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Experiments on the influence of a magnetic field on the thermal diffusion (Dy) have been
performed. Both the transverse coefficient, DY, as well as the difference between the longitudinal
coefficients, D+ — Dk, were measured for binary mixtures of N,, nD,, HD and nH, with the noble
gases Ar, Ne and He and for the system pH,-Ar. For most of these systems, the results can be
adequately described with the dominant angular momentum polarization of the form WJiJ. For
some mixtures, however, a significant contribution from a second polarization (viz. WJ) was
found to be present. The results are expressed in terms of effective molecular cross sections.
Using these results and those earlier obtained for the magnetic field effect on the thermal
conductivity, an estimate is made about the magnitude of the Senftleben-Beenakker effect on the
diffusion.

1. Introduction

The influence of external fields on the transport properties of polyatomic
gases (Senftleben-Beenakker effect) provides information on collision pro-
cesses of rotating molecules. For a survey see e.g., refs. 1-5. The Senftleben—
Beenakker effect can be understood as follows: In a nonequilibrium situation,
gradients in macroscopic properties (e.g., VT) produce anisotropies not only
in velocity space, but —through collisions —also in angular momentum, J,
space. For the production of such angular momentum dependent polariza-
tions, the nonspherical part of the intermolecular interaction is responsible. In
an external field, the angular momentum polarizations are partially destroyed
by the precession of J around the field. This, in turn, will influence the
transport properties.

The Senftleben—Beenakker effect has been extensively studied over the last
decades. It was found that a gradient in the stream velocity generates
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predominantly a tensor polarization of the type JJ, whereas a temperature
gradient produces predominantly a vector polarization of the type W -JJ.
Here, W is the reduced peculiar velocity. However, the simple description on
the basis of the W - JJ polarization only was found to be inadequate for many
gases. In these cases two polarizations (W -JJ and W A J) are needed to
obtain agreement between theory and experiment. For a survey of recent
work see refs. 6 and 7.

Observation of the field effects on diffusion and thermal diffusion proved to
be difficult in the past. For thermal diffusion®’), this might not seem surprising
since thermal diffusion is a small effect itself, being a cross effect between
heat transport and particle flux. For the relative change of the diffusion'®"),
however, the upper limit 0.02% reported in the literature seems surprisingly
low, since one would intuitively expect an effect of the same order of
magnitude as for viscosity and thermal conductivity (i.e., 0.1-1%). For the
case of thermal diffusion in an electric field, experimental results have been
reported'?).

Experimental data for the field effect on thermal diffusion are quite useful.
First, they give new information on the coupling between the angular
momentum polarization and the particle flux. Secondly, such data may clarify
the deviations observed in the thermal conductivity experiments discussed
above, since in both experiments the polarizations are the same, being
produced by a temperature gradient in each case. Finally such data make it
possible to predict the magnitude of the field effect on diffusion by making use
of a relation between the field effects on diffusion, thermal diffusion and
thermal conductivity. To verify this relation the experimental study of the
diffusiomagnetic effect is undertaken and preliminary data are now at hand").

In this paper, data will be reported on the magnetic field influence on the
thermal diffusion for the binary mixtures of N,, HD, nH, and nD, with Ar, Ne
and He, and for the system pH,-Ar at 300 K and at various concentrations.

2. Principle of the experiment

In a binary gas mixture, a particle flux can be generated by a concentration
gradient (diffusion) as well as by a temperature gradient (thermal diffusion, for
liquids sometimes called Soret effect). When no external forces or pressure
gradients are present, the (pressure independent) flux of species A is in the
field free case given by

ja=-nDr,Vin T — nDVx,, )

where n is the total number density, x4, = nas/n is the mole fraction, and Dr,
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and D are the thermal diffusion coefficient and the diffusion coefficient
respectively. An analogous equation holds for component B of the mixture. If
a constant temperature gradient is applied, the resulting concentration
gradient in the steady state (j, = 0) is therefore given by

Vxa=-D'D;,VInT, @

where D"DTA is often called the thermal diffusion ratio, kr. To compensate
for the main concentration dependence a thermal diffusion factor is defined as
a = kr/xsxg. As seen from eq. (2), the concentration difference for small
temperature differences is given in the steady state by

AxA = —kTA In T, (3)

which is independent of the geometry. This concentration difference is quite
small. As an example, for an equimolar N,—Ar mixture at 300 K one finds
Ax =6.0%x10"* for AT = 10K.

Since Vx, = —Vxp it follows from eq. (2) that

Dr, = -Dr, @

In the literature') the convention is used that the species with greater mass
has label A. Consequently, for Dy, >0, the particle flux of the heavy com-
ponent is directed toward the cold side. This is the case for most gases at
room temperature. In the studies of field effects on transport properties of
mixtures, the convention has been used that the label A is given to the
polyatomic molecule™'®). In this work we will adhere to this latter con-
vention. As will be seen, there is no connection between the field effect on the
thermal diffusion and the field free coefficient. Furthermore, no data on the
field free coefficient will be used, so no misunderstanding will arise. For
convenience, the subscript on Dy is dropped henceforth.

In a magnetic field, B, the transport coefficients occurring in eq. (1) have to
be replaced by tensors:

ja=—nDr-Vin T ~nD - Vx,, ©)

Spatial symmetry considerations require that the thermal diffusion tensor
takes the form

D+ -DY¥ 0
D:={DYf D:i 0 )
0 0 D)

if the field is in the z-direction. The diagonal elements D} and D#* are even in
the field, whereas DY is odd. For B = 0 one has D} = D+ = D; and D% = 0. For
an evaluation of the experimental results it is desirable to measure at least
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two independent (combinations of) elements of the transport tensor.
Moreover, a high sensitivity will be required in view of the expected small-
ness of the concentration gradients to be detected. These two requirements
are met by constructing a transverse type apparatus in which a field induced
concentration gradient is detected perpendicular to the applied temperature
gradient (see fig. 1). The resulting concentration difference 6x depends on the
geometry (8x « [) and can therefore be made arbitrarily large. Indeed, 6x can
be made even larger than Ax (see eq. (3)) which is independent of the
geometry. It is clear from eq. (6) that the off-diagonal elements of the tensor
will give rise to such a transverse effect, and that one measures DY when the
field is perpendicular to VT (see fig. la). It is, however, also possible to
measure D} — D# if the field is orientated properly, which can be understood
as follows. Consider a magnetic field under an angle 7/4 with the temperature
gradient (see fig. 1b), which is decomposed in a parallel and a perpendicular
gradient. If D} is different from Dt the two concentration gradients Vx; and
Vx, are not the same. So the ‘“‘total” concentration gradient will not have the
same direction as the temperature gradient and have a component, 6x,
perpendicular to the temperature gradient.

The steady state solution of eq. (5) (j. = 0) for the orientation of magnetic
field and temperature gradient of fig. 1a is

Pr. = [ D'Df  D'Di
Xa = (DL)Z + (Dtr)Z (DL)2+ (Dtr)Z

]V InT, @)

‘I(J:D'Tr
vT
Ox
B
6x
R —
———— 1
tI CcoLD /
2

Fig. 1. a. The physical significance of the thermal diffusion coefficient DY in a magnetic field
(note that in the absence of the field DY =0). b. The physical significance of the difference
between the thermal diffusion coefficients D} and D+ in a magnetic field (note that in the absence
of the field D = D4 = Dy).
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and for the orientation of fib. 1b, with a the angle between VT and B:

. Di__ D'Di DfD”
Vx,=—sinacos a| 5y— (DY + (D% (DY + (D%

2] VinT 8)

It is seen from eq. (8) that the largest concentration gradient is obtained when
a = 7/4. Since the magnetic field only slightly changes the transport
coefficient, one has D" < D, D* ~ D! = D. Furthermore, for most gas mixtures
the field free thermal diffusion ratio kr is of the order of 0.01 and D"/D¥% is of
the order of unity (see ref. 17 and section 11). Therefore, the last terms of eqs.
(7) and (8) can be neglected, so that one gets for the transverse concentration
gradient in the case of fig. la

| DY
t D

x4 = AInT 9)

and in the case of fig. 1b with a = 7/4:

I Dt— Dk D/Q
t

5D nT. (10)

6xA
Here t and [ are the distances over which the temperature gradient and
transverse concentration gradient exist respectively.

