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) The transport pr0pertres ofa dllute polyatomrc gas are "nﬂuenced bya mag:-..

S A A A B S o

respectrvely For linear- molecu]es the srlscomagrletrc effect can be well descnbed by~

one single po]anzatlon wh ch is. evenfm  the ‘angular momentum. ' Ini the case of sym-
metric top molecules, however, it was found thatm measurements on the influence
: of an electric field on the thermal conductrvrty, also odd—m-] polanzatrons play a role
The presence of such po]anzatrons has theoretrcal intérest since in this case the colli-
: sion operator is not self-adjoint, which mdlcates in classical terms that not every collr-
. sion has its mverse For a detalled mvesttgatron of those polanzatlons and the prec'se
: reason for therr occurrence a systematic résearch program was set up. In contrast to:
experiments in electric ﬁelds measurements in magnetic fields yreld more possrbrlmes
e in studying the intluence of tne orientation of the ﬁeld on the viscosity and thermal -
conductivity. This offers a re]atrve]y simple method of dlsentanglmg the contribu-
tions from the various po]anzatrons. The thermal conductivity ; measurements ina
. magnetic field are still in progress and will be described in the thesis of B.J: Thljsse
The measurements for the vrscomagnetlc effect on a number of polar. molecules w1th
various structures are presented in chapter I of this thesrs. Two different vrscosrty
changes have been measured for the hnea_r‘moiecules CO, , OCS N, O, HCI, DCland
the symmetrrc top molecules CH3F, CHF;, PF;, NF;, PHy, AsH;, NH;, ND; and
SFg. It was found that, with the exception of NH; and ND;, the effects of all gases,
independent of the molecular structures, can be well described by one single potan-
zation of type I T . The experimental results are compared with theory Effectlve

cross sections are obtamed and are compared with results from the vrsco-electnc
effect. E
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* In chapter II the vrscomagnetrc effect of Hg and Dz has been studred Bemg m
low rotational states due to their small moments of inertia, these homonuclear hydro-
gen 1sotopes offer the unique possrmllty of studying the various collisional processes in
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different rotational quantum states. This can be achieved both by studying the tem-
perature dependence of the effect as well as performing experiments oi} the ortho-
and para-modifications of H, and D,. However, very high sensitivity is required in
such experiments, the relative viscosity change- being abotit-afactor-of 100 sialler

than the effects measured to date. Experiments were performed.on these-gases in the =

Rtemperature range from 140 K to room temperature. The results are compared with-
data for HD as obtained earlier by Burgmar s. The data are combined with literature

data on the volume wscosuy and are exprcssed in terms of effective cross sections fo-

several elastlc and melastlc colhsmn pzocesses




CHAPTERI

THE VISCCMAGNETIC EFFECT IN POLAR GASES

1. Introduction. It has been shown both experimentally and theoretically, that the
transport properties of polyatomic gases can be influenced by an external
field!-2:3:%5,6)_[n this paper experiments on the influence of a magnetic field on
the shear viscosity are presented. This phenomenon, called the viscomagnetic effect,
can be described as follows: a velocity gradient in a gas of polyatomic molecules
produces not only a non-isotropic distribution in velocity space but also, through
collisions, a polarization of the molecular angular momenta. In this process the angle
dependent part of the molecular interaction potential plays a crucial role. The pola-
rization in the angular momenta can be partially destroyed by the action of a mag-
netic field (through the Larmor precession). Through collisions, in turn, the polari-
zation in velocities decreases thus changing the viscosity. Therefore, the viscomag-
netic effect gives information about collision processes in which the molecular angu-
lar momenta are involved, ie., about energetically inelastic as well as reorientation
Processes. ; -

Earlier experiments on this viscomagnetic effect for diatomic molecules and
spherical top molecules”-®) have shown that the change in viscosity can be well de-
scribed on the basis of one particular type of angular momentum polarization. This
polarization is of the form JJ R(J?) where the symbol — indicates the symmetric
traceless part of a tensore.g., 'J,_; =% L+ %I -1 8;;9%. The polynomial R(J?)
is a function of the scalar quantity J2. Physically ¢ ﬁ R(J?)) #0 implies an align-
ment of the rotational axes of the molecules. However, there are experimental indi-
cations that for molecules of more complicated structu‘re,'e.g. , Symmetric top mol-
ecules, other angular momentum polarizations also play a role. Of special interest are
odd-in-J polarizations because of the information they give about the collision dy-
namics. The presence of such terms indicates that not each collision has its inverse,
or, quantummechanically, that the collision operator is not self-adjoint. In the ficld
effects, such terms give rise to an increase of the transport properties upon applica-
tion of the field, as opposed to the even-in-J polarizations which produce a decrease
(see fig. 1). Indications for such odd-in-J terms were found a) in measurements of the
electric field effect on the thermal conductivity for molecules with large electric
dipole moments®) and b) in measurements of the electric and magnetic field effects
on the viscosity of NH, and ND;'9-!1), It is, however, from these experiments not
clear whether the presence of these odd-in-J polarizations are essentially due to the
electric dipole moment or to the more complicated structure of the molecules, and -
whether it was limited in the case of the viscosity to the ammonia molecules. In ordet
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to settle this question a research program was initiated to investigate the field effects
on viscosity and thermal conductivity of such molecules. A disentanglement of con-
tributions arising from different types of polarization can reliabiy be performed only
if more than one element of the viscosity or thermal conductivity tensor is deter-
mined. This requires experiments in external fields which can be oriented in different
diractions with respect to the apparatus. Such a procedure is difficult in practice
when using electric fields but is rather simple when using magnetic fields. The mag-
netic field effect on thermal conductivity is investigated by Thijsse! #). Results for
the field effect on viscosity are presented in this chapter for a) simple (linear) mol-
ecules with an electric dipole moment (OCS, N, O, HCI and DCI), b) symmetric top
molecules, with an electric dipole moment (CH; F, CHF;, PF;, NF3, NH;, ND3,
PH; and AsHj;) and c) molecules without electric dipole moment (SF4 and CO,).
Since the theoretical description of the magnetic field effects of molecules with a
more complicated structure is slightly different from that of linear molecules, first

