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The quasielastic neutron scattering experiments on liquid sodium (at 7" = 378, 573, and 693K) and
sodium-hydrogen melt (7" = 693 K, hydrogen concentration ~ 0.4% at.) were performed with the DIN-2PI
time-of- flight spectrometer. The characteristics of the diffusion mobility for particles comprising the liquids
studied are extracted from the experimental results and analyzed with the help of the phenomenological and
“relaxing cage” models. The self-diffusion coefficient in liquid sodium obtained for all temperatures is in the
agreement with the values known from literature. The diffusion mobility in pure sodium and in sodium—
hydrogen melt were found to be coinciding; it leads to the conclusion that in our experimental conditions
hydrogen exists and diffuses in melt in the form of hydride NaH.
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1. Introduction. The behavior of impurities in lig-
uid sodium coolant of nuclear power reactors leads to
serious problems during their exploitation and attracts
the attention of operators and elaborators of these in-
stallations [1], including active investigations by experi-
ments and calculations. So, there are no doubts in prac-
tical importance of such extended studies from the point
of view of nuclear power engineering [2].

It seems useful to invoke for the investigations of
these problems the neutron scattering methods which
are able to provide a lot of interesting information on
the microscopic level. But the majority of the impurities
existing in liquid sodium coolant are of too low solubil-
ities to be felt in the neutron scattering experiments.
The only substance which supposed to be applied in
such kinds of experiments is hydrogen due to its high
scattering cross section.

It should be remembered that liquid sodium at-
tracted the attention of inelastic neutron scattering ex-
periment as a simple metallic liquid since the origina-
tion of this method (see ref.[1] in [3]). The numerous
works of the last decades including neutron scattering
experiments, molecular dynamics simulations and theo-
retical calculations (see review paper [4] and references
therein) opened the ways for the deep understanding of
the microdynamical processes in this liquid. In partic-
ular, the measurements of quasielastic neutron scatter-
ing on liquid sodium performed in the very wide tem-
perature region revealed the microscopic nature of the
temperature dependence for the diffusion mobility of its
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particles [5,6]. As to behaviour of impurities in liquid
sodium, we do not know such kinds of experiments with
application of neutron scattering methods.

So, in this paper we present our first experimen-
tal results on the quasielastic neutron scattering by the
sodium — hydrogen melt. In so doing, the pure sodium
serves as the reference system.

2. Experiment. The experimental results of inco-
herent quasielastic neutron scattering on liquid sodium
(T = 378, 573, and 693 K) and sodium-hydrogen melt
(T = 693K, hydrogen concentration ~0.4% at.) were
obtained with the DIN-2PI spectrometer (IBR-2 pulsed
reactor, Frank Laboratory of Neutron Physics, JINR,
Dubna) [7]. The conditions of the experiment were cho-
sen with the aim to facilitate the measurements and
analysis of the incoherent quasielastic scattering region
that in its turn, opens the possibility to get the infor-
mation about the characteristics of diffusion and relax-
ation processes in the liquids under study. The initial
neutron energy was chosen Fy = 3.0 meV with the reso-
lution in the elastic peak AFEy ~ 0.15meV. The sample,
a cylindrical layer with the thickness of 6 mm and the
outer diameter 60 mm, was held in aluminum container
of 2mm wall thickness. Using the aluminum container
restricted the allowable level of the sample temperature
(keeping in mind the addition pressure of hydrogen to be
expected in the sample volume) it should be not more
than ~ 700K and according to hydrogen solubility in
liquid sodium it corresponds to the hydrogen concen-
tration about 0.4% at. [1].

To diminish the influence of the coherent effects, the
spectra of incoherent quasielastic scattering were con-
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sidered only in the region of the neutron wave vector
transfer Q < 1.5A! for T = 378K and Q < 1.0A~!
for T = 693K (structure factor of liquid sodium and
its temperature dependence see in [8]). Basing on the
Lovesey model [9], it was estimated that the coherent
effects on liquid lithium in this Q-region are negligi-
ble. After evaluation and introduction of all the required
corrections (neutron flux attenuation in the sample sub-
stance and the container, effects of the container, detec-
tor efficiency, multiple scattering estimated as less than
2% of common quasielastc scattering for Q ~ 210%_1),
the quasielastic scattering spectra were transformed into
the equidistant energy scale and Q)-constant representa-
tion.