3. Theory

The field influence on the thermal diffusion has been theoretically studied
by several investigators: In kinetic theory, Kagan and Maksimov'®), and also
Eggermont, Vestner and Knaap'’) used an inverse operator technique,
whereas Kohler and Halbritter') used the moment method. A treatment of
the influence of the electric field on thermal diffusion was given by Borman et
al.?®). It is noted, that Monchick et al.?) have calculated the thermal diffusion
factor with extra terms concerning the internal degrees of freedom which
vanish when the interaction potential is spherical. In this section theoretical
expressions relevant for the magnetic field effect on thermal diffusion will be
given. For a detailed outline of the theory the reader is referred to Eggermont
et al.”).

In experiments on the influence of a magnetic field on the thermal
conductivity”'***?) the only polarizations depending on J observed are WJ
and WJJ, here the symbol ~  denotes the symmetric traceless part of the
tensor. Taking only these polarizations into account in the case of thermal
diffusion is justified by the fact that in both type of experiments the polarizations
are caused by a thermal gradient. Now the elements of the thermal diffusion
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tensor change in the presence of a magnetic field according to

lr
qjlllgll 11,']1'( §l22 +2 2512 ),

D + £ 1+ 1+ 4¢3,

ADi _ D(B) — Dr(0) _ & & 4¢h

D D =ViTr e "”'2<1+§2 +29 +4§%2)’

434 DMB$IMW 2Wur%?—wﬂqféb (an

from which it follows that

Di(B)—DY(B) _ _1 & 1 &, 48,
2D 2‘p“1+§2+“”( )

21+ &L 1+48,)

with the field parameter

kT 4B
&g = g#);l {xavaa @530 | Dan+ xp0apS(GI0 I Das}! X pq =11 or 12*.
(12)

Here g is the rotational g-factor of the polyatomic molecule, uy is the nuclear
magneton and vy = V8kT(my + m;)/mm,m, is a thermal velocity. S(53% | Du
are effective cross sections governing the decay of the polarization of rank p
in W and q in J of molecule A, while concerning only collisions between
species k and L. Analogous equations as (11) hold for A, the thermal conduc-
tivity tensor, D, the diffusion tensor, @, the diffusion thermo (Dufour)
tensor, with the same field parameters &, and &, but different magnitudes
(¥h,, ¥h, and ¥}, respectively) to be discussed in eqs. (13) through (17). As
explained in section 2, D%/D and (D4 — D#)/2D are investigated in this work.
In fig. 2 the theoretical graphs of these two combinations of the elements of
the thermal diffusion tensor are presented using eq. (11), while &, = &;; and
Y1 /¥], is a parameter having the values —0.5, —0.2, 0, 0.2 and 0.5. For
different ratios of ¥7T, and ¥, the actual shape of the curves does not change
much. The ratio of D% and (D4 — D#%)/2, however, does change drastically
when ¥T,/¥T, is varied, since for decreasing values of ¥T,/¥T, the transverse
effect is increased but the difference between the two longitudinal com-
ponents decreases. The strengths of the polarizations, V¥,, depend on
effective molecular cross sections &(547%, | Du. According to ref. 17 the ¥,
¥}, and ¥}, are given by

e NG

my [XAUAA@(pqoo Daa+ xp0ap S5 £q00 , WDasl’

(13)

lpzq = ( 28p16q2)

*The cross sections &S(54% | 4)a4 used in this work and refs. 17 and 24 correspond to the
B(5475.) 4 of refs. 7, 15, 16 and 48.
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Fig. 2. The theoretical field dependence of DY/D and (D — D+)/2D according to egs. (11), with
£y = &> and VT /¥T, having the values —0.5, —0.2, 0, 0.2 and 0.5.
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Since diagonal cross sections of the form S(5I% l D are positive, it is clear
from eqs. (13), (14) and (15) that ¥, and ¥}, are also positive, while YT, can
have either sign. So when the W.JJ-polarization is dominant, the parallel and
perpendicular components of the thermal conductivity and diffusion tensor
will decrease in the presence of a magnetic field, while those of the thermal
diffusion tensor need not do so.

In eqgs. (13) through (17) off-diagonal cross sections of the form & ,’il‘;f’ﬁsrl D
have been neglected with respect to diagonal ones. The justification of this
approximation is that the cross section ©(}% | 4)44 is purely inelastic and, in
the lowest order Distorted Wave Born Approximation, the contributions to
SO [ Has SO | B)as and SO0 | 4)ap are second order in the non-
sphericity. (With inelastic is meant: only those collisions contribute in which
the total internal energy of the two colliding molecules changes.) So these
cross sections are expected to be small with respect to diagonal cross sections
(which have elastic contributions). The only off-diagonal cross sections which
have elastic contributions are S(I%0| 4)4s and S| 8)as. It will now be
shown that these cross sections are also small:

They are related by (see ref. 24 and table VIII)

3/2
S| 4)ap = — (:—A) (18| ). (18)

The elastic contributions zeroth order in the nonsphericity, can be related to
the well-known Chapman and Cowling (2-integrals*?) by
4 2 mPm}?

IV5 sty G457 3018 moks. (19)

S310% | B)as =
Using the data for the potential parameters, and the collision integrals of ref.
26 the cross sections S(10% | $)ap are calculated for mixtures of N,, HD, H,
and D, with He, Ne and Ar. The results are shown in table I. For comparison
the diagonal cross section &(i0o|4)asa and the off-diagonal cross section

TABLE 1
Comparison of off-diagonal cross sections

0| A 1000 [ A ~1010 | A
S(i001 | Aaa - 2o | B)as 31010 I Aaa

(10 20 mZ) (10720 ml) (10720 mZ)

He Ne Ar

N. 4.07) 1.9 2.0 1.5 277)
HD  0.587) 1.0 024  0.12 137)
H. 0.0457) 075 0.14  0.067 137)

D, 0.076 ") 1.2 0.33 0.17 137)
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Fig. 14. -DY/D and (D{—D#)/2D versus B/p for HD-He (Xpopiega = 0.75); AA 186.7 Pa;
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Fig. 15. —~DY¥/D and (Df-D#%)/2D versus Blp for pHyAr (Xopegew =0.50); @O 133.9 Pa;
AN 199.6 Pa; l(1267.6 Pa; theoretical curves of egs. (11) fitted to the experimental points.
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@(}%H 4) 44, Which is purely inelastic, are given”?). It is seen from table I that
both types of off-diagonal cross sections are small in comparison to the
diagonal one, and can thus be neglected.
Using the expression for the field free diffusion coefficient in terms of
effective cross sections

kT

D= — , 20
ma "UAB@(}% Q)AB (20)

it follows from egs. (13), (14) and (15), that the magnetic field effects on
thermal conductivity, diffusion and thermal diffusion are related by

| W5 = \/x,’,‘,ff)" VoY pa- @1
This relation is also valid when the off-diagonal cross sections in egs. (13),
(14) and (15) are retained"’).

