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Proton Motions in Complex Hydrogenous Liquids. II. Results
Gained from Some Neutron-Scattering Experiments
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In an accompanying paper, a cross section for the quasi-elastically scattered neutron spectra from certain
types of hydrogenous liquids is given. In the present paper a comparison is made between this theoretical
model and some neutron-scattering results obtained on n-propyl alcohol and pentane. The quasi-elastically
scattered neutron intensity is analyzed in terms of the relaxation times Tp T& Tp and T&', the jump length l
of the proton, and the self-diBusion coefficient D of the molecular center of gravity. The nature of the quasi-
elastically scattered neutron intensity is generally interpreted as a result of mixed protonic jumps and
molecular diGusion. It is shown that the diBusion coefBcients derived from neutron-scattering data consist
of a combination D+fs/2TQ where for very low viscosities D dominates and for higher viscosities the protonic
diffusion constant l /2ro dominates. Protonic jump lengths of 1.5 A are observed. Definite values of the
relaxation times T00, To, and To are derived from the width of the quasi-elastic line. With the present resolu-
tion of the experimental equipment, times Too in the range 10 ~ to 2)&10 "sec may be studied. It is shown
how in the low-temperature, high-viscosity ranges, To is much larger than To, the internal mean lifetime for a
proton in a fixed-position. To values in a range from 10 "to 2.5&(10 ~ are derived, whereas derived values
of To' for n-propyl alcohol range from 2.5)&10~ to 2.75)&10 ~' sec in a temperature range from 153 to 333'K.
It is also shown for the case of pentane that when larger momentum transfers are studied in quasi-elastic
scattering, the intensity of the resulting gaslike scattering picture is governed by a Debye-Wailer factor.
This is due to the fact that even if the center of gravity is moving like a gas particle, the proton jumps within
the molecule continue. These results indicate that the quasi-elastic scattering has two components: a diffusive

component of width 2A(D+P/2ro)~' and a gas component the width of which depends upon the degree of
hindrance for the free recoil of a molecule in a collision. Which component dominates depends upon the
magnitude of the momentum transfer Ag in the scattering process.

1. MODEL CONSIDERATION

] 'N Paper I of this work a theory was given for the
&- neutron-scattering cross section of protons in a
liquid consisting of complex molecules. It was assumed
that two types of motions occur, namely:

(a) Motions of the center of gravity hindered by
various kinds of forces such as those created in a hydro-
gen bond. Hindrances to the molecular motions also
exist in other liquids, such as the van der Waals liquids.
The molecule is supposed to move in distinct phases of
motion characterized by a vibrational period Tp and a
diffusive period ~1 .The vibration gives rise to a Debye-
Waller factor 2W, = —s,(r,s)a', which is small because of
the large masses of the molecules considered. The dif-
fusive period gives rise to an unobservable diffusion
constant D. such that D= D,rt'/(rt'+re'), where D is
the true macroscopic di6usion constant.

(b) Motions of the proton within the molecule (or
possibly a proton jump between molecules). This motion
is thought of as a hindered rotation consisting of a
vibration assumed to exist for a time 7-p, followed by a
rapid jump performed in a very short time 7-1.

The vibrational period gives rise to a Debye-Wailer
factor, which, however, in this case is supposed to have
two contributions: 2W;= (2W;),+(2W;)„where the
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first part is a translational contribution of the con-
ventional form:

(2W~), =
2M p

jIZGO dc'
coth f(a)—=Np»s (1a)

2k~T

and the second part originates from the torsional
oscillations':

(2W;)„= coth =u, 's'.
2M„E„2k~X

(lb)

' T. Springer, Nukleonik 3, 110 (1961).
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Here M is the molecular mass, 3f, is the eGective rota-
tional mass of the molecule, f(&o) is the frequency dis-
tribution of the hindered translational motions, and E,
is the energy of the torsional oscillation. The hindered
rotational motion of the proton is considered as an
isotropic, harmonic, and monoenergetic oscillation
such that f(o&) in Eq. (1a) is replaced by 5(Ate —E„) to
obtain (1b). (Compare Ref. 1, p. 124.)