3. Data analysis. The neutron spectra in the region
of incoherent quasielastic scattering for pure sodium
were analyzed under assumption that the natural form
of incoherent quasielastic scattering peaks can be de-
scribed by a single Lorentzian curve:

5(Q.:5) = {48/ AB(Q) | + 187 oy

+ (a—i—be)}@R(Q,s), (1)

where A is a thermal factor (in our conditions it does
not influence the shape of quasielastic scattering peaks),
B = exp(—Q*(u?) is Debye-Waller factor, (u?) is a
mean-square amplitude of particle vibrations in the
force field of neighbors. Amplitide (u?) was calculated
with the help of the liquid sodium frequency distribution
spectra, obtained in our experiments. It was calculated

(u?) = % O/OOQE:U)cth (%) dw,

where g(w) — the frequency spectrum of liquid sodium,
we get from our experimental data unpublished till now.
For T = 378K (u?) = 0.18 A%. The second term in (1)
takes into account the small effects of coherent (with
the use of Lovesey model [9]) and inelastic incoherent
scattering. The sum of two terms in (1) finally was
convoluted with the spectrometer resolution function
R(Q, €), measured on the special vanadium sample. The
examples of the incoherent quasielastic scattering peaks
for three temperatures at Q = 0.44 A~! are shown in
Fig.1. The @Q-dependence of the full intrinsic widths
at the half-maximum (FWHM, AFE(Q)) of the incoher-
ent quasielastic scattering peaks, we got from our ex-
perimental data for three temperatures, is presented in
Fig. 2.

4. Results and discussion. 4.1. Pure sodium. The
analysis of these results was performed by two ways.

as
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Fig. 1. Experimental peaks of incoherent quasielastic scat-
tering on liquid sodium at T' = 378 K (squares), 573 K (cir-
cles), and 693 K (triangles) for Q = 0.44 A='. The dashed
curve shows the spectrometer resolution function
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Fig. 2. Intrinsic FWHM of incoherent quasielastic peaks
AE(Q?) of liquid sodium for three temperatures T =
= 378K (1), 573K (2) and 693K (3). The solid lines
are the optimal description of the set of experimental
points by the model (2) with parameters: T = 378K:
D = (4.440.5)-107% cm?/s, Do = (2.1£0.5)-107° cm?/s,
0 = (34420)-107"2s, T = 693K: D = (17.1 +
+1.0)-107%em?/s, Dy = (6.9 4 0.5) - 1075 cm?/s, 79 =
= (1.0 £ 0.4) - 1072 5. Inset: temperature dependence of
selfdiffusion coefficient for liquid sodium: circle — our re-
sults; 4 — calculation with activation model [8]; 5 — calcu-
lation with power model [11]

At the first way the experimental points of Fig.2 were
described by the phenomenological model [10], which
supposes the mixed character of diffusion mobility in the
liquid. It includes two mechanisms: jump diffusion (with
parameter 7, the residence time of a particle in the tem-
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porary equilibrium position) and continuous diffusion
(with parameter Dy, coefficient of continuous diffusion
of a particle together with surrounding). The quasielas-
tic peak is supposed to be a Lorentzian with FWHM:

exp(—Q*(u?))
]. + (D — D())Q2’7'0

2h

AE,.(Q%) = 14 D@1

Here D is a total coefficient of self-diffusion. Optimal
fitting of the experimental points by expression (2) is
shown in Fig.2, the corresponding parameters of the
model are given below this figure. The values of self-
diffusion coefficients for the temperatures investigated
are in a satisfactory agreement with the known data
[8,11] (inset of Fig. 2).

As the second way of the analysis of our experimen-
tal results, the application of so called the “relaxing cage
model” [12-14] was applied. According to this model the
diffusion event in the liquid can be realized only under
the condition if the nearest surrounding of atom is de-
cayed or transformed in essential way. This kind of re-
laxation is usually understood as slow, or a-relaxation.
In the frames of this approach the intermediate scat-
tering function I(Q,t) can be written in the stretched
exponent form describing its possible non-exponential
decay:

1(Q.t) = KWW(t) = exp [~(t/mw)”], (3)

and incoherent dynamical structure factor:

1

Sor(Q,¢) = —

/exp (t/Tw) }cos(e*t/h)dt. (4)
0

The parameters 7y (a-relaxation time), § (form param-
eter) and mean relaxation time

(rw) = /DodtKWW(t) = %WP (%) (5)
0

depend on Q. The latter can be expressed by the power
function:

(tw) = 70(Q/Qo0) ™. (6)

In the case of simple (continuous) diffusion v = 2 and
under departure from the hydrodynamic limit ~ turns
out to be different than 2. The results of our experimen-
tal data analysis with application of the “relaxing cage”
model are depicted on Figs. 3 and 4.

It seems to be interesting to compare the mean relax-
ation time of surrounding for given particle (ry) with
its residence time 7y which was estimated in our for-
mer analysis (inset of Fig. 4). It is seen these two times
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Fig. 3. Intermediate scattering function I(Q,t) for liquid
sodium, T = 378K and @ = 0.78 A~'. Full line — de-
scription of I(Q,t) by KWW-function (3) and (4) with
(rw) = (3.79 £ 0.04) ps, B = 0.90 = 0.01
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Fig. 4. Typical Q-dependence of mean relaxation time
(tw) for liquid sodium at 378 K and its description by
Exp. (6): 70 = 24+0.2 ps, v = 2.5 + 0.2. Inset: (7w) (Q)
for T' = 378 and 693 K together with corresponding resi-
dence time 79(7T") obtained from phenomenological model,
showing that a-relaxation in liquid sodium takes place for
second neighbors

are near each other at Q ~ (0.8—0.9) A1, that in the
direct (coordinate) space corresponds to the distances
R ~ (7—8) A and exceeds remarkably the average in-
terparticle distance in the liquid sodium for 7" = 378 K
(Ro ~ 3.72A). So, we have ground to suppose that the
residence time of the particle 7y in the terms of “relaxing
cage” model corresponds to the decay time of the near
surrounding on the level of the second neighbors.