In the derivation of eqgs. (11) the approximation was made, that the matrix
elements ((W]L[J]12| RIW]15[J]%) of the collision operator, R, are propor-
tional to 8,8, (Here [W]%, denotes the spherical m-component of a trace-
less symmetric irreducible tensor of rank p in W.) This is called the *‘Spheri-
cal Approximation” since the above condition is strictly valid for a purely
spherical potential. Thus the spherical approximation can be expected to work
very well for molecules with a small nonsphericity of their interaction, e.g., H,
and D,, but it may be somewhat doubtful for molecules like N,. If one defines,
in the case of the WJJ-polarization, totally irreducible Ith-rank tensors
[[(W]'[JT], built up from [W] and [J]’, the collision operator becomes
diagonal in | and m irrespective of the form of the potential because of
rotational invariance. The matrix elements of # which govern the decay of
[[ W1'[JT)-polarizations are represented by &,(130 | )ax (! = 1,2 0r 3, k= A or
B) defined in ref. 28. The expressions for ¥;, do not change. The field
dependence of the transport coefficients, however, becomes complicated
because the Liouville operator, which governs the free precessional motion of
the molecules in the field, is not diagonal in [ and m indices. The eqgs. (11) now
change into (see also refs. 7, 27, 28 and 29)

ADt _ _ Wl 10 EL[EGar + as+ taay) — 1ia, + asl + [f+3a: + a3

12 p = ,
D 3 [fhlar+ as+iaay) — 1P+ ELG +iax+3a)

AD} a,&}

a7 _21I,T - 2012 (22)
D "1+ EbGaras +iay)

D¥(B) _ _

D SUhEA - 1£5a,a5)(9 + Sa, + 4ay)
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~ (Say+4a)[1- ELGar + as +3aa3)}
x{[EhGay+ as+3a.az) — 117+ EG+iar+3a)y 7,

where

- kT
§12 = g”;

= = B
= 1200 A = 2 -
{x4044© (150 | Daa+ Xp045S1(1300 ' as) ' 'r;

and

_ xa044©1(1300 l Daa+ x5048S1(130 l 4) B [=2.3

{ = = )
= 1200] A = 1200 | A
X444 (1200 ' ) aa + X048 S, (1200 l A)aB

Similar equations hold for A and D, with the same field parameters &, a, and
as, but with other parameters governing the magnitudes (¥}, and ¥}, respec-
tively). In the spherical approximation &,(3%|Du =38 D =
@3(583 Dax = @(3% Daw a2=a3;=1 and 512 = {1, so that egs. (11) are
recovered.

4. Description of the apparatus

The apparatus essentially consists of a long channel enclosed between two
plates held at different temperatures, effective length [ = 1.48 m, thickness
t = 6.0 mm and width 6.0 mm. In order to fit such a long channel between the
poles of a magnet a design as shown in fig. 3 is chosen. The design is in

av COLD

7/ HOT

COLD

)

.

Fig. 3. Schematic diagram of the apparatus (note that the actual apparatus is turned over #/4).
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essence similar to the apparatus of Hulsman et al.”’) for the investigation of
the thermomagnetic pressure difference. In our case, the channel consists of
20 sections of effective lengths of 74 mm connected by holes of 4 mm
diameter. Thin brass foil (0.05 mm) soldered into the hot and cold plates is
used to separate adjacent channel sections. Because of the ‘“‘spiral” shape of
the total channel the parts between the top and the middle plate make a small
angle, 8, with the parts between the middle and the bottom plate. When for
instance the magnetic field is perpendicular to the plane of drawing of fig. 3,
the angles which the magnetic field makes with the different parts of the
channel are (7 + 8)/2 and (7 — 8)/2. As can easily be verified using eq. (5), this
will not give rise to additional effects. It only reduces the effective length of
the channel (by a factor cos(8/2)). This correction is negligibly small because
8 = 0.038 radians. Since the magnetic field direction can only be varied in the
horizontal plane the apparatus is placed under an angle n/4 (see fig. 4). To
guarantee temperature homogeneity the hot plate is heated by means of 8
heaters distributed throughout the plate. The cold plates are cooled by water
from a thermostat and have temperature variations smaller than 5 mK. In all
three plates temperature dependent resistors, NTC’s, are mounted in order to
measure the applied temperature difference, AT, typically 10 K. For tem-
perature stabilization the apparatus is surrounded by a vacuum jacket. The
concentration difference across the channel is measured by determining the
difference in thermal conductivity of the gas. In order to attain high sensitivity
the ends of the channel lead to two chambers in a thermally isolated, copper
block (not shown in fig. 4), in which katharometer type thermistors (ITT P 15)
are placed. By electrically heating these thermistors in a Wheatstone bridge
circuit relative changes of the thermal conductivity as small as 2 ppm can be
detected. This corresponds to concentration differences of the same amount for
a typical system. To avoid effects of the magnetic field on the thermistors it
proved to be necessary to place the copper block outside the magnetic field.
The differences in thermal conductivity are calibrated in terms of concen-
tration differences by observing the signal of the Wheatstone bridge when
several calibrating mixtures of known composition are introduced into the
apparatus. At the pressures used (about 100 to 300 Pa) the mean free path in
most gases is of the order of the dimensions of the thermistors (approximately
0.2 mm). This means that the heat transport becomes pressure dependent
(Knudsen effect). As a consequence, for every pressure run a calibration had
to be performed at that particular pressure, and the pressures of different
calibration mixtures had to be the same within 1 in 10°. To this end a high
accuracy manometer (Datametrics Barocel 10 T, type 570 D) was used.
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Fig. 4. Photograph of the apparatus.
5. Corrections
Using egs. (9) and (10) D%/D and (D} — D3$)/2D are calculated from the

measured concentration differences. In fig. 5 a double logarithmic plot is made
of (DY/D)peas and ((Dh — D#)/2D)pess versus B/p for an equimolar N,-Ar



THERMAL DIFFUSION OF GAS-NOBLE GAS MIXTURES

10 T
mT N,-noble gas
Pa : A
a, EL p——
a —
i t, i
T g o o0
— e
Y Tt _“"‘"\‘U':&':
T e —.
8_ o,
p02 E\
0 |
0 05 1
X noble gas
05
N-noble 9as e
O///// >~ * Ne
/./ \\ \\
/s o\ N\
/7 AN\
/7 o\
g 07 AN
4 h
L// ANY
0 I
0 05
X noble gas

59

Fig. 9. a Blpag,, versus noble gas mole fraction; OALI No-Ar; @AM N>-Ne. b. ¥, versus noble
gas mole fraction; O N.-Ar; @ N.-Ne. The experimental results are obtained by fitting D(B)
measurements to the theoretical curves of egs. (22).

TABLE IV
Experimental results

Gas Xnoble gas T, x 106 Blpé;, v x 10  Blpé&, hx 10° A
(mT/Pa) (mT/Pa) (W/Km)
N-Ar 02545 292 487 - 76 2.90 298" 0.0231')
0.4986 373 472 -109 3.22 1.91 0.0214
0.7475 227 4.94 - 83 3.02 0.90 0.019
0.8751 135 5.10 - 50 2.87 0.42 0.0186
N-Ne 02491 226 4.44 - 46 1.85 3.41% 0.0294 %)
0.5018 378 4.04 -104 3.11 2.50 0.0344
0.7498 329 3.63 101 4.02 1.39 0.0401
N-He 02502 141 432 256 0.0393 )
0.5002 248 3.52 1.43 0.0580
0.7485 240 271 0.65 0.0880
HD-Ar 01251  -26.6 2.32 0.447%)  0.1549")
02531 -296 2.36 0.297 0.1014
0.4467  —21.7 2.58 0.155 0.0633
0.749% - 9.0 2.67 0.058 0.0374
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TABLE IV (continued)
Experimental results

Gas Xnoble gas ¥ x 10 Blp¢: Tix 10° Blp&i b x 10° A
(mT/Pa) (mT/Pa) (W/Km)
HD-Ne 0.2502 19.6 2.54 small 0.387 ') 0.1210 )
0.5016 25.8 2.56 0.207 0.0909
0.7496 18.0 2.56 0.093 0.0668
HD-He 0.2602 379 2.32 small 0.467 ') 0.1545 ')
0.5027 38.9 2.15 small 0.315 0.1535
0.7490 36.0 2.08 small 0.158 0.1521
pH. 0 0.037 )
pH,-Ar 0.2495 3.92 2.69 0.1162 %)
0.5015 3.87 3.16 0.0712
0.7501 2.02 3.65 0.0409
nH, 0 0.030 %)
nH.-Ar 0.2461 3.09 2.90 small 0.1169 %)
0.5011 4.04 3.42 0.0713
0.7482 2.37 4.06 0.0411
nH,—-Ne 0.2484 6.52 2.52 0.1360 %)
0.5069 8.36 2.93 0.0970
0.7523 6.53 3.38 0.0685
nH,-He 0.2493 4.77 2.32 0.1724 %)
0.5003 7.39 2.32 0.1613
0.7484 5.88 2.32 0.1545
nD, 0 0.037 %)
nD,-Ar 0.2493 3.24 3.77 small 0.0852 %)
0.5024 3.14 4.75 0.0542
0.7497 1.40 5.48 0.0335
nD,-Ne 0.2503 9.66 3.29 0.1044°7)
0.5001 12.9 3.53 0.0820
0.7505 7.92 3.90 0.0642
nD~He  0.2500 9.8 2.90 -1.8 0.89 0.1347%)
0.5015 12.2 2.81 =33 0.85 0.1386
0.7500 8.4 2.81 —4.7 0.98 0.1445
0.8650 6.6 2.72 —4.8 1.01 0.1484

small: |[¥],/¥T,) <0.10

L ON 286 T0A ¥V YITSAHA  WOHON

7+

be discussed in the following sections. It is noted that in all cases where
WJ-polarizations are found in the thermal diffusion measurements ¥}, and
¥7T, have opposite signs. .

