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STELLINGEN

I

Voor het bepalen van de isotopische zuiverheid van moleculaire water
stof biedt het meten van het Ramanspectrum grote voordelen boven meer
conventionele methoden als massaspectrografie en gaschromatografie.
Met behulp van deze methode kan bovendien de concentratieverhouding
van de ortho- en para-modificaties worden bepaald.

II

In het gebied tussen 903.89 en 1337.58 K is de internationale praktische
temperatuur (EIPT-68) gedefinieerd met behulp van Pt-Pt/10% Rh thermo
koppels. Gezien de slechte reproduceerbaarheid van deze thermokoppels
verdient het aanbeveling de praktische temperatuur in dit gebied te de
finiëren met behulp van Pt-weerstandsthermometers.

III

De zg. Wang-functies worden gedefinieerd als lineaire combinaties van
functies van de form (-1) ^j k m * waar^ j  ^j k m een 8°l^unct:*-e is van
de symmetrische tol, en 8 een fasefactor. Voor 8 geldt de conditie
8 = M als M ̂  K en 8 = K als M <  K. In veel handboeken over microgolf-
spectroscopie wordt ten onrechte de voorwaarde 8 = i  |K + M |  + |  |K-M|
gebruikt.

Allen, H.C. en Cross, P.C., Molecular Vib-Rotors (John Wiley
and Sons, Inc., New York, 1963, p. 23).
Wollrab, J.E., Rotational Spectra and Molecular Structure
(Academie Press, New York, 1967, p. 25).
Gordy, W. en Cook, R.L., Microwave Molecular Spectra (John
Wiley and Sons, Inc. (division Interscience Publishers), New
York, 1970, p. 174).



IV
De mening dat sinds de 61ste vergadering van het Comité International
des Poids et des Mesures, de waarde van 2e/h (e is de lading van het
electron en h is de constante van Planck) een per definitie vastgeleg
de grootheid is, is onjuist.

Wapstra, A.H., Ned. Tijdschrift Natuurk. 39 (1973) 171.

V

De zg. thermal-creep bijdrage tot het Scott-effect is een factor 2 ho
ger dan uit de tot dusver uitgevoerde berekeningen blijkt.

Levi, A.C. en Beenakker, J.J.M., Phys. Lett. 25A (1967) 350.
Park, W.H. en Dahler, J.S., J. Chem. Phys. 56 (1972) 1955.
Burgmans, A.L.J. en Adair, T.W., to be published.

VI

In de berekening van de energie van een antiferromagnetisch Heisenberg-
systeem met kristalveld-anisotropie heeft Kubo, in de uitdrukking voor
de Hamiltoniaan, ten onrechte de nulpuntsterm behorende bij deze aniso-
tropie weggelaten.

Kubo, R., Phys. Rev. 87 (1952) 568.

VII

In een artikel getiteld "An experimental test of the Boltzmann equation:
argon" beweren Barker et al. ten onrechte dat zij een experimentele be
vestiging van de Boltzmann vergelijking geven.

Barker, J.A., Bobetic, M.V. en Pompe, A., Mol. Phys. 20 (1971)
347.

VIII

De correlaties die tot nu toe gevonden zijn in de posities van compacte
infraroodbronnen, compacte radiobronnen en niet-thermische OH bronnen
van type I, zijn in de eerste plaats terug te voeren tot de manier
waarop de onderzochte objecten geselecteerd zijn.



Het is voordeliger radio-actief afval vanaf de aarde naar verre sterren
te schieten dan naar de zon.

X

Bij het berekenen van differentiële werkzame doorsneden uit hun experi
mentele resultaten brengen Dondi et al. terecht correcties aan voor de
wijze waarop de gevoeligheid van de detector afhangt van de hoek. De
hierbij gebruikte veronderstellingen lijken echter niet gerechtvaardigd.

Dondi, M.G., Valbusa, U. en Scoles, G., Chem. Phys. Lett. 17
(1972) 137.

XI
De wijze waarop Pasmanter et al. lichtverstrooiing in dichte media be
handelen, is inconsistent.

Pasmanter, R.A., Samson, R. en Ben-Reuven, A., Chem. Phys.
Lett. 16 (1972) 470.

XII

Het moge een troost zijn dat ook de werkgelegenheid voor koningen zien
derogen af neemt.

J .P .J . Heemskerk Leiden, 26 juni 1973
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INTRODUCTION

1. General. In the presence of a magnetic field the transport properties
of a dilute polyatomic gas change1"1*). The interest in this phenomenon
stems from the fact that it provides a direct means of obtaining infor
mation on the nonspherical part of the molecular interaction. A study of
the temperature dependence of these magnetic field effects is necessary
for a meaningful test of nonspherical potentials. In this thesis meas
urements are presented on the temperature dependence of the thermal con
ductivity change in a magnetic field. This work is closely connected to
the experiments of Burgmans et al. ®) on the viscosity change in a magnet
ic field, which have been performed over the same temperature range. In
fact, their results combined with data on the volume viscosity®) are
needed for a thorough analysis of the present investigation.

In addition to the study of the temperature dependence of the effect,
mixtures of polyatomic gases with noble gases have been investigated.
This extension of the research is desirable since the interaction be
tween a polyatomic molecule and an atom is more simply described than
the interaction between two polyatomic molecules. The experiments on mix
tures have been performed at two different temperatures corresponding to
those used in the experiments of ref. 5.

2. Theory. In this section the theory of the energy transport through a
polyatomic gas in a magnetic field is considered. Using symmetry argu
ments, it can be shown that energy transport in an isotropic medium placed
in a magnetic field is in general described by the equation

2. =
where the second rank tensor X, is of the form

(1)

(2)

Here the field is chosen as H = (tf, 0, 0) and in the absence of a field
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the tensor A. reduces to a scalar, so that X = X = Xq and X*r = 0. It
is found for polyatomic gases that the quantities AX (= X - Xq), AX

/ tr(= X - Xq) and X are indeed nonzero and unequal.
In way of an introduction of these magnetic field effects, the si

tuation for a noble gas without an external field is first briefly con
sidered.

M o n a t o m i c  g a s e s  i n  t h e  a b s e n c e  o f  a f i e l d .
The distribution function ƒ of molecular velocities can be written as

ƒ  = (1 - A • VlnT), (3)

for small deviations from equilibrium. Here j is the equilibrium dis
tribution function and A "Vin T denotes the linear deviation from equi
librium due. to a temperature gradient. For noble gases the vectorial
quantity A is a function of the (reduced) molecular velocity
W = (yjpfJ U, which is the only microscopic vector occurring. Conse
quently A = A(W2)W, where A(W2) is a scalar function of W2. This means
that, in the presence of a temperature gradient, the distribution of
the velocities is no longer isotropic:

< A(W2)W > *  0 . (4)

Here < > denotes an average over the nonequilibrium distribution func
tion ƒ. Polarization in W space is therefore responsible for the trans
port of energy for monatomics.

P o l y a t o m i c  g a s e s  i n  t h e  a b s e n c e  o f  a
f i e l d .  For a gas of polyatomic molecules, the situation is more com
plicated. In this case two vector quantities must be considered, namely
the velocity W and the internal angular momentum £. As a result, the
perturbation A, which determines the nonequilibrium part of the distri
bution function, not only depends on W but also on £. Consequently A has
to be expanded in terms of all possible true vectors which can be con
structed from W and £: e.g. the combinations W x J_ and (£•£) £  occur. In
general, due to the nonsphericity of the molecules, a temperature gra-
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dient in a polyatomic gas induces, apart from the usual velocity aniso
tropy, an anisotropy in the combined velocity-angular momentum space.
Thus, the two contributions <W x £> and <(£•£) J> may be nonzero. The
two types of anisotropy in £, £  space are commonly denoted by WJ and
V[£](2) polarization respectively. This notation refers to a more general
formalism in which £  is expanded in a series of irreducible tensors in
W and £. Quite analogous to the nonzero averages above, in this formalism
the tensorial quantities <W JB> and <W - i  J2 6„ )> are nonzero;o p a p y 3 By
«. B, Y» G  (1, 2, 3).

P o l y a t o m i c  g a s e s  i n  t h e  p r e s e n c e  o f  a
f i e l d .  For a diamagnetic molecule a magnetic moment arises from its
rotation, which can be expressed as

a  ■ (5)

where uN is the nuclear magneton and g the rotational factor. In the
presence of a field the angular momenta, which are coupled to the magnet
ic moments, precess around the field direction, partially destroying the
anisotropy in £, £  space. This, in turn, decreases the anisotropy in the
velocity space, thus changing the thermal conductivity coefficients. The
field dependences of the thermal conductivity changes are given by7) :

+ *11
«11

i ♦ c!i
*12 t

«12

1 + Cl2
+ 2

1 ♦ 4C?2
> ,

♦ *11
«11

1 ♦  Cii
«12- *12 {2 ---} ,

1 + ei2

(6)

(7)

♦ *11 { «11

i ♦ Cii
} - $12 i - h i - . 2 .

1 + 512 1 + 4^12
}

where for diamagnetic gases

T _ 9 UN kT 1 H .

P<1 L *** h <Urel>0 ®CPcl00) P

(8)
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8 IcT \Here, p is  the pressure, <vrej >0 = ( ) * with y the reduced mass and
©(pqoo) is  an e ffec tiv e  cross section which is  related to the decay time
t of the polarization by the equation:

- —  = n <t>r e l>o @ tpqoo) • (10)
pq

The positive constants <Jin and \|i 1 2 » occurring in eqs. (7), (8) and (9)
give the strength of the WJ_ term and the j/[£] term respectively. The
constant t|iu w ill appear to be very small for a ll  gases studied in this
th esis . In f ig . 1 the thermal conductivity changes are displayed as a
function of H/p with i|>n = 0.

orb . un its

orb. units IO

Fig . 1. Typical behaviour o f Aa\  AA and At r  as a function  o f H/p.

3. Content8 o f  th is  th es is . In chapter I measurements are presented of
the temperature dependence o f the magnetic f ie ld  e ffect on the thermal
conductivity. Results are given for the gases N2,C0, CHi, and CDy between
85 and 300 K and for HD in the temperature region between 40 and 300 K.
From the position of the e ffec t along the H/p axis the effective  cross
sectio n @(1200) is  calculated. From the magnitude of the e ffe c t, informa-
tion is  obtained on the coupling between heat transport and V[£]v po-
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larization. The situation is, however, complicated by the fact that heat
transport in a polyatomic gas consists of two contributions: the trans
port of translational energy and the transport of internal (rotational)
energy. Therefore the magnitude of the effect is mainly determined by
two effective cross sections: - which gives the coupling
between the transport of translational energy and the £[£](2) polariza
tion - and @ ( 1200) - which gives the coupling between the transport of
rotational energy and the £[£] (2) polarization. It is shown that
^120(P and®^i200^ can obtained separately by combining our data
with results on the viscosity change5) in a magnetic field and on the
volume viscosity6). Furthermore, in chapter I the temperature dependences
and the magnitudes of the occurring cross sections are discussed. Also,
a comparison is made between our experimental results at room tempera
ture and the results from various model calculations.

In chapter II results are reported on all three coefficients of
the thermal conductivity tensor. With one apparatus the even-in-field
thermal conductivity coefficients AX1 /A and AA^/A have been measured
at 85 K and with the second one the odd coefficient Xtr/X has been meas
ured at the same temperature. It is found that the results of the two
experiments are consistent for all gases investigated (N2, CO, HD, CH4
and CDiJ.

As remarked earlier, it is useful to consider the more simple case
of the interaction between a polyatomic molecule and a noble gas atom.
For this purpose measurements have been performed on HD-noble gas and
N2-noble gas mixtures. The results of these experiments, carried out
at 85 K and at 300 K, are presented in chapter III.

Usually, only the interaction of the magnetic field with the
angular momentum £  need be considered, since any nuclear spin J is de
coupled from £  at the field strengths normally used. The influence of
nuclear spins on the magnetic field effect may be found in experiments
at low magnetic fields. In chapter IV, Xtr measurements at low fields
are used to show for HD the influence of the £  £  coupling. Qualitative
agreement is obtained with recent calculations8).

In chapter V measurements on Atr are used as a technique to deter
mine the sign of the molecular p-factor for acetylene (H-CeC-H). This
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can easily  be done since the d irec tio n  of the transverse heat flow is
determined d ire c tly  by the sign of g (eq. (9))- The reason fo r measuring
acetylene is  to  resolve the recent controversy about th is  sign9').
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CHAPTER I
THE THERMAL CONDUCTIVITY OF GASES IN A MAGNETIC FIELD:

THE TEMPERATURE DEPENDENCE

1. Introduction. A temperature gradient in a dilute polyatomic gas in
duces not only an anisotropy in the space of the molecular velocities
but also in the combined velocity-angular momentum space. The appli
cation of a magnetic field partially destroys this anisotropy and thus
changes the transport properties such as the thermal conductivity coef
ficient X 1»2»9). The change in thermal conductivity depends on whether
the field is oriented perpendicular (AX^) or parallel (AX ) to the temp
erature gradient.