The short jump period during which the proton
moves with an average speed v is characterized by the

jump length /= eT1.
The theory thus contains several parameters, and it

might be argued that any 6t to the observed data using
this theory with the parameters T'p 71 7 p 7-1 D
and 5'; is quite arbitrary. It will, however, be seen that
several of these parameters are determined separately
from the neutron-scattering data. For small and medium

transfers, 0(a&3 L ', in the scattering process, it is
always found that the neutron-scattering picture con-
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sists of two parts, a broad inelastic spectrum and a
rather narrow quasi-elastic peak. In this work we will
deal almost exclusively with the quasi-elastic peak, the
intensity distribution of which was discussed in Paper I.
It is anticipated that a separation of the quasi-elastic
peak from the inelastic background is allowed and has a
clear physical meaning in the complex hydrogenous
liquids considered here.

2. MEASUREMENTS

At the Stockholm reactor R1 studies of slow-neutron
scattering from a series of hydrogeneous liquids over a
wide range of temperatures have been performed.

.In this work we shall dea1 only with two of these
liquids, namely,

H H H H H
penta, ne: H—C—C—C—C—C—H,

H H H H H

FIG. 1. Examples of ob-
served neutron spectra scat-
tered from various hydro-
genous samples using cold
neutrons at the Stockholm
reactor and thermal neu-
trons at the Bucharest re-
actor. Ingoing spectrum
shape is given by dashed
lines.
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These two liquids form an interesting pair. The erst
one is a van der Waals liquid without any hydrogen
bonds, being characterized by the C-C bonds round
which torsional oscillations a,nd partia, l, isomeric rota-
tions of CH3 and CH~ groups are possible. The second
liquid. partly shows C-C bonds like pentane, but the
carbon chain is ended by one hydrogen bond which
prohibits the rotation of the whole molecule. In propyl
alcohol one should thus expect both internal proton
jumps and mo1ecular motions of a type determined by
the temperature of the sample. Pentane corresponds to
a situation with a minimum of hindrances against
isomeric rotations and also against diffusive motions.

Pentane was studied in a temperature range from
238 to 293'K and e-propyl alcohol in a range from 153
to 333'K. In all cases the beryllium-filtered cold-
neutron spectrum was sent into the samples of thickness
of about 0.2 mm showing a transmission to 4-A neutrons
of approximately 90%. In some cases a higher neutron
energy was selected from the reactor spectrum using the
Stockholm crystal spectrometer' and a Bucharest
crystal spectrometer. ' Thus the studies of the quasi-
elastic peak obtained from pentane at 293'K were made
using both types of ingoing neutron spectra. In Stock-
holm the slow-chopper time-of-Qight technique was
used for the energy analysis of the scattered spectra,
whereas at Bucharest a second crystal served this
purpose. A large number of scattering angles between
11' and 130' were used to cover a wide range of g

values such that 0.3 A '(x'(6 A '

~U. Dahlborg, K. Skold, and K. E. Larsson, in In,elastic
Scattering of Neutrons in Solids and Liquids (International
Atomic Energy Agency, Vienna, 1965), p. 487.' S. Ripeanu, Rev. Roum. Phys. (to be published).
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Typical examples of observed scattered-neutron spec-
tra using different ingoing-neutron spectra are given in
I'ig. 1. As has been discussed in great detail earlier,
the natural width of the quasi-elastic peak was ob-
tained from the observed broadening of the ingoing
spectrum by comparison of the observed quasi-elastic
peak with a calculated one obtained by folding a
Lorenz function with a Gaussian resolution function of
known width and then folding this combined function
with the ingoing spectrum shape. The resolution N/t
of the analyzer part of the spectrometer at 4 A was 2%.
The resolution Q, /lI, of the monochromator part when
using the crystal —time-of-flight spectrometer was 4%.
Natural linewidths in a range 3&&10 '&AE&1X10 '
eV could be extracted from the observed data using the
cold-neutron technique. The smallest values of AE
were obtained from n-propyl alcohol at the lowest
temperatures used. Width values smaller than these
cannot be obtained unless much longer neutron wave-
lengths are used or unless the resolution is increased.
When the full cold-neutron spectrum is used, larger
width values than those corresponding to DE~1 meV
cannot be analyzed, because then any separation of. the
qua, si-elastic peak from the inelastic background be-
comes impossible. Only with high-flux reactors may. the
present observations be extended to smaller ~ values and
the precision be increased over the ranges of medium
and, small ~ values. If higher ingoing-neutron energies
are used, large z values and consequently large line
broadenings are easily produced. The final result of the

K. E. Larsson and U. Dahlborg, Physica 30, 1561 (1964).



TsaLz I. Data for e-propyl alcohol.
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analysis of the quasi-elastic peak is the full width at
half-maximum ~ given as a function of the square of
the momentum transfer g' or in some cases as a function
of It,'.