q3A
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Fig. 10. DY/D and (D} - D#)/2D versus Blp for N,-Ne (Xnoble gas = 0.25); @O 164.0 Pa;
theoretical curves of egs. (11) fitted to the experimental points.
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Fig. 12. DY/D and (Di—D})/2D versus Bfp for HD-Ar (Xopiegs =0.25); @O 266.9 Pa;
B 1329.7 Pa; AA 398.0 Pa; —— theoretical curves of eqs. (11) fitted to the experimental points.
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Fig. 13. —DY%D and (D}— D#)/2D versus B/p for HD-Ne (Xpoptegas = 0.75); AA 141.1Pa;
W] 190.5 Pa; @O 269.3 Pa; theoretical curves of eqs. (11) fitted to the experimental points.
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theoretical curves of egs. (11) fitted to the experimental points.
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7. The position on the B/p-axis

In this section we relate the quantities B/pé&;, and B/pé&,;, which determine
the position on the B/p-axis of the thermal diffusion effects, to theoretical
expressions involving effective cross sections. Rewriting eq. (12), gives

B — hUAA
pé:pq glJkaT

_+_
(- 202G Dant v o= E S D | 29

with pg =11 or 12. In fig. 22 B/p&,, and B/pé,, are plotted versus noble gas
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Fig. 22. B/pé. versus the mole fraction of the noble gas for N,, HD, H, and D:-noble gas
mixtures and B/pé&,, versus the mole fraction of the noble gas for N-Ar and N, — Ne; @A from
Dy(B); OOA from A(B) (refs. 15 and 22).



68 G.W. 'T HOOFT et al.

mole fraction, xp It is clear from those graphs that B/pé;, does depend
linearly on the concentration in agreement with eq. (24). As pointed out
before the position on the -B/p-axis should be the same for the thermal
conductivity and the thermal diffusion measurements. The experimental data
for B/pé&), as obtained from the measurements of the thermal conductivity of
N,-noble gas and HD-noble gas mixtures of ref. 15 and those of pH,, nH; and
nD, of ref. 22 are also plotted in the graphs. The agreement between the
results of the A and D experiments is quite good over the entire concen-
tration range, except for N,-Ar and N,-Ne where small deviations occur.
These discrepancies are probably due to the fact that for thermal conductivity
¥, and B/pé&;, can be fairly accurately determined with a 2 parameter fit,
while for thermal diffusion a 4 parameter fit is needed, making the data less
accurate. The B/pé,, results for a polyatomic gas mixture with different noble
gases should extrapolate to the same value at Xuopiegss =0, since then only
quantities of the polyatomic gas are relevant. This is indeed observed within
the limits of the experimental accuracy. The straight lines through the points
of fig. 22 are drawn in such a way that they intersect at Xyopiegas = 0.
Extrapolations to Xuopiegss = 0 and 1 yield two cross sections, S(i30 | 4)a4 and
S\ | 4y .5, respectively. These effective cross sections are listed in table V,
and will be further discussed in section 10.

For the systems N,—Ar and N,-Ne data on the position on the B/p-axis of
the WJ-polarization are also obtained (last graph in fig. 22). The two straight
lines are fitted to the experimental points according to eq. (24) with inter-
section at Xopegas = 0. Here the differences between theory and experiment
are quite large, but this is easily explained by the fact that when vl is
smaller than about 0.5, the position on the B/p-axis of DY/D and (D} -
D#)/2D is largely defined by B/pé;, and is not very sensitive to B/pé;;. The
values of B/pé&; cannot be accurately determined in this way and cross
sections obtained from extrapolations to Xnegas = 0 and 1, will be correct
within, say, a factor of 2. In principle, one could also obtain values for B/péi,
from the thermal conductivity measurements. However, from the measure-
ments on A+ and A’ of N,-Ar and N,-Ne no consistent data on B/pé,, could be
extracted mainly because the contributions from the WJ-polarization were
too small”"). The values of S(}11% | ) for N-Ar and N,-Ne are listed in table
V.

8. The magnitude of the effect and determination of ©(;0 [4)as

For the mixtures N,, HD, nH, and nD, with Ar, Ne and He and the system
pH»-Ar, ¥, is plotted versus noble gas mole fraction in fig. 23, where ¥T, for
the systems N,-Ar and N,-Ne is also given. The results are summarized in
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Fig. 23. ¥, of N,, HD, H,, D--noble gas mixtures and ¥, of N,~Ne and N,~Ar versus the mole
fraction of the noble gas.

table IV. Theoretically, as is evident from eq. (14), ¥}, has a trivial xz(1 — xp)
concentration dependence. Fig. 23 shows that this concentration dependence
is dominant. The magnitude of the thermal diffusion change is such that for
the N,-noble gas systems ¥, is about 107, for the HD-noble gas systems
about 107°, and for H, and D,-noble gas systems only 107°. In all cases the
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corresponding value of ¥}, the magnitude of the thermal conductivity
change, is an order of magnitude larger. The sign of ¥}, is always found to be
positive except for the system HD-Ar. The values found for ¥, are negative.
The physical significance of a positive ¥}, is that in the configuration of fig. 1a
the concentration gradient of the polyatomic molecule is pointed to the right
when the g-factor is negative (N-Ar, N»-Ne, N.-He).

As was already mentioned in section 5 the raw data for the system D»-He
show a strange pressure dependence at higher noble gas concentration. It is
not clear, whether this may be partially responsible for the high ratio
between DY/D and (D — D+)/2D. If one tries to interpret this ratio with the
use of the extra WJ-polarization the agreement between theoretical and
experimental curves is not satisfactory (see fig. 21). For this reason the values
obtained for the parameters of the WJ-polarization for this system have not
been further analyzed. Abandoning the spherical approximation and then
fitting the experimental results with the formulas (22), might yield a better
agreement between theory and experiment. However, deviations from the
spherical approximation are not to be expected when the nonsphericity is as
small as for D,.

Rearranging eqs. (15), (20) and (21) a relation between ¥],, ¥), and the
production cross section for the diffusion, S(}%% l N as, is derived to be:

1 kT _
(S0 | Dasl = 15| G s (Eaa S8 D
85,18, + 17"
+XBUAB@(§Z%M)AB}—L‘2—‘_l 22 ] . 25
XAXBUAB v

For the N,-noble gas and HD-noble gas systems ¥}, and A have been
measured as a function of the concentration by Heemskerk et al.”). Using
these data and the values for S(13%| 4)44 and S(13%| 4)4s (see section 7), the
production cross section &S(130 l 4)as can be calculated for each concentration
at which ¥7, is known. The results are demonstrated in figs. 24 and 25. Since
cross sections do not depend on the concentration straight, horizontal lines
should be acquired. For the N,—noble gas systems and HD-He this is indeed
found. For HD-Ar and HD-Ne the values of S(1%3| 4)4s obtained at different
concentrations are not the same. These differences can be partially explained
by the inaccuracies in the experimental quantities used in the calculation, but
might also be due to the fact that in eq. (15) the off-diagonal cross sections
have been neglected with respect to diagonal cross sections. If this ap-
proximation (treated in section 3) is not justified other production cross
sections, like &(1%|4) and S(1%9|5), play a role in the influence of an
external field on the diffusion, and the concentration dependence of the effect
will be more complicated than given in eq. (15).