The magnetic field effect on the thermal conductivity is deter
mined by the nonsphericity of the molecules, hence this effect is well
suited to study the nonspherical part of the interaction potential. For
a stringent test of an assumed nonspherical potential, measurements over
a large temperature range are necessary. Up to this time all experiments
on AX had been performed at room temperature*1), therefore an experiment
al study was undertaken to measure the temperature dependence of the
magnetic field effect on the thermal conductivity. Parallel to this re
search the temperature dependence of the viscosity change in a magnetic
field was investigated by Burgmans5). In the present work results on
AX (H) and AX (ff) are given for N2, CO, HD, CH4 and CDt, at 85, 150,
200 and 300 K. Of these measurements the 300 K results have been report
ed earlier by Hermans et at. *0. Furthermore, measurements are presented
on HD at 40, 50, 60 and 70 K. The experimental results are reduced to
effective cross sections, which describe the production and decay of the
various polarizations in the velocity and angular momentum space. For
all gases studied the temperature dependence of the cross sections is
given. From the temperature dependence qualitative conclusions can be
deduced on the various collision processes which play a role in these
effects. The experimental results are furthermore compared with calcula
tions on spherocylinders6»7) and rough spheres8»9), with calculations
on a totally elastic model (A<7 = 0, AMj = 0)18) and with trajectory cal
culations11) .
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2. Theory. I t  i s  r e c a lle d  th a t  th e o re t ic a l  expressions fo r  th e  f i e ld
e f fe c ts  can be obtained from a Chapman-Enskog trea tm ent in  which the
nonequilibrium  d is t r ib u tio n  func tion  i s  expanded in  ir re d u c ib le  tenso rs
made up from both  th e  reduced m olecular v e lo c ity  W_ and th e  angular mo
mentum J .  Taking in to  account only the  f i r s t  two ten so rs  o f  the  expan
s io n , i . e .  the  WJ_ and the  term , one ob ta ins (fo r  th e  physical
meaning o f  th ese  terms see the  in tro d u c tio n  o f  th is  t h e s i s ) 12i :

+11 {
1 + cf i

> -  +12 { -------------  ♦ 2 --------—
1 ♦ £12  1 *

CD

and
AX

X

with

+11 < 2
1 - eïi

} - lpi2 { 2
«12

1 ♦ Cl2

* kT H
pq <t>r e i > 0 @ (pqoo) ( 3)

Here g i s  the m olecular ^ - f a c to r ,  y^ the  n u clea r magneton, H i s  the
magnetic f ie ld  s tre n g th , p i s  the p re ssu re  and <v ->o = (8kT/7ry)^ with
y the reduced mass. I t  i s  c le a r  from eqs. (1) and (2) th a t  AX and AX
are unique func tions o f  H/p.  The e f fe c tiv e  cross sec tio n s  ©(1100) and

@(1200) determ ine the  p o s itio n s  o f  the curves on the  H/p a x is . They are
re la te d  to  the  decay times o f  the W J  and the  V [£](2) p o la r iz a tio n s  re s 
p e c tiv e ly . Also th e  p o s it iv e  constan ts  and ipj2 can he expressed as
a combination o f d if fe re n t  cross sec tio n s  (eq. (1 1 )). I t  i s  noted th a t
a l l  cross sec tio n s  which occur in  th is  chap te r are l i s te d  in  ta b le  I .
For a more d e ta ile d  d iscu ssio n  on the general d e f in i t io n  o f th ese  cross
se c tio n s , the  read er i s  re fe rre d  to  r e f .  13. For the  d iag o n al@ 's  the
sh o rt hand n o ta tio n ® (p q s t)  i s  used in s tead

3. Apparatus. 3 . 1 G e n e r a l .  The apparatus is  e s s e n tia l ly  the same
as the  one used by Hermans e t  a l .  **) fo r  room tem perature measurements
on AX and AX . A schem atic diagram is  given in  f ig .  1. I t  co n s is ts  o f
two p a r a l le l  p la te  c e l l s ,  one o f  which contains th e  gas to  be stu d ied
and the o th er a noble gas, thus allow ing d i f f e r e n t ia l  measurements. When



15

X" and X x

polyo t

noble

Fig. 1. A schematic diagram o f  th e  appara tus.

a f ie ld  is  switched on, the thermal conductivity o f the gas in the samp
le  c e ll  changes, thereby changing the temperature of the hot (middle)
p late. This temperature change is  recorded by means of a thermistor. By
orienting the magnetic f ie ld  appropriately, both AX and AX can be
measured separately in the same set up.

3.2 D e t  a i  1 s , The apparatus is  suspended in a vacuum jacket,
which is  immersed in a liquid N2  (or H2 ) bath. By means o f a heater,
which is  mounted between the actual apparatus and the top flange of the
vacuum jacket, i t  can be operated at any desired temperature above that
of the cryogenic liquid. For the whole range between 40 and 200 K a
su ffic ien tly  stable temperature could be obtained. Electronic noise
lim ited the resolution to about 1 x 10-1* K at both ends of th is temp
erature range. The e lec tr ica l leads to the middle plates o f the meas
uring c e lls  are made o f phosphorbronze, the thermal conductivity of
which is  not influenced by a magnetic f ie ld , in contrast to the beha
viour o f copper wire at low temperatures.

For a ll measurements, the temperature difference across the c e ll
was taken to be 10 K, except for measurements on HD below 85 K, where
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Table I

E ffec tiv e  c o ll is io n  cross sec tio n s used in  th is  chapter

@(0001)
k 1 ^  -  <§>!.)>»

^  <Ur . l >0 * *  V  H  ^

@(0010) 2 1 < ( i  -  w2)  « 0  -  »*)>o
T  <ur e l °  7  7

@(2000) I  1 « O T #  «o O T j? » *5 <»r e l>o ‘*3

€(0200)
,  ,  «0

7 < W «

@(1010)

@(1001) « < §  -  <S >o) ’ ^ >o)>0* ° i n t  r e l  0

@(1100)
2 1 « * A * o V <>0

1  <vr e l>0 <J2>0

6  0(1200)
,  W k

<Ur e l>0 </“ -  J  J 2>0

6 l(1 2 0 0 )
1 « W i V i W 0 - W i W j V '

<ur e l>0 «J** - | J 2>0

@ 2(1200)
56 J w f i* * »

7 <vr e l>0 V  -  y / * > .

n  ! < W £ >  «0 w | ? 5>»

?  <ur e l>0 -  f / 2>8• < 2 5 >

e ® <(7 ‘  ^  w  '  <® >o)>0

„ ,1 0 1 0 .
® (T200-)

m .1001.
®^1200

2 / r  1 ‘ 4  - b4) M & )>#

5 <Br e l >0 «✓ * -  t - M
. / - S T  1 < ( ^ ' - ^ o )  W - [ ^ > o

5Cin t  <l,r e l>0 < ^  -  f  j

6 '  (1000) 2 1 <hM u .>
3 <or e l>0 1 1

The summation convention has been used fo r  th e  in d ices .
The c o ll is io n  superoperator «J d if fe r s  from « 0  in  0,81 th e  c o ll is io n
p a r tn e r  does no t e x p l ic i t ly  appear in  The formal expression fo r

R i s  given in  e.g.  chapter I I I .
0  ____ ___
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AT was equal to 2 K. Since the temperature dependence of the effect is
rather small, no serious errors are to be expected from averaging over
10 K, except possibly for HD at 85 K. As a check HD has been measured
at 85 K with two temperature differences (4 and 13 K) and these two
measurements agree within 2%. The magnet used is an iron core magnet
with a maximum field strength of 25 kOe. The pressures have been meas
ured with a MacLeod manometer. For the whole temperature range one type
of thermistors has been used (Keystone type L0904-125k-H-T2). These
thermistors change in this temperature region from 10 kO at 40 K to
90 0 at 200 K. Because of rather poor reproducibility the thermistors
have to be recalibrated after each room temperature cycle. For the null
instrument in the Wheatstone bridge circuit a Keithley 150 B microvolt
meter is used, in combination with a chart recorder. Parallel to the
recorder a digital voltmeter is connected. Via a scanning device, the
null signal of the Wheatstone bridge is recorded along with the required
experimental data. In fig. 2 a typical graph of null signal V8. time is
given. The departures from the base line, corresponding to temperature
changes of the hot plate, are calculated with an exponential curve fit.
The resulting values of —r- (S) are obtained by means of the calibrations
at #6 and #8.

H I V  T field H / /V T  field
o ff o ff

col.1 ca l. 2

pesistance hea t input
change change

Fig. 2. The temperature of the hot plate us. time. CD at 200 K, p = 0.357 torr,
tt = 4 kOe.

4. Calculation scheme. For the calculation of the results the same method
has been used as in ref. 4. The temperature difference AT across the meas-
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uring cell is proportional to the energy input Q into the middle plate:

Q = G (X + A) AT . (*)

Here G accounts for the geometry of the cell, X is the thermal conducti
vity coefficient of the gas and A denotes the heat losses by radiation
and by conduction through the walls and the electrical leads. The quan
tity A is obtained by a vacuum cell measurement. Differentiation of eq.
(4), while keeping Q constant, gives

6X X + A 6T
X = - X AT (5)

where ST denotes the change in the temperature difference. Since X is
not only affected by the magnetic field, but also by the temperature

* 6 X
change induced by the field, 6X/X consists of two contributions! H /X
(in this thesis denoted by (//)) and °TX/X. Noting that also the para
sitic heat losses (A) are temperature dependent and that the average
temperature of the cell only changes by | 6T, one obtains:

X + A
X (1 + J 1 3 (X + A)

X + A 3T (6)
Thus the field effect AX/X is proportional to 6T/AT, the relative chan
ge of the temperature difference. The correction factor for the heat
losses, X *■ -A , is at most 1.4 (for N2). The correction term for the
temperature dependence of thermal conductivity and heat losses is small,
being about 3%.

In order to relate the deflections on the recorder chart to values
of AX/X, two independent calibrations are used. These were always found
to be consistent. The first calibration is performed by measuring the
deflection on the chart recorder for a given resistance change (#6 in
fig. 2; 61? = 0.01 0). Hence in the actual experiment an observed deflec
tion can be related to a resistance change of the thermistors and thus
to a temperature change. From eq. (6), -7- (1?) is then found, using cal
culated values for j and j . The second calibration, which is in
dependent of the calibration of the thermistors, is performed by chang
ing the heat input of the cell by a given amount, thus changing the
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temperature difference between the hot and cold plates (#8 in fig. 2;
SQ/Q = 1.6 x 10-3). Differentiation of eq. (4), with the condition that
S„X = 0, yields for this calibration:

«fi.
Q (1 + J 1 3 (X * A) ST

X + A 3 T } ST • (7)

As a consequence, in the actual experiment an observed deflection can
also be related to a relative temperature change. From eq. (6), (H)

is then calculated. It is emphasized that, in contrast to the first
calibration, the temperature dependence of the thermal conductivity
and the heat losses is included in the second calibration.

The value obtained for AX/X has yet to be corrected for Knudsen
effects, because in the experimental situation, the mean free path of
the gas molecules is not always very small as compared to the dimensions
of the apparatus. The Knudsen correction for AX/X is given by the equa-
tion*^:

AX = + *AX.. .AX.
X ~ 1 p J 1 X'measured ’

Also the H/p value has to be corrected for Knudsen effects:

(8)

-  = (1 + -2)-1 (-) , . (9)p p p measured

For the lowest pressures used in the experiments these corrections are
mostly about 5%, although in some cases as large as 10%. Values for the
Knudsen constants K ^  and K are obtained by scaling procedures (see
ref. 4). For a specific gas these constants are found to be proportional
to temperature (see also ref. 14). The accuracy is, however, small, be
cause of the small corrections involved. Therefore, in the final calcula
tions smoothed temperature-dependent values have been used for K ^  and K .

5. Experimental results. The gases N2, CO, HD, CH^ and CD4 have been
investigated. The purity of these gases was better than 99%, with the
exception of CDi,, which contained about 5% CHD3. In the figs. 3-7 the
magnetic field effects AX /X and AX /X are presented as a function of
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H/p for all gases at 200 K. Similar results have been obtained at 85,
150 and 300 K but the graphs are not given here since the figures are
quantitatively the same for all temperatures. The graphs of the 85 K
and 300 K results can be found in refs. 15 and 4 respectively. The re
sults obtained at 40, 50, 60 and 70 K for HD are given in fig. 8.

No at 200 K

1Q2 H/p<

Fig. 3. and Dg, K  for N2 at 200 K. The drawn line is given by theory.
0 1.128 torr; & 0.587 torr; + 0.350 torr.

CO at 200 K

Oe/topp 10'

-  for CO at 200 K. 0 0.880 torr; A 0.405 torr; «• 0.281

torr.
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H D at 2 0 0  K

Oe/torr 10

for HD at 200 K. 0 2.SO torr; A 1.95 torr; + 1.28 torr;
x 0.832 torr.

C H 4 at 2 0 0  K

aicfio3 H/pi
X t

—  and —  vs. !- for CHt, at 200 K. 0 0.619 torr; A 0.360 torr; ♦ 0.257 torr.

The solid lines which are drawn in figs. 3-8 are given by eqs.
(1) and (2) with f u  = 0. This means that only the W[J) (2) polariza
tion is taken into account. The adjustable parameters t|;i2 and © ( 1.200)
are chosen so that the best fit to the experimental AX points is ob
tained. Since AX /X and AX /X are described fairly well with one settained. Since AX /X and AX /X are described fairly well with one set
of parameters, it may indeed be concluded that the dominant contribu
tion to the effects stems from the V[£](2) term. This is in agreement
with results obtained earlier at 85 K and 300 K. As discussed in pre-
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C O, at 200 K

5.10 2 103 H/p_ O e /to rn  106

Oe / tonn 10'

40 K 50 K 60 K 70 K
0 0.772 torr • 0.640 torr 0 0.362 torr • 0.636 torr
A 0.292 torr k 0.640 torr A 0.292 torr k 0.389 torr
+ 0.621 torr ♦ 0.257 torr ♦ 0.686 torr ♦ 0.256 torr
X 0.241 torr ■ 0.892 torr ▼ 0.462 torr

▼ 0.422 torr
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1 #
Fig. 9. AX /AX at saturation as a function of the relative strength of the WJ term.

vious papers1*»15), a more sensitive method for evaluating the importan
ce of the W J term is found by studying (AX /AX ) ., the ratio of1 7" . sat
AX /X and AX /X at high H/p values (see fig. 9). Moreover, this ratio
is determined quite well experimentally since systematic errors cancel.
Estimating from this ratio the strength of the W_ J_ term, one finds
that the influence of this term slightly increases with temperature
(see table II). However, the contribution of the W J term to the sa
turation value of AX/X is always small (at the most 3% for N2 and 5%
for CH4). Hence it seems reasonable to consider only the J/[£] (2) po
larization in the analysis of our data. As will be discussed in appen
dix B, there are more reasons why small deviations (of the order of a
few percent) from eq. (1) and (2) can occur in the description of
AX/X. It appears to be impossible to disentangle these different effects
and they will therefore not be taken into account. This may introduce
some systematic errors in the values of the experimental cross sections.

Table II

at various temperatures

85 K 150 K 200 K 300 K

n2 1.50 ± 0.03 1.54 + 0.02 1.57 ± 0.02 1.57 ± 0.015
CO 1.49 ± 0.03 1.51 ± 0.02 1.51 ± 0.02 1.52 ± 0.015
HD 1.49 ± 0.03 1.50 ± 0.02 1.50 ± 0.02 1.51 ± 0.015
CH4 1.53 ± 0.03 1.54 ± 0.03 1.60 ± 0.02 1.655± 0.015
CDi* 1.50 ± 0.03 1.52 ± 0.03 1.58 ± 0.02 1.60 ± 0.01s
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Table III

Experimental results at various temperatures

T

(K)

1 ,. 103sat

(i o 3 t 2£-)v torr

~,1001.
®^1200^

(A?)

6(1200)

(A?)

6(1200)

n2

82.0 9.6 ± .5 17.0 7.1 86 2.0
152 12.8 ± .6 8.4 6.2 59 1.8
199 12.7 ± .6 6.3 5.3 51 1.7
300 12.2 ± .6 4.8 4.6 48 1.8

CO

82.2 7.1 ± .4 18.6 6.9 93 2.1
150 11.0 ± .5 9.7 5.7 66 2.0
199 11.9 ± .6 7.2 4.9 56 1.9
300 12.3 ± .6 5.15 4.3 49 1.8

HO

38.2 .57 ± .09 8.5 ± 1 0.45 23 1 3 0.94
49.6 1.1 ± .1 6.8 ± .7 21 ± 2 0.96
60.0 1.6 ± .1 5.9 ± .4 20 ± 1.5 0.98
69.5 1.8 ± .1 5.1 ± .4 19 ± 1 0.96
86.2 2.1 ± .1 4.6 0.87 18.6 1.02
150 2.3 ± .1 2.9 16.0 1.00
199 2.1 ± .1 2.4 14.8 0.99
300 1.9 ± .1 1.8 0.67 14.0 1.00

(Hi,
81.6 1.95 ± .1 26.4 116 2.0
153 2.9 ± .1 13.0 3.2 78 1.9
200 2.9s ± .1 9.1 2.7 62 1.7
300 2.75 ± .1 6.8 2.0 57 1.8

CD,,

81.8 2.3 1 .1 43 106 1.9
ISO 3.6 1 .1 21.3 71 1.7
200 3.5s t .1 15.3 59 1.6
300 3.2 ± .1 11.5 54 1.7
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In table III, (AX /X)Ja^ and (#/p)j are given as derived from our
measurements. Here (AX /X) is the saturation value of the AX /X curvez X . sat .
and (H/p), is the H/p value for which the AX /X curve reaches half this

2 1 isaturation value. The accuracy in (AX A)sat and (H/p)^ is 5% with the
exception of the HD measurements between 40 and 70 K. For these measure
ments the accuracy is 15% at 40 K, 10% at 50 K and 7% at 60 and 70 K.
For three reasons these measurements are less accurate: (i) (AX^/X)g t
decreases with temperature, (ii) the temperature drop across the cell
was taken to be only 2 K, (iii) at 40 K the correction for the magneto
resistance effect of the thermistors is quite large (at the highest
field, this resistance change corresponds to 17% of (AX /X) ).sat

-e*— o— —

Fig. 10. ©(1200) V8. temperature for N2, CO, HD, CHi* and CDi*. The dashed line for HD
corresponds to the elastic theory.

