls. The detector

tubes are made of copper (wall thickness 0.5 mm) which has its most

pronounced break at 3. 61 A. The position of this break is indicated
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by the dotted arrow in Fig. 6. Our suggestion of a discrete peak at
-4—14 • 10 eV is based on the dip in the observed spectrum at ~3. 6 A

and the above mentioned effect does therefore require some conside-

ration.

The neutrons missing the counter gas after scattering in the

first counter wall are partly compensated for by neutrons trans-

mitted through the gas and scattered back into the counter by the

second wall. As the transmission through the gas is ~75 % the net

loss is approximately 25 % of the neutrons scattered in the first

•wall. Using the cross section for copper given in BNL-325 the

change in intensity at the break is found to be less than 1 %. As the

effective coherent cross section in a polycrystal depends on the dist-

ribution of crystallites we do not know to what extent the BNJL-325

value is representative in this case. Assuming that it is representa-

tive it seems that the effect can be neglected.

By making the special assumption that p(t) (Eq. (1)) goes over

from its almost time independent behaviour for t<r to its asympto-

tic value p(t) = Dt -f C rather abruptly at t = T Singwi (13) has con-

structed a cross section with discrete peaks at energies depending

on a parameter T . The parameter has here the same meaning as x

in the jump-diffusion model. The width of the quasielastic peak is

also controlled by r and we found that the value required to fit the

quasielastic peak gave the discrete peaks at too high energy and that

they furthermore were almost completely damped out.

It has been found earlier (14) that for a free water molecule

there are transitions between rotational states in that energy region

where we observe peaks. On the other hand it seems impossible

that we are observing these transitions because, even if they were

there, they would be almost completely smeared out by recoil

effects.
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It also seems rather improbable that a water molecule, even

if it is not participating in any H-band, is completely free to rotate.

As the permanent electric dipole moment of the molecule is acted

upon by the electric field generated by its neighbours the rotational

motions must be hindered to some extent. As pointed out by Yip

and Osborri (15) this coupling does not necessarily effect all the ro-

tational degrees of freedom. If at the same time the translational

degrees of freedom are hindered it may be possible to observe free-

rotation transitions without excessive recoil smearing. If the rota-

tion around the symmetry axis is taken as free the lowest transition

is at 1.6 meV. This is in the region where we observe indication of
-4 _4

a discrete transfer (14 - 10 eV). The bump at 8 • 10 eV is not

predicted by this model but if there were associations of two or more

molecules the increased moment of inertia of the aggregates would

shift the free-rotation transitions to lower energy.

If the quasielastic broadening is controlled by the long time motion

of those protons which are giving rise tc the small energy transfers,

the transfers should be as broa " as the quasielastic peak. We did dis-
-4

place a part of the diffusion broadened quasielastic peak by 8 • 10

eV and add it to the main peak. The resulting curve did not contain

any resolved structure. We therefore conclude that, if discrete peaks

are resolved in the experiment, the protons through which the discrete

energies are transfered must have translational modes differing from

those of the protons controlling the quasielastic peak. If, for example,

diffusion is the rate determining process., there should be different

types of entities with different diffusion properties.

A physical model for the structure of water was suggested by

Frank and Wen (15) in 1957. They proposed that icelike clusters

are present in the liquid imbedded in unbonded molecules. By con-

sidering relaxation times they suggested that the lifetimes of the
-10 - 11

clusters are of the order of 10 - 10 sec. Thus the lifetimes

of the clusters are much longei than the neutron-proton interaction

tinne in the experiments we are discussing. The neutron would then
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observe the clusters as rigid units. I£ the interaction between a

cluster and the unbonded molecules is week the cluster is free to

recoil under the neutron impact. Pelah (16) has suggested that the

quasielastic pealk in water is controlled by such gas-like scattering.

The width of the peak should the^ be determined by the mass of the

recoiling unit. By a statistical thermodynamic treatment based on

the Frank and Wen model Némethy and Scheraga (17) have estima-

ted the average cluster size at different temperatures. They found

that the cluster on the average containes 57 molecules at 20 C.

Assuming that the cluster is recoiling freely during the neutron

interaction time this mass would give a width (AE ~ 1 meV at Q =

= 5 • 10 cm ) in reasonable agreement with observations. If the

width of the quasielastic peak is controlled by scattering from clus-

ters and the small energy transfers are due to free-rotation transi-

tions in the not H-bounded molecules the observation of the latter,

without excession broadening, would not be in contradiction to the

large width of the quasielastic peak.

To check whether the quasielastic scattering is controlled by

a gas-type or a diffusion-type cross section either the temperature

or the x-dependence of the width could be used as they are different

for the two models. The shape of the peak should also be different

in the two cases.

Summary

Taking the broad inelastic spectrum as scattering from a per-

fect gas (M =18) it is found that the quasielastic peak can be fitted

with a Lorentzian cross section and that the width of the Lorentzian

is in agreement with predictions by the continous diffusion model.

We do, on the other hand, also conclude that there are many possible

sources of error in our analysis. One of these, the small energy

transfers, could be enlightened by a better experiment while another,

the extrapolation of the inelastic spectrum under the quasielastic peak,
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must await a better theoretical description of the broad inelastic

scattering. The presence and importance of systematic errors in

the analysis of the line-width is reflected in the large scattering of

results reported by different groups (Fig. 10).

Indications of two discrete small energy transfers were seen
-4

at 8 and 14 • 10 eV. If real they could be due to free-rotational

transitions of single and associated molecules. At this point, how-

ever, when their mere existence is doubtful, a decisive experiment

seems to be more valuable than speculations about their origin.
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Fig. 2. Example o£ a background run. No corrections performed.
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NCiDENT SPECTRUM

Fig. 3. The incident spectrum measured with a fission chamber in the

forward direction. The full curve is the spectrum used in the

analysis.



SPECTRUM SCATTERED BY VANADIUM
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Fig. 4. Examplification of the method used to determine the time resolution.

Fig. 5. Calculated correction factor including detector

efficiency and air out scattering.



5-

At (200)

Be(10Ö)*r
I

J3

o

c
0)

0=90

2- 5 o o
o ° o o

H

Gas-model mass 18

A
2,5 3,0 3,5 4,0 4,5 5,0

Fig. 6. Spectrum scattered at 90 with all corrections performed. The resolution is given by the triangle.

The two arrows without labels give the position of the two transitions at 8 and 14 10" eV. The

dotted arrow indicates the position of the 3. 61 Å break in Cu.
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folded with a Lorentzian of full width at half height As = 12. 7 • 10 eV.
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Fig. 10. Plot of A£ as function of x as reported by different authors.

Also plotted is Ae= 2hx D(T) at different temperatures with

D(T) taken from the measurement by Simpson and Carr (9).
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