72 G.W. 'T HOOFT et al.

To calculate S(1%%|4)4s the above procedure is followed for the data on
¥T,, ¥, in the case of N,-Ar and N,-Ne. The results are given in fig. 26. The
average values of S(19%|4)as and &( }?33| 4).p of the N,—noble gas and
HD-noble gas systems are listed in table V. It must be emphasized that no
statement can be made on the sign of &(}5% | 4)as on the basis of experimen-
tal data alone. Model calculations®**) show that (V(CAJk)A—V/(5/2)B) ap-
pearing in eq. (14) should be positive, which means that ¥, and &(i%% | 4)as

have the same sign.

I
20 5 N, -noble gas
10 m
o (@] NZO-AI‘
(0]
05 -
N, -Ne
(u} = o—
1000|A
© (1200 A)
AB N, ~H
A\ A aA—2 e
0 |
0 X noble gas 0.5 !

Fig. 24. The absolute value of S(1%0|4)4s for N,-Noble gas systems as determined from
measurements at various noble gas mole fractions.
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Fig. 25. The absolute value of S(1%0|4)as for HD-noble gas systems as determined from
measurements at various noble gas mole fractions; O HD-Ar; [0 HD-Ne; A HD-He.
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Fig. 26. The absolute value of &( 19% I 4)as for N»-Ar and N,-Ne as determined from measure-
ments at various noble gas mole fractions.

In the case of nH,-noble gas, pH-Ar and nD,-noble gas systems there are
no data available for the concentration dependence of the field effect on the
thermal conductivity. Only data for the pure gases nH,, pH, and nD, are
available from measurements of Hermans et al.?). The data handling of the
thermal diffusion measurements of systems where only ¥l (Xnobiegas = 0) is

‘ T
L0 H, - noble gas 7
10 m | .
™ nH,-Ne 7
05 —
pH,-Ar B
: nH>-He
1000{A - 7
& (1300la) o | o
1200|A) Vg, | AR AC |
0 |
0 0.5 1

X noble gas
—_—

Fig. 27. The absolute value of 6({%“)”\/‘7’,‘2 for nH,-noble gas systems and pH,-Ar as
calculated from measurements at various noble gas mole fractions (eq. (26)).
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Fig. 28. The absolute value of =(|% I 14V W1 for nDa-noble gas systems as calculated from

measurements at various noble gas mole fractions (eq. (26)).

known, is as followsﬁ rearrangement of eq. (25) shows that with the data at
hand |S(13% | 4)4s/V ¥, can be calculated according to
12k°T 1

|@(}% 2)AB|\/‘I’?2 = lq’sz [X ma m (XAUAA@(%%% ' j)AA
a

12
+ 0S| Das) | 29)

Using the values for ¥}, A and B/pé), listed in table IV, the results of such a
calculation are given in fig. 27 for nH,-noble gas and pH,-Ar and in fig. 28 for
the nD,-noble gas systems. The data for A(x) are taken from the literature:
for H~Ar, H,-He, D,—~Ar and D,-He from ref. 35, for H,-Ne from ref. 36 and
for D,—-Ne from ref. 37. The intercepts of the smoothed curves drawn through
the points of figs. 27 and 28 together with values of ¥, (Xyopie gas = 0) from ref.
22 yield values for |S(i%0 l 4 asl, which are listed in table V. Obviously this
method is less accurate than the one used for the N,—noble gas and HD-noble
gas systems.

9. The field free diffusion coefficient
In sections 10 and 11 the cross section S(}o0g l Mg will be needed. Values

for this cross section can be obtained from literature on field free diffusion
coefficients with the help of formula (20). Values of D at room temperature



THERMAL DIFFUSION OF GAS-NOBLE GAS MIXTURES 75

and atmospheric pressure are taken from ref. 38 for the N.,-noble gas
mixtures and H,-noble gas mixtures, from ref. 39 for D,-He and D»-Ar, from
ref. 40 for D,—Ne, from ref. 41 for HD-He and from ref. 42 for HD-Ar (see
table VI). For HD-Ne no literature value of D is found. Because S(1%% | 4)4s
is about the same for the three hydrogen isotopes H,, ND, and D, with Ar and
this also holds for the three hydrogen isotopes with He, the average of the
values of S(1%9| 4)4s for H-Ne and D,-Ne is taken for the cross section for
HD-NE (21x10"®m?. With this the predicted value for the diffusion
coefficient at atmospheric pressure is estimated to be 9.6 X 107> m?/s.

10. Discussion of the cross sections &S(5 IQ)M, S0 | 1)1, S(1%00 l ap and

S(pao0 | Dan

This section contains a discussion of some trends in the behavior of the
various effective cross sections which have been obtained. First of all, let us
make some general statements about effective cross sections. Most effective
cross sections that describe the decay of a polarization, like ©S(13i0 | 4)as and
S(13% | Daa, have energetically elastic contributions (no energy exchange

TABLE VI
Data concerning field free diffusion and the influence of an external
fleld on the diffusion

D Sl Ay, S| Das B x 10°
(cm’/s*) (10 *m) o | Das Xnoble gas = 2
N, 26.3
N,-Ar 0.197 %) 27.0 1.10 100
N,-Ne 0.328%) 13.7 1.11 81
N,-He 0.722 %) 3.40 1.12 79
HD 14.1
HD-Ar 0.701 %) 29.1 1.17 5.0
HD-Ne (0.97) 21 1.10 5.1
HD-He 1.3914Y 11.5 1.11 6.5
pH.-Ar (0.822) (30.7) (1.13) 1.1
nH, 13.9
nH,-Ar 0.822 %) 30.7 1.13 0.54
nH,-Ne 1.154 %) 21.5 1.12 3.9
nH.-He 1.542 %) 13.7 1.09 2.7
nD, 14.2
nD.-Ar 0.575%) 30.4 1.10 0.77
nD,-Ne 0.832%) 20.1 1.10 6.5
nD,-He 1.25%) 10.3 1.09 14

* Diffusion coefficients are given for p =1.013x 10° Pa and T = 300 K.
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between translational degrees of freedom and rotational degrees of freedom).
Exceptions are, e.g., G(21| )as and SRt | Aas. In calculations the con-
tributions to an effective cross section are often expanded as a power series
of the nonsphericitiy, B, of the interaction potential, like in the Distorted
Wave Born Approximation (DWBA). Contributions to a cross section, where
only the spherical part of the potential plays a role, i.e., zeroth order in 8, can
be calculated with the use of the well-known Chapman-Cowling-{2 integrals
(see e.g., egs. (19), (27) and (28)). In lowest order DWBA one can tell in most
cases whether the contributions of a particular power in 8 are inelastic or not:
e.g., in lowest order DWBA (3% | 4) a4 is quadratic in the nonsphericity, and
has elastic contributions, whereas &(%%|4)4s is quadratic in the non-
sphericity and inelastic. Most cross sections that couple J-dependent
polarizations to orientation independent polarizations are in lowest order
DWBA linear in the nonsphericity, e.g., S(1% | ), S(% | 4) a5, S(1%9 | D)as;

and some are quadratic in the nonsphericity and inelastic, e.g., S(1% | 4) a4,

S(%% | 4) 4. The production cross sections for the odd in J polarizations are
always of the latter type. In general the production cross sections are found to
be small in comparison to diagonal cross sections. One has to bear in mind
that the DWBA works well for molecules with small nonsphericity, e.g., H,
and D,, but can only give general trends for molecules like N,: for instance
S(BX I D) aa, although being quadratic in the nonsphericity, is comparable in
magnitude to S(13!9|4) a4, which has contributions from the spherical part of
the potential. Usually, it is found that off-diagonal cross sections are small in
comparison to diagonal ones.

Between various effective cross sections exact relations exist. These rela-
tions are listed in table VIII. For the mixtures they are mostly based on the
work of K&hler and °t Hooft?). In our work @ = V3w — W?) and @0 =
V3G — W?) are used, while in ref. 24 these polarizations have opposite sign. In

table VIII those relations that differ for the two conventions are marked with ?).

D S50 [ A)as.