5.1 T h e p o s i t i o n  o n  t h e  H/p a x i s .  The AX /X curve
reaches its halfvalue for £12 = 0.6248 (see eq. (1)). Inserting this
number in eq. (3), one obtains the relation between ©(1200) and (.H/p).:

©(1200) kT JU
0.6248 h <v ,>0 ^  *rel u

(10)

For all gases investigated, values for @(1200) have been obtained as a
function of temperature (see table III and fig. 10). For HD the experi
mental behaviour of @(1200) is compared in fig. 10 with the temperature
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dependence of ®(1200) in a completely elastic model. In such a model,
which keeps J_ fixed during collisions (thus AJ = 0 and AM. = 0),
®(1200) = ira2 tit1 . 1 ) for small nonsphericity ( a  is the molecular
diameter and fi(1»1)*is a collision integral as defined in ref. 20). It
is seen from fig. 10 that for HD the cross section ® ( 1200) is described
well by the elastic theory as should be expected since, for this gas,
changes in J or M T are rare. For the other gases it is found (table III)

V

that the experimental values and the elastic theory values o f ® (1200)
differ roughly by a factor of two. This should be attributed to reorien
ting (AM. té 0) and energetically inelastic (AJ #  0 collisions).

V

Fig. 11. (—r—) V8• temperature for N2, CO, CHi* and CD»».

1
Fig- 12. ua. temperature for HD. The triangular symbols are obtained from ref. 16.
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5. 2 T h e  m a g n i t u d e  o f  t h e  t h e r m a l  c o n d u c 
t i v i t y  c h a n g e .  In f ig s .  11 and 12 th e  s a tu ra tio n  values

o f AX /X are  p lo t te d  vs. tem perature fo r  the  f iv e  measured gases. I t
i s  seen from f ig .  12 th a t ,  in  th e  case o f  HD, (AX /X) decreases s tro n g 
ly  below 85 K. This i s  a consequence o f  the  fa c t  th a t  a t  th ese  low temp
e ra tu re s  only a sm all f r a c t io n  o f  the  HD m olecules i s  ro ta t in g  (see  r e f .
1 6 ) .In  f ig .  12 the  r e s u l ts  o f  r e f .  16 are  a lso  d isp lay ed . These d a ta
were in  fa c t  obtained on (X r /X)mny, which d i f f e r s  only by a t r i v i a l
fa c to r  from (AX / ^ ) sa .̂ (see chap te r I I ) .  The agreement between th e  da ta
from the  two experim ental sources i s  q u ite  good.

For a l l  gases the  param eter ipi2 i s  ob tained  from (AX /X) (o f.
e<l* ( ! ) ) •  This q u an tity  i s  determ ined mainly by two nondiagonal cross

se c tio n s ,@ (^ 2oq) ant*®^1200^" ^ ese cross sec tio n s  a re  coupling con
s ta n ts  which d escrib e  th e  p roduction  o f th e  V [£](2) p o la r iz a t io n  due to
th e  tra n sp o r t  o f  t r a n s la t io n a l  and ro ta t io n a l  energy re s p e c tiv e ly . The
f u l l  expression  fo r  1)112» which con ta ins s ix  d if f e re n t  cross s e c tio n s ,
i s  given by:

t l - 1 1 w 1010.
*®^1200^ [©(1001) +]r Ci n t _ ,1 0 1 0 . ,

4 m \0 <vr e l >o © (1200) 5k ®<1001J ]

„ ,1 0 0 1 .
® ^1200^

r/^.1010.
^ 1 0 0 1 ^  + '

t K n t
' 5k @(1010) ]}2

w ith D =@ (1010) @(1001) - ®(}qo° ) 2 .
Five o f  the  occurring  @'s can be gleaned from o th e r experim ental so u r
ces (e.g. viscom agnetic e f f e c t ,  sound ab so rp tio n ), using  exact r e la t io n s
which e x is t  between d i f f e re n t@ 's  (th ese  r e la t io n s  a re  l i s t e d  in  ta b le
IV). The remaining cross se c tio n  @ (J^qJ) can be determ ined from 1)112. A
d e ta ile d  treatm ent o f the  c a lc u la tio n  scheme i s  given in  appendix A.
Values fo r  a l l  cross s e c tio n s , a r is in g  in  the  c a lc u la tio n , a re  given in
ta b le  V fo r  the  gases in v e s tig a te d . In f ig .  13 the  tem perature depen
dence o f  @(1200) i s  shown fo r  N2, CO, HD and CH4 . The gas CD,, does not
occur in  the  graph as th e re  e x is t  no d a ta  on th e  magnetic v is c o s i ty
change o f  th is  gas a t  low tem peratu res. For HD no sound-absorp tion  da ta
between 77 K and 300 K are  a v a ila b le . To estim ate  th e  e r ro r  in
a l l  experim ental numbers used were v aried  w ith in  t h e i r  known to le ra n c e .
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T able IV

Exact r e la t io n s  betw een c ro ss  s e c tio n s

@(1010) = -@ (2000) + ! -jp ï-S(O O O l)

^ ,1 0 1 0 , 1 l / 5Cintv>« t i o o i 5 = 3  r - z r - e c o o o i )

@(0001) - 4  *L 6 (0010) =

Approximate r e la t io n s

(h igh  tem p era tu re  l im i t  f o r  hom onuclear d ia tom ics
w ith  sm all n o n sp h e r ic ity )

@(0001) *  /  30 ' ^ 6 ( S )
m t

@0( 1200)» ® ^ ° )  ( 1200) + @(0200)

7@(iooi) »e(°) (looi) + j  -^@(oooi)

©(2000) *@ c°^ (2000) + y 4 ^ j p @ ( 0 0 0 1 )

The symbol (°) deno tes th e  e l a s t i c  l im i t .
Note t h a t ® (1200) = ® (°) (1001) = @ '(1000) = j  iro ^C 1*1^*
where © '(1000) i s  th e  d i f f u s io n  c ro ss  s e c t io n .

The extrem e v a lu e s , found in  t h i s  way f o r  @ (i200) * a re  in d ic a te d  i n
f ig .  13 by e r r o r  b a r s .  These e r r o r  b a rs  may seem la rg e  in  com parison
to  th e  s c a t t e r in g  o f  th e  in d iv id u a l 20tP p o in ts ,  b u t i t  shou ld  be
n o ted  th a t  f o r  th e  d a ta  from th e  o th e r  experim ents smoothed v a lu es  were

tak en . A remark w ith  r e s p e c t  to  s ig n s :  The s ig n  °^@ (i20Cp can
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Fig. 13. ® (1200^ V 8 ’ temperature for N2, CO, HD and CHi,. The dashed line is the theore
tical curve for the completely elastic model with the nonsphericity parameter
6 equal to 0.37.

tained from experiments on flow birefringence, using an exact relation
between © C ^ q q) a n d © ^ » ^ ) .  Negative signs forS^^gg) have been found
for N2 17), CO and HD18). For©(J|?j?^) it has not yet been possible to

1001measure the sign directly. In our calculations © ( ^ q q) is taken positive
which is in agreement with the results from model calculations.

6. Discussion. This section starts with a discussion of some general
trends in the behaviour of the various cross sections which have been
obtained. The N2 results will be used as an example; however, the same
conclusions also hold for CO, CHq and CDq. HD, which behaves different
ly, will be treated separately. Figs. 14 and 15 show for N2 the various
cross sections as a function of temperature. In order to bring out
some features of the behaviour of the differentS's more clearly the
same results are plotted in figs. 16 and 17, but now scaled by the va
lue of @(2000), the effective cross section for the (field free) vis
cosity.

6.1 R e l a t i v e  m a g n i t u d e  o f  t h e  d i a g o n a l
e f f e c t i v e  c r o s s  s e c t i o n s .  It is seen from figs.

14 and 16 that ©  (0200) is rather large and of the same order as@(2000),
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Decay of:
€>(1200)Kagan pol.

€>(1001) ro t  h ta t  transp .

6 ( 0 2 0 0 )  pol. v
( £  (2 0 0 0 )  W°W pol.

6  (1010) t ra n s l .h a a t  tra n sp .

V  (OOOI ) r o t .  e n e rg y

Fig. 14. The diagonal cross sections of N2 as a function of temperature.

Coupling between:
ro t.  heat tra n s p  and Kagan pol.

poL and W W pol.

transl. hea t transp . and Kagan pol.

Fig. IS. The nondiagonal cross sections of N2 as a function of temperature.

th e  v i s c o s i ty  c ro ss  s e c t io n .@ (0001) i s  a p p re c ia b ly  sm a lle r  th a n © (0200).

T his l a s t  r e s u l t  i s  n o t u n rea so n a b le , s in c e  th e  decay o f  [£] C2'  p o l a r i 
z a t io n ,  as d e sc r ib e d  by © (0200), occu rs b o th  by r e o r ie n ta t io n  (AcT = 0 ,
AM ¥= 0) and by i n e l a s t i c  (AJ =*= 0) c o l l i s i o n s ,  w h ile  © (0001), which des-

V . . .
c r ib e s  th e  decay o f  r o ta t io n a l  energy i s  a f f e c te d  by i n e l a s t i c  c o l l i s io n s

o n ly . M oreover, f o r  gases l ik e  N2 > where th e  most p ro b ab le  J  v a lu e  i s
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€ ( 1 2 0 0 )

C ( ---- )

Fig. 16. The diagonal cross sections of N2 scaled by @(2000).

1200

0200
2000

1O10
12006(::::)

6(2000)

300
Fig. 17. The nondiagonal cross sections of N2 scaled by ©(2000).

about 8, energetically inelastic collisions (AJ  *  2) give a rather small
contribution to the cross section@(0001), because this quantity is es
sentially a measure of the relative internal energy change per collision.
'̂ 1̂ s contrast to the situation for @(0200), since reorientation
collisions with large M j  transitions are quite probable. Consequently
there is a large difference between the magnitudes of @(0001) and@(0200).



Table V

@(0001) 6(0010) @(2000) 0CO2OO) 6(1010) 6(1001) 6  Cl200) • < 3 5 > s ® 6 '(0 1 0 0 ) 6 '(0200 )

source

/—
a

CM► \ n #{"5) H and n X#n and n 6 , a t S) \ O s a t C ^ s a t N.M.R.39»30) N.M.R.30)

n2

T -  82 K 24 16 56.3 60 51 62 86 2.8 12.5 -1 .25 7.1

152 15 9.7 43.2 39 37 46 59 2.2 7.6 -0 .97 6.2 27

199 11 7.2 39.0 30 32 37 51 1.8 5.7 -0.82 5.3 27

300 7.6 5.1 35.0 24 27 .5 30 48 1.5 4.0 -0 .67 4.6 27

GO

82.2 33 22 54.5 83 55 83 93 3.1 17 .5 -1 .35 6.9

150 21 14 44.5 52 41 51 66 2.7 11 -1.20 5.7

199 15 10 40.7 40 36 41 56 2.4 8.1 -1.10 4.9

300 11 7.0 35.5 33 29.* 32 49 2.0 5.5 -0.91 4.3

HD |sj

40 2.7 1.9 31.3 3.2 22.5 26 23 0.64 1.45 -0.29 0.45 3.2 3.3

50 28.8 3.1 21 0.64 -0 .285 3.1 3.0

60 26.7 3.0 20 0.60 -0 .265 2.9 2.9

77.3 2.0 1.4 24.5 3.0 17.5 19 19 0.52 1.7 -0.23 0.87 2.8 2.8

150 20.9 2.6 16 0.39 -0 .17s 2.25 2.6

190 19.8 2.5 15 0.33 -0.150 2.0 2 .5s

300 1.1 0.76 18.7 2.3 13.0 IS .5 14 0.29 0.60 -0.130 0.67 1.7 2 .45

CHi*
82 15 15 116 9.9

153 11 11 55.7 69 46 52 78 1.7 6.8 -0 .75 3.2 32.5

200 8.2 8.2 49.4 46 40 43 62 1.35 5.3 -0 .60 2.7 25

300 5.3 5.3 42.4 33 33 29 .5 57 1.05 3.4 -0.47 2.0 17.5
CDi*

81.8 106
150 71

200 9.0 9.0 59 5.8
300 6iU 6.0 54 3.9
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The effective cross section ©(1200), describing the decay of the
y[j](2) polarization, is larger than @(2000) by about a factor 2. This
reflects the fact that @(1200) is not only sensitive to changes in IV but
also to changes in J. Completely elastic collisions (AJ = 0, tMj = 0)
would make @(1200) *@'(1000), i.e. the diffusion cross section, which
is nearly equal to the cross section for the viscosity. One can summarize
the experimental situation by a rule of thumb: All decay times (diagonal
cross sections) are of the same order of magnitude (equal within a fac
tor 2). The exception is the rotational relaxation cross section@(0001),
which is always somewhat smaller. This observation is confirmed by a
study of CO and also holds for more complicated molecules such as CHi*
and CDi* (table V) .

HD behaves differently. The nonsphericity is so small and the ro
tational level spacing so large that both reorientation and energy ex
change take place very slowly. Both @(0200) and @(0001) are much smal
ler than@(2000). Collisions in HD are nearly elastic. Consequently there
is a group of effective cross sections involving V and J that can be
treated as purely elastic: @(1001) and @(1200) reduce to©'(1000) (see
fig. 18). Furthermore, it is noted that the difference between @(0200)
and @(0001) is much smaller for HD than for N2. The reason is that for
HD, where J ** 2, any energetically inelastic collision changes the ro
tational energy of the molecule dramatically.

6 . 2 R e l a t i v e  m a g n i t u d e  o f  t h e  o f  f-d i a g o n a 1
e f f e c t i v e  c r o s s  s e c t i o n s .  The coupling between

polarizations as described by the off-diagonal effective cross sections
is weak. They are at least a factor 10 smaller than the diagonal ones
and vary greatly among themselves. The fact thatS^^gg) >> I®^i200^
can be explained on the grounds that all collisions contribute to
®(i 9nib (coupling between rotational heat flow and Kagan polarization)1200 1010while the main contribution to ®(j2 0 0  ̂ (coupling between translational
heat flow and Kagan polarization) stems from inelastic collisions (ref.
19).
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© 0200)

Fig. 18. The diagonal cross sections of HD as a function of temperature.