A parameter of importance for the interpretation
for the data is the Debye-%aller factor 2W; for the
pmton motion relative to the molecular center of
gravity. As was seen in Paper I, the integrated cross
section do/dQ is governed by the well-known factor
exp( —2W;). If the logarithm of the observed intensity
is plotted versus x', one automatically obtains the sum
NP+N, s according to Eqs. (1a) and (1b). If the beryl-
lium-filled cold-neutron spectrum is used for the in-
vestigation, the intensity is determined by the intensity
at half-maximum multiplied by the width value uncor-
rected for resolution. ' If the ingoing spectrum is
shaped by a crystal spectrometer, the full area of the
separated quasi-elastic peak defines the intensity to use
in the determination of NP+NP.

3. RESULTS

A. n-Pmyyl Alcohol

As shown by Fig. 2, all the linewidth data reveal the
same tendency: For larger z values the linewidths
tend toward a constant value. This is a behavior
described. by cases I and II of our theory, which both
correspond to a bonding situation such that 7] QUITO'.

The limiting value of the linewidth for larger ~ values is
2A/ros, wllcl'e roofers 111 case I (ro ))ro), aIld roo

= ro '+ro'-' in case II (ro' is of the same order as ro).
In the case of propyl-alcohol vo' is to be identified with
the mean lifetime of the hydrogen bond, whereas v 0 is
the mean time between two successive rotational jumps
of a CH3—a CH3 CH2—or a CH3 CH2. CH2—group
within the molecule. As the viscosity' of e-propyl
alcohol is high at our four lowest temperatures —120'C,
—100'C, —55'C, and —40'C (compare Table I) we
fit our linewidth formula

2I) r p~
s—owe

~

&00

(2a)

to the data at these temperatures. At the next three
temperatures —10, +20, and +55'C, the viscosity
is moderate and we use our case-II formula to fit to
the data;

roo p~ ( roo/ro) s'w'&
(2b)

rook ro rl 1+D8K rl

It is seen that in both cases a value is needed for the
Debye-%aller factor 2$';. This was experimentally
determined as discussed above, and the values of
sip+It ale glvcll III Table 1.Furthermore) 'tile Illtcglal

pg/rl is dependent on the value of the jump length
l=nv~. As discussed in Paper I, the slope at the origin
of thc llncwldth curves ls glvcn by

(2II/ro) (-,'P+-,'(r s))= 2h"D" in case I (3a)

and by

(2is/ro)L-,'P+-'o(r s)(1+2ro/ro')+Droj
=2i'I"D" in case II. (3b)

M3 K

283 K

153 K

Fxo. 2. Observed widths
of quasi-elastic lines ob-
tained from cold-neutron
scattering on I-propyl alco-
hol. The solid lines corre-
spond to the best Gt of the
theoretical vridths given in
Paper I to the observed
data.

2 3 4
~ 5, ~X.in A

5 K. E.Larsson, S.Holmryd, and K. Otnes, in Inelustic ScoNer-
Asg of Eeetxons As SoRb eM J.sglsds (International Atomic
Energy Agency, Vienns, 1961.), p. M9.

As a first approximation a curve is drawn by free hand

through the experimental points and the "D" value is
determined. It ls ilTlIncdiatcly scen that D ls much
larger than the values of —sl(rP)/ro given in Table I.
Therefore "D"~P/2ro, at least at the lowest temper-
atures, where 700 is expected to be practically identical
with ~0 and the true self-diffusion constant D is very
small.