This effective cross section is obtained from data on the field free diffusion
coefficient (see section 9 and table VI). The contributions zeroth order in the
nonsphericity (denoted with the symbol (0)) can be calculated with (2
integrals *%)

SOUR | D as = GOCBY | D ap = SO D ap = SOIR| D) as

_4 mg 2 )(,Dx%
=3m ———— o38{2 . 27
3 ma + mp AB9 % AB ( )

Using the potential parameters (o, €) of a 6-12 Lennard-Jones potential and

7Z ¢« L NN AR TNA W WITRAHA  LINHAN
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the combination rules 2045 = o4 + 0 and €45 = Veaez, S@ can be calculated.
The ratio of SO | 4)as and S(1%% | 4)45 is given in table VI and is close to
unity for all systems under consideration. Thus the scattering processes in
which only the spherical part of the potential plays a role - elastic processes -
dominate the diffusion process. This has already been found by Mason and
Monchick ).

2) @(:%% ﬁ)AA, @(}% ' ::)ABy @(H% l ﬁ)AA and @(H% ' Q)AB-

These cross sections are obtained from the position on the B/p-axis of the
WJIJ and WJ polarizations (see section 7 and table V). In the case of
mixtures the contributions proportional to B° are given in eq. (27). For the
cross sections concerning AA collisions the zeroth order contributions in the
nonsphericity are given by

A 2_ 2 1.1
@(0)(%%% Q)AA = @(O)(“% Q)AA = @(0)(}83{ Waa= EWUAA-Q(AA)*- (28)

For &(13% | 4)44 an approximate relation*) exists in the high temperature limit
for homonuclear diatomics with small nonsphericity:

G138 | A an = S8 | s +ES(BX | 2 an- (29)

To check whether this relation holds and to investigate the possible existence
of an analogous equation for the cross sections concerning AB collisions the
following procedure is made: The difference between S(i3% | D and S
(}%%lﬁ)k, is plotted against G(3%) | 4w, where kl = AA or AB (fig. 29). The
cross sections (2% | 4), are calculated with Q-integrals®) (see egs. (27),
(28) and table VI), while values for S(500 | 4)u are taken from refs. 16 and 45
(see table V). As seen from the tables the spherical part of &(i3%| 4« is
dominant in the case of the hydrogen isotopes and accounts for about 50% or
more in the case of N,. This is explained by the fact that the nonsphericity of
N, is much larger than for the hydrogen isotopes and the level splitting
between different rotational states is less for N,, making inelastic processes
more probable. Fig. 29 shows that for most gases there is a correlation
between {S(13% | D — SO(13% | A} and S(B% | 4w, but that the factor arising
in eq. (29) should be more close to unity than to 7/6. A similar result was
found by Thijsse’). The cross sections which do not show such a correlation
are those for pure HD and HD-Ar.

The values of G(!8 [ 4),; are of the same order of magnitude as S(i3% | 4)us
as expected since the contributions proportional to 8° of S(ii% | 4) are the
same as for S(12% | H)u (egs. (27) and (28)).

3) @(:% l Q)AB and @(}% I ﬁ)AB-
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Fig. 29. {S(13% ' Dk — 5“”(:%%[ D} versus S(PN I 4w for various systems. (kI = AA or AB).

These cross sections govern the production of WJJ and WJ due to a
particle flux. In lowest order DWBA G(1%%|4)4s is quadratic in the non-
sphericity and only inelastic collisions contribute. For N, inelastic processes
are more likely to happen than for the hydrogen isotopes. This explains why
only in the case of N, mixtures a S(|%% l D ap of a measurable size is found.
In DWBA the main contributions to @(1200, Y.p are linear in the non-
sphericity. Hence it is understood that S(13% I ap is larger than S(1%9 | Nap
and the magnitude of these cross sections decreases going from N,-noble gas,
via HD-noble gas to H,- and D,-noble gas mixtures. According to eq. (259) of
ref. 24, @({%IQ)AB has a trivial mg/(m4+ mg) mass dependence and will
therefore increase going from He via Ne to Ar for one particular polyatomic
gas. This is indeed found for N,- and HD-noble gas systems, but not for H,
and D,-noble gas systems. In lowest order DWBA also S(1% ]| 4)4s known
from A(B) measurements, is linear in the nonsphericity and has elastic
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contributions. In view of this one expects S(|% | 4)4s to be of the same order
of magnitude as S(1%} | 4)aa (see eq. (A.2)). Experimentally one finds that the
ratio between the two cross sections is 0.2 at the most (see table V). An
explanation for this might be that collisions between a noble gas and a
polyatomic gas (AB) do not align the polyatomic as easily as polyatomic-
polyatomic (AA) collisions. An indication that @(}%l Y ap is much smaller
than S(1%% | 4)44 is given by calculations of Sandler and Dahler®). Using a
loaded sphere model they calculate the diffusion, the thermal diffusion and the
thermal conductivity coefficients in the approximation that the WJJ-
polarization is to be neglected (the Pidduck approximation) and also by taking
the WJJ -polarization into account (as proposed by Kagan and Afanas’ev).
From the difference between the two methods the Senftleben—Beenakker
effect on the quantity studied can be estimated. In table VII the results of
these calculations for an equimolar mixture of species with the same mass are
displayed. It is seen that AA/A is about 5 times larger than 4D¢/D, which is 8
times larger than AD/D. This implies an order of magnitude difference for
S(1%) and S| 2 as.

Model calculations have been performed by Cooper, Dahler, Verlin, Mat-
zen and Hoffman*’) for thermal diffusion and diffusion in a magnetic field,
which point to the same conclusion. They use a rigid ellipsoid model and for
the equimolar N,-Kr system with model parameters oy, = 1.805 x 1072 m?,
on,=2.004% 107 m? and ry, = 1.154, they obtain (AD}/D),, = 150 x 10~ and
(AD/ID)g, = 11x10°° (o is the spherical size parameter and r is the ratio
between the larger and smaller axis of the ellipsoid). The ratio between the

TABLE VII
Data for diffusion, thermal diffusion and thermal conductivity calculated with a loaded sphere
model for an equimolar mixture of one species with excentricity e and a sphere according to ref.
46. The ratios of the masses is 1.

AD A 4A
e°) nD Y Dr/xaxpd A©) D x 10° ?DT x 10° by x 10°
K.A.% P K.A. P K.A. P
0.00 1.0172 1.0172 0.000 0.000 1.3200 1.3200
005 1.0328 1.0328 0.0121 0.0112 1.3130 1.3116
0.10 1.0484 1.0483 0.0295 0.0262 1.3143 1.3086 0.1 0.8 4

*) K.A.: Kagan-Afanas’ev approximation, in which contributions from (W - J) J are accounted
for.

®) P: Pidduck approximation, in which contributions from (W - J) J are neglected.

%ye = m{*2I" with m = mass, { is the displacement of the center of mass from the center of
symmetry and I' is the moment of inertia.

9 nD: is given in units of (3/320%) (kT/7wm)".

°)} A: is given in units of (75/25602) (k*T/7m)"2.
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two field effects is 15, pointing to a similar ratio for the two cross sections
under consideration.

It should be remarked that in DWBA &(1%| )4z and &(i%0| 2)ap are
linearly proportional to the nonsphericity and have elastic contributions, in
contrast to S(1%9| 4)44. This means that it is not evident that B from eq. (17)
should be much less than A from eq. (16) and omitting B in the analysis of the
thermal conductivity change of mixtures as done in the literature™) is
certainly not justified. A reanalysis of the data on ¥, is given in the

appendix.

11. Prediction of the field influence on diffusion

From eq. (21) it is seen that when both the thermal diffusion change and the
thermal conductivity change are known and only one J-dependent polariza-
tion plays a role, the magnitude of the diffusion change can be calculated.
Here, no approximations have to be made about off-diagonal cross sections.
In fact, the formula remains valid for any number of orientation independent
trial functions. For the systems for which the concentration dependence of
both Dr(B) and A(B) are measured (N,-noble gas and HD-noble gas systems)
P, is calculated with the aid of eq. (21). For the mixtures of H, and D, with
the noble gases Ar, Ne and He, however, no data on the concentration
dependence of A(B) is available. For these systems ¥P is calculated using eq.
(15), where off-diagonal cross sections have been neglected with respect to
diagonal ones. The cross sections needed for this calculation have been
discussed in the former section. The resulting values for ¥ (Xnoble gas = ) are
given in table VI. These values are quite small. In a transverse type ap-
paratus'®), where D"/D is measured, one has
l Dtr

tr _ b
ox =D

Ax. (30)

With the geometry factor I/t =1, Ax =0.2 and (D"/D)max of 1X 107* for an
equimolar N,-noble gas system, the transverse concentration difference
would be 2 x 107, (The smallest concentration difference detectable with the
technique used here is about 2 X 107%.) As an example ¥P for N-He has been
calculated over the entire concentration range and is plotted in fig. 30. The
trivial concentration dependence (linearly proportional to Xuobie gas) 1S Clear. The
deviation from the straight line is caused by the difference between

200 | A
UAA@(}%% l :)AA and vAB@(}ZOO ' 4)as.