0.75

Fig. 19. The nondiagonal cross sections of HD as a function of temperature.

6.5 T h e t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  e f 
f e c t i v e  c r o s s  s e c t i o n s .  The temperature dependen

ce of effective cross sections involving J_ is in general somewhat strong
er than those containing only W_. Both reorientation and inelastic col
lisions are favoured at lower temperatures. Contributions to this
temperature dependence arise from the decreasing gyroscopic stability
at lower J values and the increased importance of the attractive field
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at lower relative velocities of the colliding molecules. The latter af
fects both inelastic and reorientation collisions.

The situation is different for the lighter molecules such as the
hydrogen isotopes, which have a large level spacing. This implies that
the availability of energy becomes a bottleneck, thereby inhibiting
some processes. As a consequence only a fraction of the HD molecules is
rotating in the temperature region studied, so eqs. CIO) and (11) are
in fact not valid. On the other hand an analysis of HD as a mixture of
rotating and nonrotating molecules seems impossible due to the lack
of detailed information of the © ' s involved. Therefore, also for HD the
same calculation procedure has been applied as for the other gases. This
results in an anomalous behaviour of HD as illustrated in fig. 19.

6.4 A c o m p a r i s o n  b e t w e e n  e x p e r i m e n t  a n d
m o d e l  c a l c u l a t i o n s .  Until now general trends have

been discussed and the different@'s have been compared. Actually it
would be desirable to compare the experimental ©*s with the results
from model calculations. Since this is quite a difficult task for rea
listic potentials, our considerations will be confined first to several
hard core models. In addition two soft core models will be treated.

6.4.1 H a r d  c o r e  m o d e l s .  Of course the results of these
models are to a certain extent unsatisfactory, because the resulting
cross sections are temperature independent. At present calculations
have been performed for two nonspherical hard core models. These can
be compared with our experimental results at room temperature.
T h e  s p h e r o c y l i n d e r  m o d e l .  With this model Cooper
and Hoffman6»7) calculated several effective collision cross sections,
using adjustable parameters for the size and nonsphericity of the mole
cules. For N2 the size parameter <o>* which is the average cross section
al area, is taken equal to 12.5 A  2 and the nonsphericity parameter R
is taken equal to 1.169. (Note that R which is the ratio between the
major axis and the width of the spherocylinder, equals 1 in the spheric
al limit). A comparison of the model calculations with the experimental
data at room temperature is given in table VI. As can be seen, the
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Table VI

A comparison between model and experiment at 300 K

N,
rough sphere model

spherocy1inder experimental expression calculated experimental
model value

Cin units — — ---)
value value

(A2) (A?) (A?) (A?)
4 ( k+ 1 )2

@  ( 0 0 0 1 ) 13.4 7.6 15
“3 * 3.19 5.3

© ( 0 0 1 0 ) 8.96 5.1 16
T  * 3.19 5.3

© ( 2 0 0 0 ) 40.6 35 if (13|C+6) 42.5 42

© ( 0 2 0 0 ) 13.3 24 |  ( 1 0 k+3) 33.5 33

© ( 1 0 1 0 ) 34 .S 28 4  (34k+8) 31.0 33

@ ( 1 0 0 1 ) 37.0 30 j  (2 k2+2k+ 1 )3 5 .3 30

© o ( 1 2 0 0 ) 35.9 48 I- ( 2 0 k 2 +
5 +20k+13) 67.3 57

© 1 ( 1 2 0 0 ) 0 2 K 1.60

@ 2 ( 1 2 0 0 ) 4.31 31.6

g . f . 0 2 0 0 . ,
L 2 0 0 0 J

2.45 1.5 | / 6 k 1.96 1.06

©(HU0)
' n 1 0 0 1 J

7.08 4.0 40
37TT K 2.06 3.4

@(1°10)
l 1 2 0 0 J

- 1 . 1 0 -0 .67 4 / r
• T / T K -0 .87 -0 .48

@ ( 1001)® l 1 2 0 0 J
3.76 4 .6 j  / 2  ( 2 k  + 1 ) 14.9 2 . 0

agreem ent betw een model and experim ent i s  n o t v e ry  good. T his i s  e s 
p e c ia l ly  t r u e  f o r  th e  n o n t r iv ia l  c ro ss  s e c t io n s ,  i.e. th o se  w ith o u t
a s p h e r ic a l  c o n tr ib u t io n . In  p a r t i c u l a r  i t  i s  n o t p o s s ib le  to  o b ta in
w ith  t h i s  model c o r r e c t  v a lu es  f o r  b o th  th e  i n e l a s t i c  (Aê  ^  0) and th e
r e o r ie n ta t io n  (AMT =£ 0) c ro ss  s e c t i o n s , @(0001) a n d @ (0200). As a con-

V

sequence th e  sp h e ro c y lin d e r  model does n o t g ive  s im u ltan eo u sly  p ro p e r
v a lu e s  f o r  th e  m agnitude and th e  p o s i t io n  o f  th e  m agnetic f i e l d  e f f e c t

on th e  v i s c o s i ty  (se e  f i g .  9 o f  r e f .  6 ) .
T h e  r o u g h  s p h e r e  m o d e l .  For t h i s  model c a lc u la t io n s

have been perform ed by McCourt, Knaap and Moraal®»®). By w r i t in g  t h e i r
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results (which are presented as collision integrals) in terms of ® ' s,
the expressions as listed in table VI are obtained. For CHi, (with the
roughness parameter k = 0.05 and the molecular diameter a = 4.1 A) the
rough sphere results are compared with the experimental data at room
temperature. Again the agreement between model and experiment is not
very good. Especially for ©(^oo^ t*ie rough sphere value is almost an
order of magnitude too large. This result is not too surprising since,
as is well known, the rough sphere model is rather unrealistic and
even pathological in the k -»• 0 limit.
6.4.2 S o f t  c o r e  m o d e l s .  Both above mentioned hard core
potentials give rather large deviations from the experimentally deter
mined values of the various ®'s. In order to obtain a better agreement
between theory and experiment it seems necessary to include also the
attractive part of the intermolecular potential. Furthermore, a soft
core potential is needed for describing the temperature dependence of
the © ' s.
T h e  c o m p l e t e l y  e l a s t i c  m o d e l .  The most simple
nonspherical soft core model is the completely elastic model, intro
duced by Kagan and Maksimov10). This model does not allow J or Mj
transitions, thus J is fixed during the collision. Using an approach
with a P2 angle dependent term in the scattering cross section, the
following expressions are obtained in an approximation retaining terms
up to order B:

®(1010.1200J = 0 (12)
and

@( 1001.
1200J 6 it a2 (2£1̂ 1*1) - n(2»1) ) , (13)

where 8 is the strength of the P2 term and a is the molecular diameter.
Using values for e/k and a, the cross section ©(J^q q) can easily be
calculated from the collision integrals fi(1»1) and fit2»1) . In contrast
to fit1»1) , the quantity r C2*1̂  is not tabulated in ref. 20 and must be
obtained from the differential equation

dfl(2»
AT* 3r(2.D* SRC2-2)* .+ (14)
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I t  i s  c le a r  th a t  th is  model can only give a good d e sc r ip tio n  fo r the
hydrogenic gases, where indeed re o rie n tin g  and in e la s t ic  c o ll is io n s
seldom occur. In f ig .  13 fo r  HD between 40 and 300 K th e  experim ental
cross sec tio n  @ ( i 2 0 (V *s comPared w ith the  e l a s t i c  model value ( B  is
taken equal to  0.37 in  order to  f i t  with the experim ental value a t  room
tem peratu re). The Kagan and Maksimov model, which i s  c la s s ic a l ,  can o f
course no t account fo r  the decrease o f © ( ĵ qq) a t  low tem peratures.
Furtherm ore, i t  i s  noted th a t ,  s t r i c t l y  speaking, HD cannot be described
by a P2  in te ra c t io n .

T h e  e x p o n e n t i a l -  6 p o t e n t i a l  m o d e l .  This model
is  a t  p re sen t th e  most r e a l i s t i c  nonspherical model fo r  which ca lc u la 
tio n s  have been performed. These c a lc u la tio n s  have been c a r r ie d  out by
Malone11) fo r  HD a t  room tem perature. In co n tra s t to  th e  preceding model
ca lc u la tio n s  these  are  so ca lle d  tr a je c to ry  c a lc u la tio n s . The p o te n tia l
used is  an ex ponen tia l-6 , o r M odified Buckingham, p o te n tia l  o f the form

= 1 - e'é7a t t 1 + B cos2 6 " i ) )  §  exP [« (1 -  £  ) ]
m

-  (1 + D (f  cos2 6 -  ! ) )  (^V) . C15)

This is  a five-param eter p o te n tia l  in  which e is  the depth o f  the  po
te n t i a l  a t  the  minimum; i s  the  value o f  r  fo r  the  energy minimum;
a i s  the  steepness o f  the  exponential rep u ls io n  and B and D are  the
n o n sp h e ric itie s  o f  a rep u ls io n  and a t t r a c t io n  re sp e c tiv e ly . S ince the
p o te n tia l  o f eq. (15) i s  a P2  in te ra c t io n ,  i t  i s  only v a lid  fo r  l in e a r
symmetric m olecules. Malone assumed, however, th a t  th is  p o te n tia l  a lso
ap p lies to  HD i f  th e  in te ra c t io n  i s  measured from th e  geom etrical cen
t e r  ra th e r  than from the ce n te r  o f mass. The p o te n tia l  param eters fo r
HD are then the  same as fo r  H2  (e = 0.069 kcal/m ol; r = 3.45 A, a =
11.5, B = 0.25 and D = 0 .1 1 ). By choosing th e  t r a je c to r ie s  o f th e  two
c o llid in g  p a r t ic le s  in  a s p e c if ic  way i t  was p o ss ib le  to  o b ta in  conver
ging values o f the  various @ 's a f te r  a r e la t iv e ly  small number o f  c a l
c u la tio n s . In ta b le  VII the  c a lc u la ted  values a re  compared w ith the
experim ental cross s e c tio n s . The agreement is  q u ite  good fo r  a l l  cross
sec tio n s except@ (0001), which d if f e r s  by about a fa c to r  o f two.
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Table VII

A comparison between t r a je c to ry  ca lc u la tio n s  and experiment
fo r  HD a t  300 K

cross n o ta tio n ca lc u la ted experim ental

sec tio n o f r e f .  11 value ( r e f .  11) value

(A2 ) (A2)

@(0001) ,0001,
L0001J (2 .1) 1.1

@(0010) 2 ,0010,
3 l0010J (1 .4) 0.76

@(2000) -  ,2000,
z 12000J 18 19

©(0200) 15 ,0200,
4 ‘•0200•* 2.7 2.3

©(1010) 4 ,1010,
5 l 1010J (13) 13

©(1001) 2 r1001 ]l 1001J
13 13

@o(1200) 5 ,1200,
1  l 1200j3 14 14

@1 (1200) 15 ,1200,
4 l 1200Jz

-0 .07

@2(1200) 15 ,1200,
2 l 1200J l 1.1

O
 O

O
 O

CN O
O

 04
v—*
<$> /15 ,0200,

v  2 l 2000J 0.27 0.29

© (101°)
® 4 o o i-*

. 4  r1010]5 l 1001J 1.1 0.60

@f i ° 10)
'-1200-'

U  rl010,
■/6  I1200J -0.12 -0 .13

_,1001,
®*-1200^

/15 rlOOl,
,' 1 5  *T200-* 0.69 0.67

I t  may be noted a t  th is  p o in t th a t  exact r e la t io n s  e x is t  between
some o f  the S 's  ( ta b le  IV). These re la t io n s  have been used fo r  an in 
te rn a l  consistency  check on the d if f e re n t  model c a lc u la tio n s , no in 

co n sis ten c ie s  were found.
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Table VIII

A test of the relation @(1200) »©(°)(1200) + j @(0200)

gas T @(1200) ©  C°) (1200) +-©(0200) ratio of
(K) (A2) (A2) columns 3 and 4

n 2 82 86 113 0.76
n 2 152 59 78 0.76
n 2 199 51 65 0.78
n 2 300 48 54 0.88
CO 300 49 64 0.76
HD 300 14 (17) (0.83)
c h4 300 57 (71) (0.81)

6 . 5 A p p r o x i m a t e  r e l a t i o n s .  Apart from the above men
tioned exact relations, Moraal and Snider2*5 also derived a set of ap
proximate relations between different ©'s neglecting terms higher than
second order in the nonsphericity (table IV). These approximate rela
tions, which should hold at higher temperatures for homonuclear diatom
ics, have been tested for the above models. They were found to hold per
fectly for the spherocylinders, whereas they do not work for the rough
sphere and the loaded exponential-6 potential (HD), as should be expected.

In ref. 22 the validity of some approximate relations is investiga
ted. With the present experimental results it is possible to test another
one of these relations, namely:

©(1200) «©(0) (1200) + |-@(0200) (16)

Using ©(°) (1200) = ira2 fit1»1) and using the data of ref. 5 on ©(0200),
the values as given in table VIII are obtained. As seem from this table,
for all gases significant deviations are found. Also for N2 , which has a
P2 interaction, the deviations are large, especially at low temperatures,
(fig. 20). It is not clear, why the approximate relations discussed in
ref. 22, hold much better than the one studied here.
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@

10

• @<o,(1200)+ -g @(0200)

o @ (1200)

I
10

Fig. 20. A te s t  for N2 o f  the approximate relation  6(1200) » 6 (° )(1 2 0 0 ) + ^-6(0200).