a short outline of the theory of the viscomagnetic effect on both types of molecules
is given in the next section. 4

2. Theory. The shear viscosity of a polyatomic gas in a magnetic field can be described
by five independent coefficients*): three even-in-field coefficients ng, n7 and 73 and
two cdd-in-field coefficients n; and 53. The relation between this notation and the
one of De Groot and Mazur'3'%)is: nd =0y, 9 =13, 73=202 — 01, 7; =0s.and
N2 =—74. In this thesis results for 15 and 13 are given.

A velocity gradient in a gas causes a deviation of the distribution function f
from the equilibrium value f(®). For small deviations this is expressed by

£=£() (1~ B:Tv,) )

where for polyatomic molecules

o.M 32n _w? _ Heot
Gar)? QeXP{ W T } @

with m the molecular mass, n the number density, Q the internal state partition func-
tion, J(, ,, the rotational Hamiltonian of the molecule and W= (m/2kT)* (v — il.o‘)
the reduced peculiar velocity. The quantity Vv, is the symmetric traceless part of
the siream w=iocity gradient tensor. In order to determine the field dependence of
the shear viscosity the distribudon function f and thus the tensor of second rank,

B, has to be known. This tensor can be calculated from the linearized Waldmann-

Snider equation®-%}
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- where R is the collision (super)operator, H is the magnetic ﬁeld strength u the mol-

ecular magnet:c dlpole moment and B is grven by
B= B(_W J,) 'f'”f L 4'(‘3b);'

Here, J Ji is the angular momentum and J ; 1ts component along the ﬁgure axis. B is
then expanded in terms of tensors with even parity which.can be constructed from-
W, J and J,. Note that J, has odd parity. The polarizations in}l-spaeefare‘ produced
from the velocity polarization through torques acting on the molecules dusing colli- -
sions (in which the nonspherical part of the interaction-potential is essential). The
angular momentum dependent polarizations of even parity, which can be influenced
by magnetic fields, can be denoted as far as their tensorial structure is concerned by
LI, WW I, WW T3, WW JIT,W1J,, W TT J,,etc. The simple polariza-
tion of type J will be disregarded since it contributes to the effect only in fourth or-
der of the off-diagonal effective cross-sections: The Waldmann-Snider equation (eq.
3a)) has been solved both for linear and for symmetric: top ] molecules6 15, The con-
tributions to the viscosity coefﬁcrents arising from the various types of polanzatrons
are given for linear molecules in sectlon 2. 1 and for symmetric tops in sectron 2.2.

2.1 Linear molecules. The rotational Hamiltonian in eq (2) for hnear molecules can
be written as

- hz 2
JCmt - E ] (4)

where I, is the moment of inertia about the rotational axis perpendlcular to the inter-

nuclear axis. For diamagnetic molecules the magnetrc drpole moment is related to
the molecular angular momentum by

p=png d ‘ (5)
where g1, is the nuclear magneton g, =gisthe rotatlonal g-factor perpendlcular to
the internuclear axis and J the angular momentum in units h-In the presenoe ofa-
magnetic field, the magnetic moments and- thus the- angular ‘momenta precess arou*rd
the field direction, which gives rise to a partial destructron of the angular momentum

dependent polarizations. This, in turn, changes the velouty polanzatlon ‘thus chang—
ing the viscosity.
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At this point it is convenient to introduce for the polarizations the general nota-
tion [W]® [3]®) where the symbol [ 1) indicates the totally symmetric traceless
tensor of rank k; thus [J](®) = TT . Using the results-of Coope and Snider®) and -
Eggermont et aI. 1 6) one can denve a general expresslon for the vnscosnty coefﬁclents

. &Y

—_ 2 pay2
0y (0) *ED' gan e TP I

e T4 iBwrpg
©)

where nlo] is the value of the wscosxty coefficient when J polanzatlons are ignored
(see eq. (13)), n(0) is the field free viscosity coefficient and

g+1)d-2i)d ——-~2j2)!»(J —25)! 3-(=1)
(21! 2j2)! Qi) 2

Q(il:jz:j3)= (7)

withJ=j; +j, +j3. Ineq. (o), the quantltles ( 2 P q) are the well known 3j-sym-
bols (see e.g. ref. 17), while