82 G.W. 'T HOOFT et al.

03 T

.Nz -He

Ve
Ve
/
02— —
/
s
v
/
v
7
/
01 / -
/
%
//
3
$210 7
s
7/
0 & ’
0 05 1
Xnoble gas

Fig. 30. Calculated concentration dependence of the diffusiomagnetic effect for N-He.

Appendix

In this section a new way of analyzing the results on the influence of a
magnetic field on the thermal conductivity of a polyatomic noble gas mixture
will be given. Here the coupling between WJJ and translational heat flux will
not be neglected in contrast to former treatments’'). It will be applied to the
data of N,-Ar, N,-Ne, N,-He, HD-Ar, HD-Ne and HD-He at room tem-
perature as obtained by Heemskerk et al.”). Eq. (13) for ¥}, is rewritten as

Aq//\') 2m 7
Fn) = 2 1 GO e+ 530 S8 D)
X {x 4044 S (1001 I Daa+ xp04S(1001 I ) ag}

F —~
_ J krot {xAUAA@(}g&I] Q)AA + xBl)AB/\‘Q(}(ZXO)(]) I Q)AB}

- \/';B{XAUAA@('}?B} | 2)AA + X505 S(i001 I Q)AB}- (A.1)

B is given in eq. (17). There appear apart from decay cross sections only 5
different production cross sections: S(19% | D, S(% [ D with kl = AA or
AB and G(1%9|5)as. The cross sections S(1%%|4as and S99 4)aa are
known for measurements on pure polyatomic gases”), (see also table V). For
S(1% | D) ap a fairly good estimate is obtained using the approximate relation

derived by Kohler (eq. (266) of ref. 24)
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- Chy ~
< }(z)g(l) A)AB ((g ) \/ '3 :% .ﬁ AB- (A.2)

This relation strictly holds for those elastic contributions that are first order in
the nonsphericity in DWBA. Thus G({% | 2)4s is known from the thermal
diffusion change in a field. Between the two remaining production cross
sections an exact relation exists (see table VIII)

32
S(1% l as = (2:) [S(1%6 I Aap + s\/s@(ozoo Dasl. (A3)

The cross section S(%% | 4)4s was determined by Burgmans et al.') (see also
table V) in the study of the viscomagnetic effect on mixtures. The two decay
cross sections S(13% | D« have been discussed in section 7. The seven cross
sections S(I0 | . and S(1%1 | 4w are calculated with Q-integrals®?*) accord-

ing to the following relations:

~(0)/1010 @
<" (ore A)AA = 1:7TCVA-Q *
~(0)1010 | A 32 mg (1.h%
o) ]6(6mA+5m B)Q
(l()lO,A)AB ]S(m +m )3{
12 13 2, 2
mEQ4P* +3mBQU0* + mampQ S * wohs,
@(0)(,0,01A) 32 (mamp)*? 55 ULk 18 0U2% 4 30 Ud% _ Q2D 152
=—cz— 7 _auedlap —a8laB AB T T AB
1010 | B)AB 15 (ma+ mp) >
(A.4)
0), 1001 2 .1
SO o01 I Daa = 3moR LN,
~ (01001 | A _ 4 mp 2 (1%
& =37 oapfdap’*.
(1001 | 4)aB =3 mat mp AB

The experimental results for F(xz) as a function of noble gas mole fraction
are fitted to the theory with only one adaptable parameter, S(1%9 | 4)4s. The
graphical results are displayed in fig. 31 for N,-noble gas and in fig. 32 for the
HD-noble gas systems. The values obtained for ©(}%) | 4)ap are listed in table

V. It is clear from these data that the magnitude of ¥?, is for a significant part

determined by the value of B(xz). Thus omitting the cross sections S(1% | Hu
is certainly not justified. The reliability with which (1% |44z and

S(19%9 18y ,,5 are obtained depends strongly on the validity of eq. (A.2), which

is a result of a DWBA calculation. The values of ®(|200| 4)ap obtained from
eq. (A.2) differ largely from those obtained in refs. 7 and 15.
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Fig. 31. The Senftleben—Beenakker effect on the thermal conductivity versus noble gas mole
fraction for N,-noble gas mixtures displayed according to eq. (A.1).
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Fig. 32. The Senftleben-Beenakker effect on the thermal conductivity versus noble gas mole
fraction for HD-noble gas mixtures displayed according to eq. (A.1).
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6.1. Consistency tests

It was verified that the measured transverse concentration difference is
linear in AT and that no effects were observed performing experiments with
noble gases. Secondly the orientation of the apparatus with respect to the
magnetic field was checked by measuring the concentration difference as a
function of the field orientation. In fig. 7 6x is plotted versus the angle x (see
fig. 4) for an equimolar N,-Ar mixture with B/p = 5.70 mT/Pa and (AT/T) =
0.0341. Fig. 7 can easily be understood if one bears in mind that the transport
tensor Dy can also be expressed by

Dy, = D3y + (D — D1)hihy — Dfehy,

where h is a unit vector in the direction of the magnetic field. When as in fig.
4, VT is in the z-direction and the magnetic field is varied according to
h=(sin x, V2 cosx, —¥V2cos x), the concentration difference in the y-
direction is given by Dr , which is given by

Dt 2 D”r—D%]
D +cos’ x D AlnT. 23)

Sx =§[sin X

At x = 7/2 and 37/2 the quantity Df/D is determined, while at y =0 and =
the quantity (D{— D#)/2D is found. As can be readily seen from fig. 7 a

T T
N, - Ar
(050-0.50) |

8x-10°

-5 |
X

] ]
/2 s 3n/2 21

Fig. 7. The angle dependence of the observed transverse concentration gradient for N-Ar
(Xnoble gas = 0.50) at B/p =570 mT/Pa and AT/T = 0.0341. The dashed curves show the separate
contribution from D (sin x) and (D — D#)/2D(cos x).



THERMAL DIFFUSION OF GAS-NOBLE GAS MIXTURES 57

misalignment of the apparatus would seriously affect the value of (D}~
D#)/2D derived from the experimental values of 8x and AT/T, whereas Dt/D
would hardly be affected. Proper alignment is ensured by orienting the
apparatus in such a way that the transverse concentration gradient observed
at =0 and y = are the same within the limits of the experimental
accuracy. It should be noted that the shape of a plot like fig. 7 depends very
much on the parameter B/p. At low B/p values a function essentially
proportional to sin y is obtained, whereas at large B/p values a function
proportional to cos’ x is obtained (see fig. 2).

6.2. Analysis of the experimental curves

The experimental results of each system —corrected for Knudsen effects —
are shown in figs. 8, 10 through 21, where double logarithmic plots of DY/D
and (D} — D#)/2D versus B/p are made. Results are shown for a particular
concentration, the results at the other composition being quite analogous. The
graphs show a unique B/p behavior.