From the lowest temperature observations a value of
1= (2"D"ro)IIs= 1.5 A is obtained, and as f is expected
to be rather independent of temperature, this / value is

' T. Lyon snd T. A. Litowitz, J. AppL Phys. 27, 179 (1956).
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—as a first approximation —used throughout at all
temperatures. A first approximate value of Tp is simply
obtained from the limiting va1ue of the linewidth at
larger a values. Having this approximate / value, the
full linewidth curves may be calculated because pz/T1
as well as 2$'. is known. The only important adjustable
parameter left is the limiting linewidth value Tpp,

which is to be determined. Tpp is now' found by a fit
of either of the two linewidth formulas given above to
the experimental data. The resulting values are given
in Table I and Fig. 3. Examples of the type of fit to the
observed linewidth data that are obtained using our
formulas (2a) and (2b) are given in Fig. 2. In order to
use formula (2b) a value of D~D, (T1'/Tp') is needed.
Measurements of the self-diffusion coefIicient for
e-propyl alcohol have been performed by Partington
et al. ' and we used their values and extrapolations
thereof assuming a=7.7)&10 'e '"" in our tempera-
ture interval. Furthermore, in using Eq. (2b) something
has to be assumed about the division of Tpp into Tp and
Tp . Since in the beginning nothing is known about this,
one may start by assuming Tp= Tp for the three highest
temperatures. This seems rather arbitrary but as is
seen from Fig. 2 of Paper I of this work, the difference
between the calculated line shapes for the cases I and II,
corresponding to Tp'»Tp and Tp'=Tp, respectively, is
fairly small.

Returning to Fig. 3, which gives the derived values of
Tpp as a function of temperature, one finds that the out-
standing feature of the data is a marked faster decrease
of Tpp at higher temperatures. Also the observations at
the four lowest temperatures, for which the viscosity
is high, are seen to fall practically on a straight line,
suggesting that at these low temperatures Tpp e ' .
Furthermor"- as is seen from Fig. 4—the derived
apparent diffusion constant "D" is orders of magnitude
larger than the self-diffusion constant observed by
Partington et al. This indicates that at these low tem-
peratures the neutron observes onIy the isomeric, jump-
like rotations of the protons within the molecule. There-
fore the conclusion is drawn that at these low tempera-
tures Tp Tpp 1i

~ At the other temperature end of
the curve the slope is seen to increase sharply, which
suggests that Tp' dominates more at higher temperatures,
which means that here Tp (Tp and consequently the
mean lifetime of a hydrogen bond is shorter than the
mean time between rotational jumps within the
molecule. If we assume Tp' e'2', we find that Tpp Qlust
be represented in the following way:

FIG. 3. Relaxation
times for protonic mo-
tions in e-propyl alco-
hol derived from line-
width data.
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Using this formula, P is calculated for each tempera-
ture using our measured vaiues Tpp, Tp, Tp', and D"
combined w'ith Partington's values for D. The result
is seen in the last column of Table I. It is clear that l-'

comes out as a constant, independent of temperature
within about 5%. The mean value of P is 2.34 A',

corresponding to l= 1.53 A.
This analysis was started by assuming approximately

j= 1.5 A and T p = Tp. It is again repeated using the first
obtained experimental values and a rapid convergence
in this iteration procedure is found. The values of Tp',

Tp, "D", and l given here in Table I and in the figures

1 4)( jP12p—45 0/T+ 1 g)( j 014' 20000/T-(4b)
Tpp

The activation energy for Tp is thus 4SO'K or 0.9
kcal/mole and the activation energy for Tp is 2000'K
or 4 kcal/mole. It is important to note that the value of
0.9 kcal/mole is in good agreement with the values of
activation energies of isomeric rotations in carbon
chains like those in pentane observed by infrared tech-
nique. The value of 4 kcal/mole should be the activation

energy for the hydrogen bond in n-propyl alcohol. This
ought to be identical with the activation energy for self-

diffusion. From the data of Partington et al. one finds

a value of 4.2 kcal/mole, in very gratifying agreement
with our derived value of 4.0 kcal/mole.

Returning again to the slope at the origin of our
linewidth data giving the apparent diffusion constant
"D", the observed data are given in Fig. 4. Having
now more accurate data for Tp and 7p' it is possible to
calculate P more accurately from Eqs. (3a) and (3b).
In general one finds 22(r,2)«P and therefore Eqs. (3a)
and (3b) may be approximated by (2i'2/Tp)(2P+DTp),
so that

P= ("D"—D)2T0= 2Tpp(1+ Tp/Tp') ("D" D) . (5)—

+ —g e—el/T+5 p eg/T—
Tpp Tp Tp

(4a) FIG. 4. Apparent protonic
diffusion coefBcient for e-
propyl alcohol derived from
the neutron-scattering data
compared with the true
molecular self-di6usion co-
efhcient.