Appendix A. T h e  d e t e r m i n a t i o n  o f  ®Ĉ 200̂  f  r ° m
(AA /A) To determine @(J™) one needs apart from the data onI sat • lfcUU
(AA /A) and (fi/p)7, which are presented in this thesis, five othersa t 9
experimental quantities: (i?/p), , the position along the H/p axis of
the magnetic fie ld  effect on the viscosity; (An/n)sa.j., saturation
value of this e ffect5); Ao, the fie ld  free thermal conductivity1*»23) ;
n0, the fie ld  free viscosity23, 21*) and n , the fie ld  free volume v is
cosity25»26' 27 .̂

From no, (S/p) 1 , (An/n) .. and n the cross sections @(2000),
0200 * ,n  s a t  v@(0200),® (“qqq) and© (0001) are obtained:

<urel>0 ®C200°) ’
(17)

ê- 1 , = -1— 1------ 7“sr <V .>0 0 (0 2 0 0 )P i»ni \g\ UN KT rel 0

n sat ♦02
@f0200l 2® l 2000J

@ (2000) @(0200)

(18)

(19)

and
< W *

V i
n 3.2

tA  + 2̂ <wre i>°® (°001)
( 20)
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Also th e  expressions fo r  Xo and (AX /X) (= -3 i|>i2) a re  needed in  the
1001c a lc u la tio n  °f® C 1200^ ‘ These equations a re  given by

, 5 k zT 1
X° = 1 —  7 { © (1001) . . r

C Cin t  ^ , 1010,* . 2 in t  M 1AinU
+ T - r - ® cl010)}

( 21)
with

D = ©(1010) @(1001) - © q i ,o P :
and

'l'12s
1S k*T 1 __________

4 m\0 <VT.oi >0 @(1200)r e l

ffif1001. r<S!f1010
"  ® ^ 1200^ ^ 1 0 0 1

{®( 1200) l®t10015 J

@(1010)] ) 2

2Cin t  „ . 1010.1
5 F “ ®(1001)]

( 22)

Using the  exact r e la t io n s ,  l i s t e d  in  ta b le  IV one ob ta ins

1„ , 1001,
® ^1200^ C3 (C2 ± (23)

1
where

Ci = Sfc2T {4mX<U >0 ©(1200) [@ (1010)6(1001) - © ( j^ ) 2] 2} -1

C2

and C3

« ( “ $ >  (« (1001) 4
2Cin t  „ , 1010. ,

5 T " ® C1001)}

,1.010,
®^100p . Y ' in t 8(1010)

Since in  model c a lc u la tio n s  @ ( ^ qo  ̂ i s  always found t0  be p o s i t iv e ,  only
th e  p o s i t iv e  so lu tio n  ° f  i s  con sid ered - 1,16 estim ated  accuracy
is  about 15%, except fo r  HD a t  77 K (25%) and 40 K (52%). The reason fo r
th e  la rg e  e r ro r  in  the  HD r e s u l ts  a t  40 K is  due to  th e  s ig n if ic a n t ly

sm alle r r a t io  o f  ©cj^oo^ an<* ®^1200  ̂ a t  ^ i s  tem perature.

Appendix B. T h e  s p h e r i c a l  a n d  d i a g o n a l  a p p r ^ o *
i m a t i o n s .  In f ig s .  21, 22 and 23 fo r  th re e  tem peratures AX /AX
is  given as a fu n c tio n  o f H/p fo r  N£> CO and HD, I t  i s  seen th a t  only HD
follow s the  th e o re t ic a l  form obtained  by re ta in in g  the  V [£](2J term
alone. For N2 th e  r a t io  (AX /̂AX ) s a t  ^  1*5, which most l ik e ly  in d ica te s
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•  150 K
° 200  K
o 3 00  K

2.00

0.5 H /p

Fig. 21. — Y as a function of —  for N2 at different temperatures.
AX p

•  150 K
□ 200K
o 300  K

2.00

0.5 H/

a function of —  for CO at different temperatures.

the presence of a W  contribution. For CO, where (AX^/AX )sat ** 1.5 a
different deviation occurs, namely the AX curve is slightly shifted with
respect to the AX curve. This cannot be attributed to a contribution
from the WJ_ term. Thus it seems appropriate at this stage to examine the
possible influence of several other approximations used in the deriva-
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2.25

•  150 K
□ 200 K
o 3 0 0  K

0.5 H/p

as a function of —  for HD at different temperatures.Fig. 23.
AX

tion of eqs. (1) and (2). Since the emphasis in this appendix is not on
how the trial functions are chosen, only the V[t7] (2) polarization is
treated. Again higher polynomials in W2 and J 2 are neglected. Under these
conditions, with the nonequilibrium distribution function ƒ  given by

f  = f °  Cl - A*Vln T) , (24)

the expansion coefficient A_ is

A = 4  - *2) £*41010 + C^2 - <^2>o) £-41001 + £[£](z) : A 1200 (25)

Inserting this expression into the Boltzmann equation, three equations
are obtained which determine the three tensorial constants A 1010, A 1001
and A 1200- To solve the equations two approximations are commonly made:

1. T h e  S p h e r i c a l  a p p r o x i m a t i o n .  In the Boltzmann
equation tensorial collision integrals of the form
occur. Since three sixth rank isotropic tensors of appropriate symmetry
exist, [[.f](2^ k;Vj[«7]^] gives rise to three different cross sections
© k(1200); k €  (0,1,2). Of these cross sections, ©o(120°)» which couples
velocities to velocities and angular momenta to angular momenta, is most
important. In fact,©0(1200) is different from zero even for a spherical
potential. The so-called spherical approximation ignores ® i (1200) and
© 2(1200).
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2. T h e  d i  a g o n a l  a p p r o x i m a t i o n .  This approximation
consists of neglecting the nondiagonal cross sections ® ( a n d  ?00̂
in the equation which determines the field  dependent part of 4 12 0 0 • This
corresponds to neglecting correction terms to AX/X of the order of
( ® C (®̂ 1200^/ ^1̂ ®0^)2, correct^ons t0 A*A of
the order of one percent.

Both the spherical and the diagonal approximations underlie a ll
equations used in chapter I. Using an approach somewhat different from
the one outlined above, Tip28) was able to avoid both approximations. He
obtained the following expressions for the field  dependences of AX /X,
AX̂ /X and AX̂ /AX̂ :

AX1 ,  {PfPQ - 1) xz f Q}*2_____________   ̂ (26)
X (PQ - I ) 2 «** + CP2 + Q2 + 2) x2 * 1

/  2AX a ______ a£__________
X ( f  p + Q - *2 + 1

311(1 , {P(PQ - 1) x 2 + Q} { (»  P + Q - i i )  x 2 + 1}
AX = --------------------------------- =-------------------------------  . (28)

(PQ - 1)2 X *♦ + (p2 + q2 + 2) X 2 +  1

The fie ld  parameter x , which occurs in the above equations, is given by:

2 1 ff 11», kT „
X = 5 (1 + e j)  <Ur e l >0 è 0(12OO) — ^  (29)

with _
i  @! (1200) -  @2(1200)

61 = è 0(1200) '

The quantities P and Q are expressed in terms of©'s  by the equations:

P = y  + ■§■ (1 + 62) and
1 + e3

Q = 4 + —  r

with
1 + E2

© 0 (1200) + £ © 1 (1200) -  y j © 2 (1200)

©o(1200) - © 1 (1200) + y © 2 (1200)
(31)



@o(1200) ♦ i© 1(1200) -  -yö@2C1200)
1 ♦  e 3 -------------------------T ---------------------- T ------------------- * C32)

© O(1200) +|© !(1200) + -^-©2(1200)

and 10 -  5 «(10013 e g ) 2 -  56 (1 0 1 0 ) e g )
3{ © 0(1200) + |@ 1(1200) + ■j 7 ©2(1200)}{ 6(1010) 6(1001) - © (jJ J J ) 2
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In th e  sp h e r ic a l approxim ation e j ,  e2 and 63 are  equal to  ze ro , w hile in
th e  d iagonal approxim ation ei* is  equal to  zero .

In o rd e r to  i l l u s t r a t e  the  in flu en ce  o f th e  approxim ations on the
shapes o f th e  H/p dependences o f  AX andAX , estim ates a re  needed fo r  the
c o rrec tio n s  £ j , e2, £3 and ei* . However, no experim ental d a ta  a re  av a ilab 
le  fo r  sev e ra l o f  the  cross se c tio n s  occu rring  in  the  expressions fo r  the
e 's .  In  p a r t ic u la r  ©x(1200) and@2 (1200) a re  unknown. T herefore, fo r  the
cross sec tio n s  o ccu rrin g , values w il l  be used which a re  derived  from
model c a lc u la tio n s . Using the  r e s u l ts  o f  Cooper and Hoffman on the
sp h e ro cy lin d rica l model, one f in d s  e i = -0 .0 7 , e2 = -0 .0 9 , £3 = -0 .13
and £1* = -0 .02  (thus P = 2.85 and Q = 4.10 in s te a d  o f  3 and 4 .5 ) .  With
th ese  numbers i t  i s  found th a t  th e  AX curve as obtained  from the  more
complete theo ry  (eq . (2 6 )) , has v i r tu a l ly  the  same shape as from the
sim ple theo ry  (eq. (1 ) ) .  The r e la t io n  between th e  (ff/p )j value and

@o(1200) i s ,  however, s l ig h t ly  changed:

© 0 ( 1200)
\g\ bN kT

0.64 h <W .>0
r V (34)

In the  sim ple theory  th e  co n stan t in  th e  denominator is  0.6248 ra th e r
than 0 .64 , so a p o ss ib le  e r ro r  in  th e  o rder o f  3% i s  made by using  the
sim ple theo ry . The shapes o f  the  AX/X curves w ill  now be considered in
more d e ta i l .  In f ig .  2 4 ,AX1 and AX* are  p lo t te d  V 8 .  H/p fo r  th e  simple
(drawn lin e )  and the  so p h is tic a te d  (do ts) th eo ry . (Since only the
shapes o f th e  curves a re  o f  in t e r e s t ,  th e  ad ju s tab le  param eters, occur
rin g  in  eqs. (1) and (2) a re  chosen in  such a way th a t  both  AX curves
co inc ide  as w ell as p o s s ib le ) .  I t  i s  seen from f ig .  24 th a t  although
th e  shapes o f  th e  AX curves a re  q u ite  the  same fo r  both th e o r ie s ,  the
AX1 and AX curves are  c lo se r  to g e th e r in  the  more exact trea tm en t.
This is  a lso  r e f le c te d  in  f ig .  25 where AX /AX is  p lo t te d  V 8 .  H/p
(using  (H/p) I  as a fix ed  p o in t ) . The more complete theory  gives r i s e

2
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Fig. 24.

0.05

Hie behaviour of AX and AX as a function of — . The dotted lines give the
field dependence for the complete theory (eqs. (26) and (27)). The full lines
represent the simple theory (eqs. (1) and (2)), with *12 and £12 chosen so
that both AX curves coincide as well as possible.

2.00

0.5 H/p

t H
Fig. 25. The ratio of AX and AX as a function of with and without the spherical

and diagonal approximations (full line (2) and dotted line (1) respectively).
The curves 3 and 4 show the influence of the UJ term (♦n/<>i2 * 0.05). In
curve 3 the ratio C11/C12 = 0.5, whereas in curve 4, E11/C12 = 1.
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to a curve which is slightly shifted along the H/p axis.
The experimental results for CO indeed show such a shift with

respect to the simple theory (fig. 22). However, this is not the case
for N2 , where also (AX-*-/AX ) =£ 1.5. This deviation from 1.5 cannot be
explained on the basis of a f7[£](2' polarization only, but requires
the inclusion of e.g. the WJ_ polarization. In fig. 25 also the effect
of the UJ polarization on the AX /AX curve is illustrated (curves 3 and
4). A comparison of the four curves in this figure with the curves ex
perimentally obtained for N2 , CO and HD (figs. 21, 22 and 23) shows that
it is in principle possible to reach agreement between theory and experi
ment by using the exact l/[<7] theory (CO) and by including for some
gases the WJ_ term (N2 ) .
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CHAPTER II
THE THERMAL CONDUCTIVITY TENSOR AT 85 K

1. Introduction. In the presence of a magnetic field heat transport is
described by £  = -A/VT, where the tensor X, is of the form

(1)

when the field is chosen as fi = (ff,0,0). Without a field the tensor re
duces to a diagonal one with A = A = Ao and A^r = 0. For polyatomic
gases the field effects AA-*- (= A-*- - Ao), AA (= >f - Ao) and Atr are
found to be nonzero. Because of large radiative heat losses at room

trtemperature, quantitative measurements of A have been performed only
at low temperatures (85 K). To obtain at one temperature the complete
set of heat conductivity coefficients occurring in scheme (1), an appa
ratus suitable for measuring AA'*’ and AA^ at around 85 K has been con
structed. In this chapter experimental results on AA"*- and AA are pre
sented for the gases N2, CO, HD, CHi, and CDi, at approximately 85 K.
These data are combined with the data earlier obtained on A by Hermans
et al. *) to compare the field dependence of all three coefficients. In
a theoretical treatment of these effects the non equilibrium distribu
tion function is usually expanded in terms made up from both the reduced
velocity U_ and the angular momentum «7. Both from theoretical arguments2)
and from experimental data3), it follows that the dominant contribution
to the field effects stems from the f/[t7] (2) term. When we also take in
to account the contribution of the WJ_ term, which is usually much smal
ler, the field dependences of the heat conductivity coefficients have
the following form:

-<l'12
E2 4E2^12 H<i12{ ----- r *  2 ---- } + * „  {

1 + E12 1 + 4?12 1+ di } ,

2
1 + d 2

d i

1 + di

(2a)

} + { 2 ), (2b)
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tr

1 + £12

12 + 2 ) + 'l'll t
1 + 4^12 1 + Cll

} , (2c)

where for diamagnetic gases

ïpq = C p q ^ / h )  (*/p)

Here g is the molecular g-factor, uN the nuclear magneton, H the magnet
ic field and p the pressure. The positive cpnstants <l<pq and Cpq depend
through collision integrals on the molecular interaction in the gas and
they correspond to the contribution of the [V}** [£]** term. If only the
j/[j](2) term is present, the positions of the field effects along the
H/p axis are given by the constant C12 • This constant may be written as.

C12 = ( <ürel>0 ® C1200) 1-1 • (4)

where the effective cross section ©(1200) will be defined later in eq.

(8).

2. Experimental method. The apparatus is essentially the same as the^
one used by Hermans et al. 3) for room temperature measurements of AX
and AX^ . For details of the construction and for the calculation of the
results the reader is referred to ref. 3. To make the apparatus suitable
for low temperature measurements, some minor changes in the construction
of the apparatus have been made4) . As temperature sensors we used ther
mistors (Keystone type L 0904-125 K-H-T2). The resistance of these ther
mistors is slightly influenced by a magnetic field. In the differential
setup we used, a small roughly quadratic field dependence remained.
The correction for this resistance change never amounted to more than
3% of the effect to be measured. The temperature across the gas sample
was 10 K, the average temperature being approximately 85 K. Because of
the small temperature dependence of the effects (of. room temperature
results) no serious errors are to be expected from averaging over this
interval, except possibly for HD. As a check HD has been measured with
different temperature differences (4.2 and 13 K) and these two measure

ments agree within 2%.
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3. Results and discussion. Measurements were performed on N2, CO, HD,
CHi! and CD4. The purity of these gases was better than 99%, except for
CD4, which contained about 5% CHD3. Our experimental results and those
of the X measurements of ref. 1 are given in figs. 1, 2, 3, 4 and 5
and in table I. The shaded areas indicate the estimated uncertainties
in experimental points due to both random and systematic errors. For
the AX , AX measurements the estimated accuracy is 5%. Because of dif
ficulties involved in determining the heat losses the systematic errors
for the X measurements are much larger than the random errors. For
these measurements the accuracy is 15%, except for HD, where the heat
losses are less important and the accuracy is 5%. The full lines in
each figure represent the set of theoretical curves for the X/[J] C 2 ) con
tribution alone [^li = 0 in eq. (2)] with the adjustable parameters ^12
and C12 (or © ( 1200)) chosen so as to give the best fit to the experiment
al AX points. As can be seen from the figures there are some small de
viations from a theoretical description based only on the ]/[«!] con
tribution. To examine the possible influence of another term, we shall
now analyse the curves in more detail. We shall consider successively:

Oe/torr IO
Fig. 1. axi/x0. AX,/X0 and Xtr/X0 ve. H/p for N2 at 85 K. O 0.4S5 torr; A 0.307 torr;

v 0.203 torr; O  0.163 torr; • 7.2 torr; ■ 0.78 torr; A 0.30 torr; ▼ 0.20
torr; ♦  0.125 torr.
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T= 85 K

O e/to rr

Fig. 2. AXi/X0, AX//X0 and Xtr/X0 va. H/p for CO at 85 K. O 0.410 torr; O 0.300 torr
□ 0.199 torr; V 0.192 torr; A 0.148 torr; • 0.96 torr; ■ 0.44 torr;
A 0.36 torr; ▼ 0.18 torr.