The simplest approach to the experimental data is to fit them with the
theoretical curves of eqs. (11) with ¥T, = 0. For some systems, viz., N-Ar,
N.,-Ne and D,-He, large deviations are found for this one polarization (WIJ)
theory. This is illustrated by the dotted line of fig. 8. There the dotted curve
for DY is fitted to the experimental points (with ¥, and B/p¢,; as parameters)
making the agreement for (D} — D#)[2D rather poor. A second way to
describe the experiments using one polarization is to abandon the spherical
approximation, so that the experiments have to be fitted to the theoretical
curves of eqgs. (22). The dashed line in fig. 8 shows such a four parameter
(B/p&y», a», a; and ¥, fit made for the equimolar No-Ar mixture. The
agreement between theory and experiment is quite good and the values found
for the four parameters are: B/pé;,=4.57 mT/Pa, a,=0.727, a;=1.36 and
w7, =0.419 x 107>, However, complications arise when a comparison is made
with the theoretical results of the thermal conductivity. As stated in section 3
the parameters B/p&,,, a, and a;, determining the shape of the transport
coefficients over the entire B/p range, should be the same for Dr and A.
Consequently, also the values of (AA*/AA7),, and (AD#/ADY),, should be the
same. The value of (AA/AA)),, as determined by Heemskerk et al.") from
At and A’ measurements in the presence of a magnetic field is about 1.64 for
the equimolar N,—~Ar mixture. The corresponding value for (AD* AD})y,: as
calculated from the field parameters is equal to 1.35. This leads to the
conclusion that the thermal conductivity and thermal diffusion measurements
cannot be brought simultaneously into agreement with a single WJJ-
polarization theory by dropping the spherical approximation. It is noted, that
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Fig.8. DY/D and (D} — D#)/2D versus B/p for No—Ar (Xpote gus = 0.50). B 107 Pa; @O 133 Pa;
AN 161 Pa; ¥V 267 Pa; . ... theoretical curves of Wﬁ-polarization with the use of the spherical
approximation (eqs. (11) with ¥7,=0). (The curve of Df fitted to the experimental points and
happens to coincide with ——.); ——— theoretical curves of eqs. (22) fitted to the experimental points
(W:I.T-polarization without the spherical approximation); ——, theoretical curves of eqs. (11) fitted
to the experimental points (both WJJ and WJ-polarizations are present and the spherical
approximation is used).

when only the measurements of D(B) are considered an analysis with the use
of eqgs. (22) is consistent. This is seen in fig. 9, where the four parameters (¥h,
£, ax&1» and asé),) are plotted versus noble gas mole fraction for N,-Ne and
N.-Ar. As expected from eqs. (22), the parameters Blpai,, give straight lines
which intersect at Xpopegs =0. A third way of interpreting the thermal
diffusion measurements is to introduce an extra polarization, viz., WJ. The
theoretical curves for this case are given in eq. (11). A justification for the
choice of WJ as the extra polarization is the fact that (A /AL, for the
N,-noble gas mixtures is slightly larger than 1.5"), which suggests the
existence of a polarization odd in J. The next odd-in-J polarization available
is WWW JJJ, which is less probably by its high tensorial rank. Indeed, by
using a superposition of a dominant WJJ and a smaller WJ contribution
agreement between the two experiments is now found as will be shown in the
following sections. This procedure is also found to give a good fit to the
present data (see figs. 8, 10 through 21). The fitting of the experimental points
to the theoretical formulas is done by using a least squares method of
Marquardt as supplied by the Nottingham Algorithms Group. The parameters
¥, Blpéy,, ¥ and B/pé,, obtained in this way are listed in table IV and will



THERMAL DIFFUSION OF GAS-NOBLE GAS MIXTURES 53

mixture at pressures ranging from 100 to 270 Pa. The experimental data are
almost a unique function of B/p, as expected (see egs. (11), (12) and (22)).
From fig. § it is clear that the magnitude of the effects depends slightly on the
pressure. This is due to the finite dimensions of the apparatus. The Knudsen
corrections on the magnitude of the effects were made according to

DY _ (D%
D - ( D )mcas(] + K/p)’

Dk- Dt (DL~ D%
55 = ("5p ), 1+ KIp).

K is determined from the slope of e.g., (D/DY)max versus 1/p. In fig. 6 such a
plot is made for an equimolar N,-Ar mixture. No Knudsen effects were found
on the position on the B/p-axis. In table II the Knudsen constants for all the
systems studied are given. The Knudsen constant on the magnitude of the
thermal conductivity effect is a linear function of the noble gas concentration
according to Heemskerk et al.'’). Burgmans et al. claim that the inverse of the
Knudsen constant for the viscomagnetic effect is linear in the concen-
tration'®). For the thermal diffusion effect, however, a simple concentration
dependence of the Knudsen constant is not apparent. A possible explanation
for this difference in behavior is that, in the case of thermal diffusion, there is

10.3_ T T | llj’lll 1 1 ] IITIII :

E Nz—Ar ]

- (0.50-0.50) “ gm-“ ]

I .!.0 'q J

I %, |

&" o

10 ° @ -]

C p ]

o és ]

(g*i) T 3 ]

D measl p N -

(DT-DT) - oo -
ZD mGoss I l
B 1 L 1.1 1111 1 1 L L1 1

© 10 20

01 B/p ! mT/Pa

Fig. 5. D%/D (closed symbols) and (D{ — D+)/2D (open symbols) versus B/p for No=Ar (Xoobte gas =
0.50) at 300K (no Knudsen corrections are applied). B 107 Pa; @O 133 Pa; AN 161 Pa;
VYV 267 Pa.
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Fig. 6. Determination of the Knudsen coefficient K from the maximum of the transverse effect.

TABLE II
Mean free path correction constant K in Pa. These experimental
constants contain both “pure” Knudsen effects und corrections
for the thermomagnetic pressure difference (see text). In those
cases where the Knudsen constants for DY and D} — D+ were
found to be significantly different, the latter values are given
between parentheses.

Xnoble gas N, HD nH, nD, pH-
He 0.25 < 5 125 40 81
0.50 24 35 hh 59
0.75 11 88 56 53(-30)
0.865 102 (—30)
Ne 0.25 < 5 65 43 40
0.50 16 37 7 60
0.75 < 5 25 20 28
Ar 0.125 <5
0.25 < 5 13 55 31 73
0.50 24 <10 56 <5 52
0.75 < 5 < 5 41 45 36
0.875 < 5

a contribution from the thermomagnetic pressure difference: a transverse
pressure difference across the channel proportional to 1/p**’"). Due to the
mean free path effects on the thermal conductivity this thermomagnetic
pressure difference affects our measurements. It’s contribution is largely
suppressed by the geometry of our channel: p8p/AT « I/t, which is in our
case smaller by a factor 69 than in the case of refs. 30 and 31. Consequently,
it’s contribution, which depends on pressure as well as system, is only of the
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order of a few percent of the total bridge unbalance. It is estimated by
observing the unbalance for a pure polyatomic gas in a magnetic field, in
which case no thermal diffusion is present. It should be stressed that
corrections due to the thermomagnetic pressure difference are indistinguish-
able from “pure” Knudsen effects, since both have a 1/p behavior. There-
fore, the numbers in table II have no other value than for extrapolating the
experimental data to zero mean free path values.

Surprising experimental results for K are obtained for the system nD-—He.
When the mole fraction of the noble gas is 0.25 or 0.50 the magnitude of both
the transverse thermal diffusion ratio as well as the difference between the
two longitudinal components slightly increases with increasing pressure.
However, when the He-mole fraction is 0.75 or 0.865 — D%/ D increases and
(D}~ D#)/2D decreases with increasing pressure. The experimental results
for the two effects are corrected to a high pressure limit with different
Knudsen constants. In these cases the Knudsen constant for (D} — D)2D is
given in table II between parentheses. The reason for this strange behavior is
not clear. A possible explanation might be that for these systems the ther-
momagnetic pressure difference is quite different for the two orientations of
the magnetic field. The validity of this statement cannot be verified since the
relative sign and magnitude of the thermomagnetic pressure difference for a
polyatomic-noble gas mixture in the two field orientations is not yet known.

6. Experimental results

Experiments were performed at 300 K on the systems N»>-Ar, N,-Ne,
N-He, pH»-Ar, nH,~Ar, nH,-Ne, nH,—He, nDAr, nD,-Ne, nD,—He, HD-
Ar, HD-Ne and HD-He. All gases, except HD, were obtained commercially
and their purities are listed in table III. HD was prepared using the reaction

LiAlH, +4D,0 - LiOD + AI(OD); + 4HD.

The small quantities H, and D, that are present in the product gas were
removed using a rectification column as described by van Ee®). D, was also
fractionally distilled at 20 K to remove isotopic impurities (like HD).

TABLE 111

Purity of the gases

N, 99.99% He 99.995%
H, 99.9% Ne 99.99%
HD 99%  (isotropic)  Ar 99.99%
D, 99.6% (isotropic)