Here a& and u2 play the role of activation energies. A
very good fit to the data (compare Fig. 3) is obtained

co&
E
O

+g ~o i
c

O

O
c
& 0.5

~D~D exp (-—+)21
0 T

' J.R. Partington, R. F. Hudson, and K. %'. Bagnall, J. Chem.
Phys. 55, 77 (1958).
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FIG. 5. (a) Ob-
served linewidths in
pentane using cold
and thermal neu-
trons. Observations
performed in Stock-
holm and Bucharest.
(b) Comparison be-
tween observed line-
width data and the
expected theoretical
width for room-tem-
perature pentane.

are the final results of this procedure. If now "D" is
calculated using (5), i.e., "D"=D+P/270, one finds an
excellent agreement with our observed "D" values
(compare Fig. 4).

To sum up, the linewidth data obtained on e-propyl
alcohol may be fully understood on the basis of our
theory. The parameters derived form a consistent set.
It is interesting to note that the constant giving the
numerical value of 1/ro is 1.4X10".If it is assumed that

1 GO

~
—EQgT

Tp 2'
(6)

where co/2' is the frequency of the torsional oscillation
of the CH3—,CH3 CH~—,or CH3 ~ CH2 CH2—groups,
it is seen that this frequency should be 1.4&&10" sec '.
In the gerieralized frequency distributions derived from
the inelastically-scattered-neutron spectra from several
hydrogenous liquids4 the molecules of which consists
of a chain of CH2 groups, a peak seems to occur at just
this frequency cv 10"sec '. This peak may be a spuri-
ous one but it is quite interesting to note the coincidence.
The use of a narrower ingoing-cold-neutron spectrum
w'ill solve this problem.

for the propyl alcohol case if the hindrances for self-
diffusion are small, i.e., if T~'&&Tp'. As soon as T~' be-
comes larger than Tp the limiting behavior of the line-
width for larger ~ values will be that typical for simple
diffusion. If, however, ro is not infinite (there are no
internal rotations if rp~~), the diffusive behavior is
reached asymptotically and the asymptote cuts the
DE axis at 2h/ro. This corresponds to cases III and IV
of our theory in Paper I.

In the temperature range, —35'C(T&+20'C,
within which we investigated our pentane sample, its
viscosity is very low: 0.43 cP&p&0.23 cP. These
values are at least one order of magnitude lower than
those for which we investigated propyl alcohol. It is
therefore to be expected that molecular diffusive effects
will show up. This is indeed in line with our width ob-
servations on pentane, which show that the broadening
of the quasi-elastic peak is so much larger than for
propyl alcohol, that only for ~ values &1 A ' could
linewidths be analyzed using cold neutrons LFig. 5(a)j.
To obtain width values at somewhat larger I~: values the
crystal monochromator was used. The accuracy is good
enough to show that there is no tendency toward
linewidth saturation as in propyl alcohol for I~: values
(3 A '. The behavior of the observed linewidth values
for z') 3 A ' will be treated separately below. Concen-
trating only on the observations for ~~(3 A 2, one may
conclude that diffusive behavior is asymptotically
reached. This means that in the analysis along our
theoretical ]ines we apply the cases III or IV.

We assume T~')&Tp&&Tp'. Under these assumptions
our theory predicts a linewidth

(7a)

B. Pentane

i g'(3 A.-'
When z increases towards large values one 6nds

(hE) „„=2hp1/r 0+D~']. (7b)

The pentane molecule is not hindered in its motion by
any hydrogen bond. Nevertheless, in the liquid state it
is not free to move as in a gas. This is clearly shown, not
only for pentane but for various kinds of Ruids, by the
important role played by the free volume in the vis-
cosity of liquids. It is found that macroscopically the
observed viscosity is best described by a formula which
combines the effect of the free volume available for a
molecule to jump into, and the activation energy to
overcome the barrier and make the jump into another
site. If the molecule as a whole is hindered in its mo-
tions, then internal motions like stepwise rotations may
occur, as we saw in the previous example. Even if the
hindrance for the molecular motions disappears, the
internal rotations will continue, the necessary energy
being supplied by collisions. As was shown in Paper I,
the nature of the quasi-elastically scattered neutron
intensity will be quite different from what was observed