T=85 K

O e/to rr lO'

Fig. 3. AX̂ /Xo, 6X*/X0 and Xtr/X0 V8. H/p for HD at 85 K. O 4.09 torr; V 1.45 torr;
« 1.05 torT; A 0.507 torr; a 0.465 torr. ® 0.302 torr; * 0.170 torr;
O 0.160 torr; #5.73 torr; A 1.89 torr; ▼ 0.963 torr.



54

T=85 K

O e/to rr  IQ6

for CH^ at 85 K. O 0.263 torr; A
V 0.128 torr. • 2.4 torr; ♦  0.94 torr; ▲ 0.32 torr; ▼ 0.14 torr.

T=85 K

O e /to rr  lO

0.105 torr;
0.08 torr.



Table I

Experimental results at 85 K

*■ X Jsat
x 103

X Jsat
x 103

,tr
1—1 X 'max
x 103

,Ax\
C77°satAX

I AX I sat
|xt r |1 'max

A1VI
CIO3 r^-)v torr'

C - ) t rp max
C i o3v torr

CS/p)j

CH/p)tT

n2 9.60 6.40 5.14 1.50+0.03 1.8710.30 17.010.8 17.6 0.97

CO 7.1 4.78 3.66 1.4910.03 1.9410.30 18.610.9 17.7 1.05

HD 2.13 1.42 1.02 1.4910.03 2.0810.15 4.610.2 4.5 1.02

CHtt 1.95 1.27 1.08 1.5310.03 1.8010.30 26.411.3 25.0 1.05

CDU 2.33 1.55 1.30 1.5010,03 1.7910.30 43 12 40 1.07

Theory I 1.50 2.105 1.015
term/
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Table II

Results at 85 K

*12 x 103 *ll/*12 ©(1200)
(A2)

n2 3.20 + 0.16 0.00 ± 0.03 88 i 4
CO 2.37 ± 0.12 0.00 ± 0.02 93 ± 5
HD 0.71 ± 0.03 0.00 + 0.02 19 ± 1
aii* 0.65 ± 0.03 0.03 ± 0.03 115 ± 6
CDif 0.78 ± 0.04 0.00 ± 0.03 105 ± 5
Theory 1
(/[£] (2) term ƒ 0.00

max

max

Theoretical dependence of |AA | / |Xtr|Sat max j
strength of the contribution. For the |AX

on the relative
curve the assumption

and (AX /AX )

Cii * Ci2 has been made.

A. (AX*-/AX^) * Since (AX^/X) and (AX^/X) have been measuredS Et S Et jjf S Et
with the same apparatus, the ratio (AX /AX )ga^ is the most accurately
determined quantity because of cancellation of systematic errors. From
the values of (AX'*’/AX^)gat in table I, the importance of a WJ_ contri
bution can be judged, as the j/[«T](2) term alone would give 1.50 for
this ratio. The experimentally obtained values for (AX /AX ) ^ are
found to be between 1.49 ± 0.03 and 1.53 ± 0.03 for all gases studied.



57

This imples that the WJ contribution to the e ffec ts  is  always smaller
than 3 ± 3% of the dominant V[J1(2) contribution, as can be seen from
the theoretical plot o f (AX /AX ) versus ^1 1 /^ 1 2  ( f ig . 6). In table
II the values of ipj 1 and 1(112 are given for the various gases.

The contribution o f the WJ term to the effects9  c i L n i d A  1

might also be estimated from the experimentally determined ratio
IAX Isat/1X For three reasons the te s t  is  less  severe than the
preceding test:

1  tr(1) (AX /X)sa  ̂ and (X /X)max have been measured in different appara
tuses, so systematic errors w ill not cancel out by taking the ratio
of these quantities as was the case for (AX'*"/AX 1

tr  sat
(2) As known from theory, |AX | / |X | i s  less  sen sitive  to as dx 1 max

possible contribution of the WJ_ term (f ig . 6). For iJm = 0, one
finds

I AX1 1 / |x t r | » 2.105 ,1 'sat 1 'max ’
while for ^1 1 /^ 1 2  < 0.03, |AX | / | x t r | should deviate lesss at max
than 0.002 from th is value.

(3) In the presence o f the WJ term, the value o f (Xtr /X) is  also—  max
dependent on the relative magnitude o f the f ie ld  parameters £11

and t i 2 • One can argue that the assumption £ n  *> £12 ( s tr ic t ly  va
lid  i f  no reorientation of angular momenta occurs during a c o l l i 
sion) is  a reasonable one. This assumption has been made in f ig .
6. For HD, where heat losses are less  important, there is  excellent

I
agreement between the experimental value o f |AX | . / | x |  andSac max
the theoretical value of th is ratio  resulting from the W[J](2)
term alone. For the other gases, the ratios l ie  within experimental
error of the theoretical value, but they are a ll  system atically
lower. This suggests that there is  a small systematic error in
either experiment, rather than a contribution of the WJ term.

«L t rC. (H/p) ^/(ff/p)^^. I*1 table I also the experimental data concerning
the positions o f the f ie ld  e ffects  along the H/p axis are given. (H /p )^
i s  the H/p value o f the maximum of the curve through the Xtr /X points
and (H/p) . is  the H/p value for which the AX /X curve reaches half i t s
saturation value. Assuming that only the J/[e7] (2) term accounts for the
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e f f e c t ,  th e  r e la t io n  between th ese  two H/p values should be

’1
° - 6248 -  1.0154 ,

(H/p) L
(.H/p) 0.6153

where 0.6248 and 0.6153 are  the £12 values corresponding to  (H/p) . and
(H/p)t r  .

From ta b le  I i t  i s  seen th a t  th i s  r e la t io n  between (# /p )i and
t r  €• *(H/p) holds q u ite  w e ll. Thus one may conclude th a t  th e  d a ta  from
max t r

th e  AA-L, A A* experim ents a re  c o n s is te n t w ith  th e  d a ta  from th e  A ex
p erim en ts, concerning the  magnitudes o f the  e f fe c ts  as w ell as th e i r
p o s itio n s  along the  H/p a x is .

As described  in  a previous paper1) from th e  c h a ra c te r is t ic  H/p
values a therm al-averaged cross se c tio n  can be determ ined. Using eq.
(3) and (4) one o b ta in s :

and

A 1
(P5J

5 t r
p max

0.6248

0.6153

<l>r e l >0 ®(1200)

h
<Ur e l >0 @f120°) ( 7)

Here th e  e f fe c tiv e  cross se c tio n  ©(1200) i s  defined  by:

1 <[*n£P w^w,[j](.p'-
© (1200) =

<Ur e l >0

where < >0 denotes an average over th e  (o n e -p a rtic le )  equ ilib rium  d is 
t r ib u t io n  fu n c tio n , = o/n* w ith n th e  number d en sity  and J q the
d is s ip a t iv e  c o l l is io n  o p era to r as defined  in  eq. (4) o f  r e f .  2 and
<V ,>n = (8 kT/nv)^ , w ith y the  reduced mass. These cross se c tio n s ,r e l  u
as ob tained  from our experim ents a t  85 K are given in  ta b le  I I .

References

1. Hermans, L .J .F .,  S ch u tte , A ., Knaap, H .F.P. and Beenakker, J .J .M .,

Physica 46 (1970) 491.



2. Levi, A.C. and McCourt, F.R., Physica 38 (1968) 415.
3. Hermans, L.J.F., Koks, J.M., Hengeveld, A.F. and Knaap, H.F.P.

Physica SO (1970) 410.
4. Chapter I of this thesis.

59



60

CHAPTER III

THE THERMAL CONDUCTIVITY OF GASES IN A MAGNETIC FIELD:
THE CONCENTRATION DEPENDENCE

1. Introduction. In this chapter experimental results are presented
concerning the influence of a magnetic field on the thermal conductivi
ty of polyatomic gas - noble gas mixtures. This investigation was under
taken primarily for two reasons: (i) The description of the interaction
between nonspherical and spherical molecules is much simpler than be
tween two nonspherical molecules, (ii) Since potential models with ad
justable parameters are the usual starting point for calculations, an
additional check is needed to ensure that the model is physically realis
tic. Such a check can be provided by studying for a given polyatomic gas
a series of noble gas mixtures, in which the experimentally observed
trends should follow the model.

In the present experiments, the polyatomic gases N2 and HD have
been chosen as typical examples of a classical (large quantum numbers)
and a quantum mechanical (small quantum numbers) rotator respectively.
It is found in all mixture experiments that again the polarization
J/[£](2) dominates the effects (see the introduction of this thesis).
Consequently the experimental results are characterized by two para
meters: the magnitude of the thermal conductivity change and the field
strength at which the effect occurs. As previously discussed, these
quantities provide information on the nonspherical part of the molecular
interaction potential. In order to test potentials, experimental infor
mation at different temperatures is needed. For this reason experiments
have been performed at two temperatures.

The systems N2-He, N2-Ne, N2-Ar, HD-He, HD-Ne and HD-Ar have been
investigated both at 85 and 300 K. The field effect for each system
has been studied as a function of noble gas fraction by performing ex
periments at various compositions. The present experiments are closely
connected to the experiments by Burgmans et at. on the viscosity change1),
which have been performed for the same systems at the same temperatures.
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2. Theory. Whereas for pure gases extensive th eoretica l work has been
done treatin g  the influence o f  a magnetic f ie ld  on transport properties2j3»1*
only a few papers have been published concerning mixtures5»6*7) . In r e f . 7,
Kohler and Raum derive an expression for the thermal conductivity c o e f f i 
c ien ts in  a magnetic f ie ld ,  considering only the (dominant) V[£]v2) po
la r iza tio n . By r e s tr ic t in g  th e ir  treatment to  binary mixtures o f  linear
(diatomic) molecules and monatomic m olecules, the expressions are con
siderably s im p lified . In fa c t , for such systems the dependence o f the
thermal conductivity co e ff ic ie n ts  on the f ie ld  i s  found to  be formally
the same as for pure gases. Thus:

X =  -'('12
1 + ?12

+  2
4E2**12

1 ♦  4 E i 2

and

X - ’('12 t A - » -
1 + Ê12

( 1)

( 2)

The expressions for ipx2 a-nd E12 are, however, more complicated in th is
case than for pure gases. They are discussed in the next two sec
tion s .

2.1 T h e  p o s i t i o n  o n  t h e  H/p a x i s .  For pure (diamag
netic) gases E12 i s  connected to  H/p3 i . e .  the ra tio  o f f ie ld  and pres
sure, by the equation8) :

£12 {<Ur e l>0 © f1200) )" 1
gv^T
~ h

H
V

(3)

where g denotes the molecular ^ -factor, is  the nuclear magneton and
@(1200) is  the e ffe c tiv e  c o l l is io n  cross section  for the decay o f the
V[eT] (2) p olarization . For the mixtures studied here, the po
la r iza tio n  o f the diatomic molecules (species A) decays not only through
c o llis io n s  between two diatomic m olecules, but a lso  through c o llis io n s
between a diatomic and a monatomic molecule (species B). Thus two d if fe r 
ent cross sections are needed, denoted by @(1200)^ and @(1200)^g respec
t iv e ly . For diatomic-noble gas mixtures eq. (3) is  generalized to
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gvJar H
e 12 = { ( ï - x )  <vA>0 @(1200)A + * < ^ > 0  @(i2oo) AB>-1 — —  — (4)

where x  i s  th e  mole f r a c t io n  o f  th e  n ob le  g as . The mean r e l a t i v e  v e lo c i 

t i e s  a re  g iven  by:

,8 k T A and <VAB>0
,8kT A

wlJAB

w ith  u . and u ._  th e  reduced  m asses. As th e  e f f e c t  reach es h a l f  i t s  sa -
A AB

tu r a t io n  v a lu e  f o r  £12 = 0 .6248 , one h a s :

( | ) j  = 0.6248 T ^ — je r  ( d - * )  <UA>0 © (1200)A + x  < ^ > 0  © (1 2 0 0 )^ }  (6)

TJ m

Thus a l i n e a r  dependence o f  (—) ,  on th e  mole f r a c t io n  o f  nob le  gas i s
P z

ex p ec ted .

2 ,2  T h  e m a g n i t u d e  o f  t h e  t h e r m a l  c o n d u c t i 
v i t y  c h a n g e .  The q u a n t i ty  ipX2 » which i s  r e l a te d  to  th e  m agnitude
o f  th e  f i e l d  e f f e c t ,  i s  de term ined  by th e  co u p ling  betw een h e a t t r a n s p o r t

and V[«f] (2) p o la r iz a t io n .
For s im p l ic i ty  th e  s i t u a t io n  in  a pu re  po lyatom ic gas i s  co n sid ered

f i r s t .  S ince  h e a t t r a n s p o r t  in  such a gas c o n s is ts  o f  two c o n tr ib u tio n s
( t r a n s l a t i o n a l  and r o t a t i o n a l ) ,  th e  q u a n ti ty  <l>i2 i s  de term ined  e sse n 

t i a l l y  by two nondiagonal c ro ss  s e c t io n s :  © (J20ÜP ” which d e sc r ib e s  th e
coup lin g  betw een t r a n s p o r t  o f  r o ta t io n a l  energy and £ [ £ ] (2) p o la r iz a t io n
-, and@ (101°) - which d e sc r ib e s  th e  co u p lin g  betw een t r a n s p o r t  o f  t r a n s 
l a t i o n a l  energy and £ [£ ] ^  p o la r i z a t io n .  The f u l l  ex p re ss io n  f o r  *12
c o n ta in s  s ix  d i f f e r e n t  c ro ss  s e c t io n s .  As d isc u sse d  in  c h a p te r  I ,  i t
proved p o s s ib le  to  o b ta in  th e s e  c ro ss  s e c t io n s  s e p a ra te ly  by th e  use

o f  a d d i t io n a l  d a ta  from o th e r  ex p erim en ts .
For b in a ry  m ix tu res o f  po lyatom ic  gases (A) and nob le  gases (B)

th e  ex p re ss io n  f o r  \|»i2 i s  much more co m p lica ted . In  o rd e r  to  d e sc r ib e
th e  v a r io u s  p ro d u c tio n  mechanisms f o r  W\J] (2) p o la r i z a t io n ,  in  th i s

, , ffl/1010 A. -.,1010
case  f iv e  d i f f e r e n t  c ro ss  s e c t io n s  a re  needed: '-'(1200 A^A’ ®^1200 A^AB’

1010 B
®'-1200 AJAB
nondiagonal

Ü>A “ d ®<1200 ?AB- Phjrsical "eÏSÏSeB°f ,heSe
c ro ss  s e c tio n s  i s  e a s i ly  u n d ersto o d : e . g .  ©(^200 A^AB ^e”

te rm in es th e  co u p ling  betw een th e  flow o f  t r a n s la t io n a l  energy o f  B
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molecules and the j/[£] (2) polarization of A molecules through A-B col
lisions. The formal definitions of the various effective cross sections
are given in table I. It is noted that for some of the @'s a shorthand

notation is used, e.g. SC ^ o o  A^AB is written as ®ti200)AB‘ 11115 should
give no confusion as rotational energy and W[J](2) polarization exist
only for species A.