4.2. Sodium-hydrogen melt. Fig. 5 demonstrates the
comparison of the experimental quasielastic scattering
spectra on pure liquid sodium and sodium-hydrogen
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Fig. 5. Comparison of experimental quasielastic incoher-
ent scattering spectra for pure sodium (full symbols) and
sodium-hydrogen melt (open symbols); 7' = 693K, Q =
=0.44A71

melt. It is obvious the additional intensity, associated
with the presence of hydrogen. The rough estimations
with the use of this figure reveal the hydrogen concen-
tration C' ~ 0.4% at., which is about that, determined
in the process of sample filling with melt. In the course
of the experimental data analysis on sodium-hydrogen
melt the expression (1) was used supplemented with an
additional Lorentzian which was supposed to account
for scattering on the hydrogen admixture. But the sec-
ond component of the incoherent quasielastic spectrum
with the FWHM, remarkably different from the first one
was not revealed. Furthermore, the FWHM'’s of the sin-
gle Lorentzians in the melt was found to coincide with
ones obtained for pure sodium (see Fig.6). The coin-
cidence of the diffusion mobility in pure sodium and
sodium-hydrogen melt allows us to suppose that in our
experimental conditions hydrogen exists and diffuses in
the sodium-hydrogen melt in the form of sodium hy-
dride, NaH. The diffusion coefficient for sodium hy-
dride we get from Fig.6 applying the phenomenolog-
ical model (2) within the limits of experimental er-
rors agrees with that for pure sodium and is equal
Dxan = (17.1 £ 1.0) - 1075 cm?/s. The similar conclu-
sions about the hydrogen diffusion were obtained for-
merly on potassium-hydrogen [15] and lithium-hydrogen
melts [16]. The possible explanation of this phenomena
can be found in the comparison of energy dissociations
of hydride molecule and diffusion activation energy for
liquid alkalis, latter being much less than former one
(for NaH FEgis ~ 56kcal/m [17] and Egir ~ 10kcal/m
[8]). So, from the energetic point of view for hydride
molecule it is more profitable to diffuse as a whole, than
to be dissociated with the subsequent separated diffu-
ITucema B 2KOQTD
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Fig. 6. Comparison of the AE(Q?) dependence for pure
sodium (open symbols), and that of sodium-hydrogen melt
(full symbols), T' = 693 K. Full line — description of experi-

mental points by Exp. (2). No deviations between the data
sets within experimental errors are detected

sion. One can easily show that the rotational diffusion of
the molecule NaH in the liquid Na is negligible. More-
over, the account of complex diffusion of the ellipsoid
molecule NaH is equal to the self-diffusion of the atom
Na: the effective radius of ellipsoid NaH is equal to the
atom Na radius, while masses of NaH and Na are equal
to it other with a good accuracy.

5. Conclusion. From the inelastic neutron scatter-
ing spectra for liquid sodium (T = 378, 573, and 693 K)
and sodium-hydrogen melt (T" = 693 K, hydrogen con-
centration ~ 0.4% at.) the incoherent quasielastic com-
ponent was extracted. The FWHM of the incoherent
quasielastic peaks were analyzed with applications of
two models: phenomenological one (model of mixed dif-
fusion) and model of “relaxing cage”. In the frame of
the mixed diffusion model self-diffusion coefficients, res-
idence times of particle and coefficients of collective dif-
fusion of particle together with surrounding were ex-
tracted. The self-diffusion coefficients of pure sodium
and their temperature dependence are in agreement
with the calculations and experimental data available
in literature. In the frame of the “relaxing cage” model
the relaxation time of surrounding of given particle {1y )
(a-relaxation) and its @-dependence were estimated and
compared with residence time 79. It was found that the
residence time of the particle in the terms of “relax-
ing cage” model corresponds to the decay time of the
near surrounding on the level of the second neighbors.
It was revealed that diffusion processes in pure sodium
and sodium-hydrogen melt approach the continuous dif-
fusion particularly for high temperatures. The diffusion
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mobility in pure sodium and in sodium-hydrogen melt
was found to be coinciding. It leads to the conclusion
that in our experimental conditions hydrogen exists and
diffuses in melt in the form of hydride, NaH. The coeffi-
cient of diffusion for NaH in liquid Na (7' = 693 K) was
found to be Dyan = (17.141.0) - 1075 cm?/s.
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