8 P. B. Macedo and T. A. Litowitz, J. Chem. Phys. 43, 245
(&965).

The slope at the origin is given by

(AE)„p=2h(D+P/2r p+ (rP)/6ro)z (7c)

The last formula means that if P))—,'(rP), then the ap-
parent diffusion constant derived from the slope at the
oligln is

D+ P/2 (8)

This is identical with the results (3a) and (3b), for
e-propyl alcohol, if appropriate approximations are
made. The value of "D"is easily derived from the data
in Fig. 5(a). A measurement of the self-diffusion coef-
6cient D at T=293'K was made by McCall et al. ,'
and these authors also give an activation energy of 1.6
kcal/mole. If these data are used, a value of P/r p may
be found using Eq. (8). As the same type of carbon
chain exists in e-propyl alcohol and in pentane, we

assume P= 2.34 A' for pentane. This gives a solution of
' D. W. McCall, D. C. Douglas, and E. W. Anderson, Phys.

Fluids 2, 87 (1959).
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TABLE II. Data for pentane.

(poise)
D ctDl)

(10 ' cm'/sec) (10 cm'/sec) (10 's sec)

—35—5
+20

0.0043
0.0030
0.0023

2.79
4.05
5.25

6.5
8.4

10

3.2
2.7
2.5

ro and makes it possible to construct the asymptote
which the linewidth curve approaches for larger values
of s (compare Fig. 5(b)]. All the derived data for the
observations on pentane are given in Table II.

In order to calculate the linewidth, using Eq. (7a), a
value of the Debye-Wailer factor 28'; must be known.
Using the technique described above we found
s(rs)=0.28 A' for pentane at 293'K. With this value
given as well as rs, D, and the value of p~/r~ obtained
from Fig. 1 of Paper I of this work, we calculate hE.
As seen in Fig. 5(b), the agreement between the calcu-
lated linewidth curve and the observed data is reason-
able up to a value of about 3 A ' for K', and the calcu-
lated asymptote determined by ~0 and D fits the
observed behavior of linewidths.

If the liquid consists of molecules in which no proton
jumps occur, as for instance in liquid methane CH4,
then 7 0= ~ and our theory would predict a simple
diffusive behavior if ri'))7.p'. This has indeed been ob-
served by Dasannacharya et a/. ,

" who used a narrow
cold-neutron spectrum to send into their liquid sample.
It is interesting to notice that if a Debye-Wailer factor
is derived from their data, it will be of the order
28', =0.55~'. Comparing this Debye-Wailer factor with
the presently obtained ones, 0.20&' for room-tempera-
ture e-propyl alcohol and ~0.28&' for room-temperature
pentane, one tendency is obvious: the smaller the
hindrance for rotation, the larger is 2$';. Considering
(1a) and (1b), this is quite clear, the explana, tion being
that the smaller the hindrance to rotation is, the smaller
E, in (1b) is also, and the larger consequently is the
contribution of the torsional part to the Debye-Wailer
factor, (uP+u, ')K'. In liquid methane the hindrance to
molecular rotation is rather small, and therefore E„ is
small and I„' is large, giving a large Debye-Wailer
factor. One might imagine that the thermal cloud of the
proton is ellipsoidal, so that two degrees of freedom, the
torsional oscillations, are associated w'ith a larger mean-
square deviation u„'= s'(r, '), and the third one is
associated with a smaller mean-square deviation
I'=-' r'

ss)3$—s

For larger momentum transfers, when ~' exceeds a
value of about 3 A ', a marked deviation occurs. This
may be understood, if w'e remember that in deriving
the cross-section formulas above it was assumed that
the width function ps, (t)=Dt for the unbound phase
"B.A. Dasannacharya, G. Venkataraman, and K. Usha Deniz,

in Inelastic Scattering of Neutrons in Solids and Liquids (Iriter-
national Atomic Energy Agency, Vienna, 1965), p. 157.

FIG. 6. Observed line-
widths in pentane given
as a function of g. For
tt:)V3 A. ' the momen-
tum transfer is large
enough to cause a gas-
model scattering.
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of the motion of the molecular center of mass. This is

approximately correct for longer observation times

t» t&, where t& M'D/k——~T is a delay time for the onset

of di6usion. M' is an apparent effective mass of the

molecule, larger than its real mass M. As shown by
Schofield" one should, for smaller observation times

corresponding to larger z values, expect a width given

by (D/rz)t', which results in a quasi-elastic line of

Gaussian shape with a full width at half-maximum

given by
AE= 2A(2 ln2) I (D/rgg)'~ss.