For the mixtures studied, contains, apart from the 5 production
cross sections, 12 other @'s. It is not possible to obtain all these
differeni cross sections separately by combining the present experiment
al results with data from other sources. To overcome this difficulty,
Kohler and Raum7) introduced two approximations. Firstly, cross sections
of the type ©(10Ji) are neglected with respect to cross sections of the
type @(1010) and @(1001). This approximation is expected to be reason
ably good since the inelastic collision cross sectior ©(Jogj) is always
found to be much smaller than @(1010) or ©(1001) (c/. Ch. I). The second,
more decisive, approximation consists of neglecting the coupling between
translational heat transport and f/[£](2) polarization with respect to
the coupling between rotational heat transport and f/[£] (2) polarization:
®^1200^ ^  ®^120(P * Xt is known that for an energetically elastic model
(AtT = 0), the coupling between translational heat transport and W[J](2)
polarization is in fact zero, so that the assumption is realistic for
mixtures of H2 or D2 with noble gases. For the HD or N2 noble gas mix
tures, studied here, the use of the approximations will be discussed
later. Under the above conditions, the only production cross sections

retained in the expression for <h2, are ©(^oo^A and ® (1200)AB and con‘
sequently, the shape of the curve of (AX^/X) vs. mole fraction of
noble gas will depend on one parameter only. This parameter b, which

equals ®C1200)ab /  ®^1200^A* rePresents the effectiveness of molecule-
atom collisions relative to molecule-molecule collisions in producing a

polarization from the flow of rotational energy. The functional
dependence of (AX /X)gat on the mole fraction of noble gas can be writ
ten as7):

X •’sat _ A(x) A(0) + B(O) C(x)
AX1 x=0 " A(O) A(x) + B(x) CTO)
 ̂X ^sat

(7)
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T a b le  I

D e f in i t io n s  o f  th e  c r o s s  s e c t io n s

f o r  p u re  p o ly a to m ic  g a se s  (A) ( s e e  a l s o  r e f .  8)

i  <K a] (2) Ea : ^  £ a ^ a](2 )>0

<VA>0 <JA '  7  J A>0
8(1200) ,

_ ,1001.
® 4 2 0 o V

1 <(£ r  ■ ^ o) -A  ^  [-A ](2 :> ,-A

5 C* “  <VA>0 ?  J 2>

with <?o <f> = - (2*)1* h2 n-1 trx ƒ  d£i f? ( / t gg , (♦' + <(>iD t8 g i 6(E) dE.'

- [ t gg («(. + <h) -  (♦ * * i) t gg]> , see r e f . 19

for mixtures o f  a polyatomic gas (A) and a noble gas (B)

@(101° A) i-----i— <(i - W2) W'Sff Ka (t - vi)>o®'-1010 Ar AS 15 < « ^ > 0  2̂ AJ -A  ^  -A  VZ A 0

.̂<•1010 A. 4 1 ,̂-5 „2-» u  u  f— _
®C1010B) AB T 5 ^ ü ^ <lT V ÏA * «  V°

1 <l ^ ] (2) j^ï^O8 —A [£a1(2)>0

<t7A " J  ^a>0
< ( |  -  w2) I ^ l W - V o

6 (1 2 0 0 ) ab
<VAB>0

f 1010 B.
'•1200 AJAB

, 1001.
L1200J AB

2 /5  1
5 <VAB>0 '  7

?  (+ "  <vas>0i n t

<(JC'/kT -  <JC'/kT>0) [£a ] (2) -VA>0

<JA '  7 ^ °

w ith

T

* = -  (2 * )A &2 « i 1 t r B ƒ  d£jj f°  { / t gf  (♦■) t g"  6(E) dp* -
t

-  7 7  [ t ! ^  (♦) * (+) » see  r e f - 6 *2x g AD S ad'AB
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In  t h i s  fo rm ula , th e  fu n c tio n s  A (x ), B(x) and C(x) a re  g iven  by:

Afar) * (1 -* )  {[Ba ( I  -  x) ® (1010)A ♦ J )  ]

[C1 - *> ® ( 1010 B^AB + BBX ® f1010^b  ̂ -  *<* '  *)

b(x) = cbaci - x) @(iooi)A +x@ciooi)AB> (ci - x) [(i - x) ecJJJJ I)M
8

+ eB x ® ( 1 0 1 0 ) R] - 2 x ( 1 - x ) i  *)

bb

Ba l 1010 B-'AB

* r r *  [»* -  * > ® » 0 1 0 )A £ > „ ]>
PA

and

c(x) = (eA (1 -  x) + bx}2 (BA (1 -  x) @ (1200)A + x ® ( 1200)ab}*1

(eA ( i  -  x) ® (io o i)A + x s c i o o i ) ^ ) - 1 ,  (10)

w ith
1 m K 1

( 11)

The pa ram ete r b ,  ap p ea rin g  in  th e  e x p re ss io n  f o r  C (x ) , i s  th e  c h a r a c te r 
i s t i c  r a t i o :

b
® (

@(

1001.
1200JAB
1001.
1200JA

( 12)

I t  i s  n o ted  th a t  th e  ® 's  used  in  t h i s  c h a p te r  a re  id e n t i c a l  to  th e  c o r-
( k k ')

respond ing  a . . symbols used  in  r e f .  7. Only th e  c ro s s  s e c t io n s  o f

th e  ty p e  ® ( ^ 0cP ant^®^1200^ d i f f e r  from th e  ^ ' s  by a num erica l
f a c to r  (eg . @ ( J ^ 1 ) a = / I / S  of® -) and © ( J ^ A / V S  a [ 53> ).

3. Experimental r e s u l ts  and d isc u ss io n . For a d e ta i le d  d e s c r ip t io n  o f
th e  c a lc u la t io n  scheme, th e  re a d e r  i s  r e f e r r e d  to  c h a p te r  I .  As d i s 
cussed  th e r e ,  th e  ex p erim en ta l r e s u l t s  must be c o r re c te d  f o r  Knudsen
e f f e c t s .  These c o r re c t io n s  f o r  th e  m agnitude and th e  H/p v a lu e  o f  th e
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Oe/topp 10'
Fig. 1. —r— vs. —  for various N2-Ar mixtures at 300 K.

Fig. 2.

H D—A p

85 K

XAp=0.092

XAp - 0.21

- A£iO*
1Ö4 Oc / topp 10s

~ —  vs. —  for various HD-Ar mixtures at 85 K.
X P

effect are given by:

AX
X f— )A meas and (1P

K
-E)-1
p

Ay  meas C13)

It is found that, within the experimental error, for each system the
Knudsen constants K., and K depend linearly on concentration.

A x J. P /Experiments on AX and AX have been performed on the following
systems: N2 -He, N2 -Ne, N2 -Ar, HD-He, HD-Ne and HD-Ar both at 85 and
300 K. As an example, the Knudsen corrected experimental results on
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N 2 -Ne X Ne -0.90
300 K

O c/torn  10'

AA HFig. 3. —  va. —  for N2-Ne, a?Ne * .90, at 300 K. O 0.40 torr; x 0.58 torr;
A 0.65 torr; + 0.93 torr.

n-̂ "“TTHD-He X H. -0.66
300 K

104 Oe / to r r  10 !

- for HD-He, .66, at 300 K. + 0.95 torr; A 1.63 torr; 0 2.28 torr.Fig. 4. 2-

AX /X are presented in figs. 1 and 2 for various compositions of the
N2 -Ar system at 300 K and the HD-Ar system at 85 K. The solid lines
in the figures represent eq. (1) with ifoi and £ 1 2 adapted to the posi
tion and the magnitude of the effect. It is seen that eq. (1) gives a
good description of the experimental results. In figs. 3 and 4 for two
mixtures both AX and AX are given as a function of H/p. The solid
lines represent eqs. (1) and (2) with the parameters chosen so as to
give the best fit to the experimental AX points. Although for the N2 -
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N _ -  noble gas
to rn

20

Fig. 5. (”)i V6. the mole fraction of noble gas for N2~noble gas mixtures at 85 K

. the mole fraction of noble gas for N2-noble gas mixtures at 300 K.F ig . 6. (£), vs

kOe
tOPP H D -  nobla gas

8 5  K

. the mole fraction of noble gas for HD-noble gas mixtures at 85 K.Fig. 7. Ö .  vs
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H  D  -  noble gas

3 0 0  KkOc
to rn

• (~)i vb. the mole fraction of noble gas for HD-noble gas mixtures at 300 K.

noble gas mixture small deviations occur, it is seen from the figures
that AX and AX are described fairly well by eqs. (1) and (2). Con
sequently the experimental results can be characterized by two quan
tities. These quantities, (fl/p)j and (AX‘*’/X)sat> are treated separate
ly in the next two sections.

3.1 T h e p o s i t i o n  o n  t h e  H/p a x i s .  For each of the
mixtures investigated the quantity (ff/p), has been determined. In figs.1 5
5-8 the (S/p)j values are given as a function of x, the mole fraction
of noble gas. It is seen that within the measuring accuracy a linear
dependence on concentration is found, as should be expected (eq. (6)).
By extrapolation to x = 1, the effective cross section © ( 1 2 0 0 ) is ob-Ad
tained for each system (table II). It is seen from the values of
©(1200) „  that the lighter noble gas atoms are less effective in des
troying the W\Jji polarization. In order to determine whether the
small effectiveness of the light atoms only reflects the trivial mass
and size dependence, a comparison is made between the experimental value
of ©(1200)^ and its calculated elastic model value ©C°)( 1 2 0 0 ) It is
seen from table II that for all N2-noble gas mixtures the ratio of
@(1200)^jj and ©(°) (1200)^ roughly equals two, which - as in the pure
gas case - reflects the influence of changes in J. For the HD-noble gas
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N2— noble gas
8 5  K

O  X

vs. the mole fraction of noble gas for N2-noble gas mixtures at 85 K.Fig. 9. (2*-)

N2-noble gas
3 0 0 K

X 'sa t

0  X

vs. the mole fraction of noble gas for N2-noble gas mixtures at 300 K.Fig. 10. CV")X ■'sat

H D -noble gas
8 5  K

vs. the mole fraction of noble gas for HD-noble gas mixtures at 85 K.Fig. 11. (Sf-)

mixtures, where «7 changes are rare, the ratio equals one. Thus, it may
be concluded that at least for the HD mixtures the observed trend in
the values of @ ( 1 2 0 0 ) is completely determined by the effective spheric-Ad
al geometry.

As a concluding remark to this section it is noted that the above
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the mole fraction of noble gas for HD-noble gas mixtures at 300 K.

mentioned cross section @(°) (1200)^ has been calculated with the for
mula

®(°)(1200) = 4I + mn (14)

where and denote, for the AB interaction, the molecular dia
meter and the diffusion collision integral9^. Since insufficient diffu
sion data are available, o ^  and n^1*1) have been obtained from ref. 9
by making use of the combination rules

Ha, aB5 and • v i (15)

Unfortunately these combination rules are rather poor10), which is es
pecially apparent when widely different potentials are used. Consequent-
ly, the small deviations from 1 which are found for the ratio of @(1200)
and S(°)(1200)ab in the case of HD-noble gas mixtures, may be partly due
to uncertainties in the calculations and partly to experimental errors.

3.2 T h e  m a g n i t u d e  o f  t h e  t h e r m a l  c o n d u c t i 
v i t y  c h a n g e .  In figs. 9-12 the saturation values of AX^/A are
presented as a function of composition for all systems investigated. It
is seen that for a given system the curves show qualitatively the same
behaviour at both 85 K and 300 K.

As has been noted in section 2, a detailed analysis of these curves
is possible only if & s of the form ®(}°Jg) are neglected with respect
to those of the formS(JOJJ). while this approximation is quite valid
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Table II

Experimental results

derived from the position on the H/p axis derived from the satu
ration value

r V
(kOe_
'-torr-'

@ ( 1200) ^  S C I Z O O ) ^ s c 1 0 0 1 )®'-1200-'AB
( A 2 )  s C o J f n o O ) ^

_,iooi..
® t1200)A

85 K

N2 17.0 90 2.1
N2-He 4.8 13 2.5 .2
N -Ne 9.4 45 2.1 .9
N2-Ar 16.8 96 1.9 1

HD 4.6 19 1.0
HD-He 3.6 16 1.0 .7
HD-Ne 5.3 29 0.9 .2
HD-Ar 9.5 53 1.1 .1

300 K

N2 4.55 45 1.7
N2-He 1.65 8.2 2.1 .1
N2-Ne 3.30 30 2.0 .7
N2-Ar 4.40 47 1.6 .7

HD 1.82 14 1.0
HD-He 1.54 13 1.0 .7
HD-Ne 2.38 24 1.1 .6

HD-Ar 2.62 27 0.8 .3

for H2 or D2, this is not the case for N2 and HD. For these gases the
ratio ®(j200^ /  ® (1200) 580-2 ^  * which meanS that ® (120Cp accounts for
only 70% of the effect. Still, it is reasonable to suppose that, using
the afore mentioned approximations, values for ®(^200^AB are obtained
which are correct within, say, a factor of two.
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As seen from eq. (7), nine different diagonal cross sections occur
in the expression for <|)12, viz. @(1010)., @(1010)D , @ ( ™ M ?

1010 B 1010 A A B v1010 A^AB*
®4010 B̂ AB* ®^1010 B̂ AB* @(1001)A> •(1001)ABJ ®(1200)a and ©(1200)^.
Of these cross sections, @(1200)A and @(1200)^ have been determined
in this experiment, while the other @'s - which are mainly determined
by the spherical part of the intermolecular potential - can be related
to the wellknown fi-integrals®»H):

@(°)(101Q). = -| ,r a2 fi(2*2)*A 15 A A (16)

@(°)(1001)A * |  TT a2 fiĵ1»1)* (17)

®C°) (1001)^- @ 01°) (1200) = 1  - B ~2 n(l,l)j
AB 3 * m. + mD aAB “Ab (18)

ÂAB * T? 7 rp<it » "‘a * 5 "V32 J ‘B
"A ' "‘B

■Mr m2 fit*»2)* + 3 m2 fiQ»3)* +B AB B AB

@(0) (1010 A.1010 BJAB

+ mA mB nJ^’2)*} * ajlB
__ (m , m_)3/2 __

15 (mA + V 3 K  M  4
+ 3 AB

(19)

(20)
With the above expressions and using experimental values for @(1200),
and@(1200)^, it is possible to calculate from eq. (7) for each sys
tem the quantity (AX /X) t / (AX /X)*? as a function of composition,

1001 / ' sat
with b = ®(j200^AB /  ®^120cP a  as a Parameter* For the N2-He system at
room temperature, the results of the calculation are shown in fig. 13
for some values of the parameter b together with the experimental re
sults. It is possible to obtain from such figures the values of b for
the various systems (table II). From these values the cross sections

®^120(pAB can be calculated, using the results f o r ® ^ ® ™ ) *  o£ ref* 8 ‘
Since values for these cross sections are only rough estimates, they
are not presented here.
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Ng-Hc
300 K

b=0.6

b = 0.4

i=0.2

Fig. 13. Theoretical curves of (— r— ) va. the mole fraction of He for the system N2 -He
* sat 1001at 300 K, calculated from eq. (7) for various values of the ratio 6S(,,nn),B /

1001 , .©(i2o q)a - The ^esf agreement with the experimental points is obtained for b • .1.

The first conclusion which can be made from the values of b given

in table I I  is that S C ^ ocPa  3110 ® ( 120CpAB have the  same s ig n ‘ Further_
more, it is seen for both the Ng-noble gas and the HD-noble gas mix
tures that when the masses of the species A and B are similar,@Ci200^AB
is large. This suggests that collisions between equal masses are most
effective in producing (2) polarization from rotational energy flow.

mWcmK

0 X
Fig. 14. The thermal conductivity coefficient vs. the mole fraction of noble gas for the

N2-noble gas and the HD-noble gas mixtures at 85 K. The full lines are the best
fit to the present experimental results, whereas the dashed line is obtained
from literature data.
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300KcmK

Fig. 15. The thermal conductivity coefficient V8, the mole fraction of noble gas for the
N2-noble gas and the HD-nob.le gas mixtures at 300 K. The full lines are the best
fit to the present experimental results, whereas the dashed lines are obtained
from literature data.

3.3 T h e  f i e l d  f r e e  t h e r m a l  c o n d u c t i v i t y .
From our experiments values are also obtained for the field free thermal
conductivity12). In figs. 14 and 15 the thermal conductivity coefficients
of the investigated systems are given as a function of composition. The
assumed accuracy in the absolute values is about 5%. For the pure compo
nents good agreement is found with existing data13»11*). Our Xo results
for mixtures can be compared with literature only for the systems HD-He11*)
and N2-noble gas at room temperature15»16*17) and for N2-Ar at 90 K18)
(dashed lines in figs. 14 and 15). For the room temperature results good
agreement is found. For the 85 K results on N2-Ar, however, a large dis
crepancy (15%) is found for low Ar concentration (fig. 14). Since the
thermal conductivity coefficient for pure N2 at 85 K as obtained from
our experiment agrees quite well with data from e.g. ref. 13, this dis
crepancy is probably due to errors in the results of ref. 18.
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CHAPTER IV

THE INFLUENCE OF NUCLEAR SPIN DECOUPLING ON THE
TRANSVERSE THERMAL CONDUCTIVITY COEFFICIENT OF HD

1. Introduction. In 1939 Gorter1) pointed out that the H/p behaviour
of the magnetic field effects on the transport properties is only a
consequence of an approximation. Discussing 02 it was remarked that at
high values of the field, decoupling of the electron spins and the ro
tational angular momenta will occur, which gives rise to deviations
from the H/p law. Only recently has the influence of decoupling in 02
been observed2*5). Furthermore, using the decoupling idea a detailed
theory for the transport properties of 02 has been developed which
gives remarkable agreement with the experimental results1*»5). A similar
phenomenon can occur for diamagnetic gases where in this case the nu
clear spins and the angular momenta may be coupled or decoupled in the
field. This problem has been studied theoretically by Coope, Sanctuary
and Beenakker6).

One of the characteristic features of the field effect on transport
properties is that it can usually be described as a function of H/p,
the ratio of field strength and pressure. This stems from the fact that
the field effects in gases originate from a competition between the pre
cession frequency u> and the collision time t. When u> is proportional to
H, an H/p dependence results. Equivalently the Hamiltonian describing
the precessional motion of the molecules, is linear in H. In general,
however, the Hamiltonian is a complicated expression containing terms
describing the interaction of the external field with the magnetic
moments present in the molecule (nuclear, electronic and rotational),
and terms arising from the intramolecular interactions. Two extreme ca
ses can be considered: (i) At high fields, i.e. when the influence of
the external field is much stronger than the intramolecular interactions,
each magnetic moment can be treated as virtually independent (Paschen-
Back limit). Retaining only the terms that affect the molecular orien
tation, an adequate Hamiltonian for the molecular precession of mole
cules in I states is:
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Jf = - Y  £ • £  ,  (1)

where £  i s  the rotational angular momentum and y the gyromagnetic r a t io ,
( i i )  For low enough f ie ld s  the various angular momenta are coupled to 
gether more strongly than to the magnetic f ie ld .  Denoting the resultant
angular momentum by R, the Hamiltonian o f the r ig id ly  coupled system
can be w ritten as

= -yR R-H , (2)

where yR i s  the corresponding gyromagnetic ra tio . Since the electron
spin i s  coupled to £  by a factor o f  about a thousand stronger than the
nuclear sp in , O2  i s  usually  in  the coupled case (eq. (2 ) ) ,  while for
diamagnetic molecules the nuclear spin i s  usually  completely decoupled
(eq. (1 ) ) .  As for diamagnetic molecules the coupling i s  strong for the
hydrogen iso top es, these gases appeared to  be most su itab le  for an ex
perimental study. Although the Hamiltonian i s  more complicated for HD
than for H2 , HD was chosen because th is  asymmetric hydrogen isotope
shows an appreciable change o f  the transport properties in  a magnetic
f ie ld .  To observe the tra n sitio n  between coupled and uncoupled nuclear
sp in , i t  i s  necessary to work at f ie ld s  below 200 Oe. This forces one
to  work at rather low pressures (< 0.1 torr) in  order to  reach values
for H/p that are large enough to observe the f ie ld  e f fe c t .  For an ex
perimental in vestiga tion  o f  the tra n sitio n  regime, we studied the be
haviour o f Atr  o f HD between 10 and 600 Oe. The co e ff ic ie n t  Atr  des
cribes the transverse heat flow which arises due to  a magnetic f ie ld
(that i s ,  a heat flow perpendicular to both the temperature gradient
and the magnetic f i e ld ) .

#
2. R esu lts  and d iscu ssio n . Fig. 1 shows the th eoretica l re su lts  on A
as obtained in  r e f . 6 for HD at 50 K. At that temperature a l l  rotating
molecules are in  the J  = 1 s ta te . The dashed lin e  in  f ig .  1 corresponds
to the equation

Atr
A - *  { ' + 2 (3)

1 + U)2 T2 1 + 4w2t2 with hit « H/p.
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high pressure limit
^  0.1 torn

0 0 5  tornHD at 5 0  K

0.02 torn

Oe/topp 105

F ig . 1. T h e o re tic a l r e s u l t s  f o r  At r  o b ta in ed  fo r  HD a t  SO K a t  v a rio u s  low p re s s u re s ,
as c a lc u la te d  in  r e f .  6 . The dashed curve i s  th e  h igh  p re s su re  l im i t  as given
by eq. (3 ) .

an b .
units

'Q037 tow

'0.057 torn

0.027 tow

0.020 torn
*01017 tow

O e/topp 10

F ig . 2 . t rExperim ental r e s u l t s  fo r  X o b ta in ed  fo r  HD a t  85 K a t  v a rio u s  low p re s s u re s .
The dashed cu rv e , which i s  f i t t e d  to  th e  N2 r e s u l t s ,  i s  g iven by eq. (3 ) .
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This equation is  valid  in the situation  where the nuclear spin is  com
p le te ly  decoupled. It is  seen from f ig . 1 that at lower pressures (and
corresponding lower fie ld s) strong deviations occur from the dashed
curve: not only the heights and positions, but also the shapes of the
curves are changed.

For our experiments the apparatus described in re f. 7 was used.
The experiments, carried out for the pressures 0.057; 0.027; 0.020 and
0.018 torr, were performed at 85 K, th is being the lowest temperature
that could conveniently be reached in our set up. The resu lts are given
in f ig . 2. From a comparison o f f ig s . 1 and 2 i t  i s  seen that qualita
t iv e  agreement is  obtained between theory and experiment. Note in par
ticu lar  the agreement with respect to the shapes o f the curves. It
should be pointed out, however, that the experimental resu lts of f ig . 2
are not corrected for Knudsen e ffe c ts8) .  These e ffec ts  w ill be large
under the experimental conditions. It is  known that they cause mainly a
decrease o f the measured values of the thermal conductivity e ffec t.
They leave, however, the shape of the curve essen tia lly  unchanged, as
is  further proven by the resu lts obtained for N2 under sim ilar conditions
(f ig . 2). For th is gas the shape o f the curve remains the same as the
one given by eq. (3). A quantitative comparison o f theory and experiment
w ill only be possible after a more thorough study of the influence of
Knudsen e ffe c ts . The qualitative agreement i s ,  however, su ffic ien t to
prove the existence and importance o f the decoupling phenomenon of the
nuclear spin.
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CHAPTER V
THE SIGN OF THE MOLECULAR g-VALUE FOR ACETYLENE

The sign of the molecular g-value of C2H2 was found to be negative
by Cederberg et at. ̂  in their experiments vising molecular-beam magnet
ic resonance. This result can be looked upon as somewhat surprising, as
pointed out by Flygare and Benson2). Since magnetic field effects on
the thermal conductivity can readily determine the sign of the molecular
g-value, it was decided to investigate the controversy. For this purpose
the transverse thermal conductivity coefficient X was measured. This
coefficient describes the heat flow perpendicular to both a temperature
gradient and an external magnetic field. Its field dependence is given
by

Xtr , r WT . 01 2(i)T •, ._ _  = -4, { ------ + 2 ---------  } ;
1 + (l)2T2 1 + 4ltf2T2

id = -----
ft CD

where X is the field-free thermal conductivity, is a positive constant
related to the nonsphericity of the molecules, t is a characteristic
time, which is of the order of the time between two collisions and u is
the precession frequency of the angular momentum around the field direc
tion. Since w is given by u = gy,J7/h, with g the molecular g-value, y^

tr • ,the nuclear magneton and H the magnetic field strength, X is odd in g.
Hence the sign of g can be determined by measuring the direction of the
transverse heat transport. The measurements, reported in this article,
were performed in the same apparatus as was used earlier to determine
Xtr at 85 K for several gases3). For all 7 gases investigated at that
time the signs of the molecular g-values were found to be in agreement
with the existing data.

The present experiments have been performed at 150 K where the
vapour pressure of C2H2 is sufficiently high. Five gases were investi
gated and for four of them the signs of g were found to be in agreement
with the literature values [HD (+), CHi, (+), OCS (-) and N2 (-)], while
for C2H2 the molecular g-value was found to be positive. This is in
contrast with the result of Cederberg et at., who state that C2H2 has
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the same sign (-) as OCS.
For certain gases eq. (1) is not adequate and another term, with

opposite sign, must be added to the right-hand side. Although such a
term has only been found for strongly polar molecules, it was decided
to eliminate the slight possibility that this term should dominate for
C2H2 . Measurements on the coefficients AX'*- and AX , which are even in
g, are well suited for this purpose. These coefficients describe the
change in the thermal conductivity of a gas by a magnetic field, which
is either perpendicular or parallel to the temperature gradient. With
the same ansatz as used in eq. (1), the field dependences of AX'*’ and
AX are given by

-  + -2 — - T-2 > (2)
1 + w 2t2 1 + 4u>2t2

{ 2 h)2T2 }
1 + 0)2T2

C3)

In agreement with eqs. (2) and (3) both AXi /X and AX /X were found to
be negative for C2H2 and AX /AX was found to be 1.5 in the high o>t li
mit. This result excludes the possibility of an important extra term
in eq. (1), thus vindicating the earlier mentioned conclusion as to the
sign.
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SAMENVATTING

In dit proefschrift worden experimenten beschreven over de invloed
van magnetische velden op de warmtegeleidingscoëfficiënt X van meerato-
mige gassen. Het is bekend dat de scalar X in aanwezigheid van een mag
neetveld vervangen dient te worden door een tweede rangs tensor welke
bepaald wordt door drie onafhankelijke coëfficiënten: de diagonale coëf
ficiënten X en X , die de warmtestroom bepalen wanneer de temperatuur-
gradiënt loodrecht op resp. evenwijdig aan het veld georiënteerd is, en

•• ••de niet-diagonale coëfficiënt X , die de transversale warmtestroom be
paalt. Deze transversale warmtestroom staat zowel loodrecht op de tem-
peratuurgradiënt als loodrecht op het veld. De invloed van velden op
de warmtegeleidingscoëfficiënt treedt alleen op bij meeratomige gassen
en staat in direct verband met de niet-bolvormigheid van dergelijke
moleculen. De verkregen experimentele resultaten kunnen dan ook gebruikt
worden voor het testen van niet-bolvormige interactie potentialen.

Voor een strenge test van potentiaalmodellen is het i.h.a. nodig
om het temperatuurafhankelijke gedrag te bestuderen. Daarom zijn, voor
verschillende gassen, metingen verricht bij temperaturen tussen de 40
en 300 K (zie hoofdstuk I). De experimentele resultaten worden vergele
ken met recente resultaten over berekeningen aan verschillende poten
tiaal modellen.

In hoofdstuk II worden de resultaten van twee verschillende expe
rimenten met elkaar gecombineerd. Op die manier worden de drie coëffi
ciënten van de warmtegeleidingstensor verkregen bij één temperatuur, De
onderlinge samenhang van de drie coëfficiënten (AX , AX en X^r) is in
goede overeenstemming met de theorie.

Naast de studie van zuivere meeratomige gassen, is de studie van
mengsels van meeratomige gassen met edelgassen zeer informatief. Immers
het botsingsproces tussen een meeratomig en een eenatomig molecuul le
vert een veel eenvoudiger beschrijving dan de botsing tussen twee
meeratomige moleculen. Bovendien volgen uit het onderlinge gedrag van
een serie mengsels, bestaande uit een bepaald meeratomig gas en steeds
verschillende edelgassen, voorwaarden waaraan molecuulmodellen moeten
voldoen. Daarom zijn metingen verricht aan mengsels van meeratomige
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gassen en edelgassen, zowel bij 85 K als bij 300 K. De resultaten hier
van worden gegeven in hoofdstuk III.

Gewoonlijk hoeft bij de bestudering van de invloed van magnetische
velden op de warmtegeleiding alleen de interactie tussen het magnetisch
veld en het impulsmoment J_ van het molecuul in rekening genomen te wor
den. De gebruikte velden zijn nl. zo hoog dat de kemspin J en het im
pulsmoment J volledig ontkoppeld zijn. Werkt men echter bij zeer lage
velden, dan zullen I en £  niet meer volledig ontkoppeld zijn en kan men
afwijkingen verwachten van het normale B/p gedrag. In hoofdstuk IV wor
den deze afwijkingen onderzocht in het geval van de transversale warmte-
geleidingscoëfficiënt van HD.

In hoofdstuk V tenslotte worden metingen beschreven aan de trans
versale warmtegeleidingscoëfficiënt van acyteleen. Uit de richting van
het dwarswarmtetransport is het teken van de moleculaire gr-factor bepaald.
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