If the linewidth data of Fig. 5 (b) are plotted on a linear

~ scale and data for ss) 3 A ' are added, as is done in

Fig. 6, it is seen that there is a linear variation of AE
versus ~ for s values )u3 A '. For s values &v3 A '
there is a parabolic variation of AE with ~ as predicted

by our formulas (7a), (7b), (7c). From the slope of the

line in Fig. 6 a value of r~ of 6.7)(10 "sec is derived.

This is to be compared with the value of the corre-

sponding Langevin delay time ts MD/k&T, whic—h—is

1 6X10 "sec.The mass ratio M'/M is thus =rQ/tp —4,
indicating a relatively strong hindrance to diffusion of

the pentane molecule. An inspection of Fig. 6 also tells

how delicate the linewidth analysis may be, since the
deviation from the straight line for s&%3 A ' is large

only for the smallest ~ values. This means that only
lone-wavelength neutrons should be used to study the

finer details of quasi-elastic line shapes, if reasonably

large angles of observations are to be used for a case
like pentane.

Another very interesting fact associated with the
observations of the "quasi-elastic" line for x)V3 A '
is that if the logarithm of the area I of the peak is plotted
versus ~' one does not obtain a constant and ~-independ-

ent intensity as predicted by the gas model. Rather, as

seen in Fig. 7, the slope of the line indicates a Debye-
Waller factor us=0. 25 A in excellent agreement with a,

value 0.28 A obtained from observations at ~&v3 A '.
This is easily understandable, as the Schofield model

"P. Schofield, in Iiluctuation, Relaxation and Resonance in
Magnetic Systems, edited by D. ter Haar (Plenum Press, Inc. ,
New York, 1963), p. 207.
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FIG. 7. Intensity
of the quasi-elastic
peak (for pentane at
293'K) plotted as a
function of ~~, show-
ing that even for sc

values &43 A. ' a
Debye-Wailer factor
for the internal pro-
ton motions governs
this peak intensity.

cited above deals only with the motion of the center of
gravity. Even if the molecule moves freely as in a gas,
internal proton jumps and vibrations will of course
occur. Thus a Debye-Wailer factor 28'; must govern the
quasi-elastic peak intensity even if this peak is described

by the gas model for the motion of the center of gravity.

4. CONCLUDING REMARKS

Applying the theory which connects the dynamical
phenomena in complex hydrogenous liquids with the

quasi-elastic slow-neutron scattering curve, a consistent
and natural explanation for the neutron-scattering ob-
servations may be derived. As the theory is phenomeno-
logical, it remains to caiculate the various relaxation
times and other constants starting from first principles.
Possible quantum-mechanical derivations of the relaxa-
tion times for molecular reorientations in solids have
been devised. It could thus be possible that energy
exchange between phonons or quasiphonons and protons
in the rotational energy levels take place in the liquids
considered here and is the fundamental cause for the
relaxation mechanism. Such an explanation seems
quite possible now that the existence of quasiphonons in
liquids has been demonstrated experimentally.

It should also be pointed out that the theory of Paper
I anticipates the existence of a single relaxation time
for each process discussed. Should there happen to be a
distribution of relaxation times, changes in the theoreti-
cal cross-section forms might occur. The various r
values discussed in these two papers should be con-
sidered as appropriate average values.
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The energy and momentum associated with vortex formation in an imperfect Bose gas have been com-

puted quantum mechanically. In the computation, explicit account is taken of the boundary condition
to be satisfied by the wave function at the walls surrounding the Quid. Numerical estimates of the critical
velocity obtained thereby throw considerable light on the question of the most favorable location (relative
to the walls) for the formation of the vortex. It is concluded that the optimum location for this formation
could be well within the Quid —significantly away from the walls.

I. INTRODUCTION

HE existence of quantized vortex rings as a mode
of excitation in liquid helium II and their rele-

vance to the phenomenon of breakdown of superfluidity
are by now well established. ' ' Accordingly, a number
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of attempts have been made in recent years to investi-
gate the dynamics of these vortices and to obtain
thereby theoretical estimates for the critical velocity of
superflow. ' ' The results so obtained are in general
reasonable; nevertheless, a number of questions still
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