_gunH -1

Tpa~ n{v)y &9 ®

are precession frequency and the decay time for the wit® 1 (q) polarization,

8kT
respectively. Here n is the number density, (v}, = ( T)'A the mean relatwe veloclty,

with g the reduced mass, G(pg) and @&(pq) are effective cross seciions for the’ produc-

tion and decay of the [ W] (™) [1](9) polarization, respectively, as defined in refs. 6
and 18. Using

My =T, Timy,
one finds for the even-in-field coefficients

& CY -
6(20) &(ra)

M —n(0)_

Y

. m,2.2
2paye B’ Thq

withp=0,1,2 ' - (9a)
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and for the odd-in-field coefficients

withu=1,2.

220

nm)' =1 a0 s(zo)

a)

&)

Bwr

9(2,13-(1; E (2rpay
1+ wirh,

—uaﬂ

(Ob)

Using the above expressions, the contributions to the wscosnty coefficients
arising from the polarizations of tensorial type 73, WW WIWW 77 and
‘WW TJIJ canbe written as

m -w0) _
n(0)

i —n(0)

Yy~ ~Yoaltiea)

o ;«;7)( . ~¥o3f{(25ea)

=~¥oa1g{toa)

—¥o28(2503)

where

(mg)’

fme) = T e (mt)®

withm=0,1,2,3 and

WW'I

"'i“l’zlf(&l)
"%‘l’zlf(h:)
"% ¥y, f(k21)

)

+%WSIB(EII)

g1 un KT
= TN 12
fpa ™ “Toq hi{v}o G(pq) p (12)

WWIT WW T11

~ 3¢ Yaa 0Cera) *81CE)} o Vas 4ME2) + 10M2E:0)

5 Yo ) +6M26)} +5-as 5MCEzs) 5036230}

¥ {6E) +40E}  +30 ¥ ) S2s) *S3Ean)}

—;—4‘1’11 {-5g(t22) +68(2¢32)} "'11—0‘1’:: {—glt23) +5g(3822)}

= g7 Vo (60Ea2) +4626i)} s BaCEaa)  55260s)+ Selikea)}

(10)

H

with p the pressure. The field free viscosity coefficient, 7(0), is related to the cross
section describing the decay of the velocity polanzatlon, 6(20), by

7(0) ~7[0] =

kT

v 6Q0) °

(13)
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Fig:1a The contributions of three even-in-J polanzanons to B‘L;@-)Ll (forpg=0,1, 2)

and — R(l)‘_) (for =1, 2). The field parameter £y = un'pq is proportional to H/p (see
eq. (12)).
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The positive quantities ¥, q in egs. (10) determine the magnitude of the viscosity
change arising from the various polarizations. They are given by

2,20
¥ = _ B(pe)

(14)
1 §(20) G(N)

In earlier experiments the quantmes Wy, ¥, and ¥, 5 were found to ‘be very small
for linear molecules such as N,; CO, H,, HD, D, (see refs 7, 8) the 7T -polanzatlon
being far dommant m such molecules In ﬁg 1 the relatrve vrscosrty changes correspon-
ding to egs. ( 10) are glven asa functron of the field parameter pa g It should
still be noted that the field ‘parameter’ E is assumed to be 1ndependent of the quan-
tum mechanical state of the molecules. For linear molecules, the precession frequen-
cy is indeed mdependent of the rotational state. “The assumption that the decay of
polarization can be described with one Tpg OF one effective relaxation time is gener-
ally not quite true as was shown in experiments on Depolarrzed Raylergh scattering’ ?).
In fact, the reorientation efficiency for angular momentum depends on the rotational
state of the molecules. However, it was found that for heavier molecules transfer of
polarization between different rotational states limits the spread in time scales, and

a description with one effective time scale is quite good. Consequently, for the linear

molecules studied here, single parameter curves for each type of polanzatron as given
by egs. (1 O) can be expected.

2.2 Symmetric tcp molecules. For symmetric top molecules, the non-equilibrium dis-
tribution function also depends on the pseudo-scalar Jy, ‘which has the same parity
and time reversal properties as W (see eq. (3)). The lowest order terms containing J;
are found tobe WJJ, and WTJ J,20). It should be noted that the presence of
Jy in the term W J J; does not change its odd-in-J behaviour. The resulting scheme
for the contributions from the various polarrzatrons is given in Table L. The symbols
used are defined in eqs. (11) through (14) while the quantities related to the two pola-
rizations involving J; are labeled with the extra index ¢, e.g., & (11¢). describes the
decay of the W J J; polarization, and \Ill 1¢ describes the magmtude of the vrscosrty
change from that polarization. - : i .
The expressions in table I are valrd when the parameter £pq = o.n'p q is indepen-

- dent of the rotational (J, K)-state of the individual molecules. The spread in collision
times 7pq will be neglected here. Assuming the same argument as given for linear
molecules to be valid here, a state averaged cross section & (pq) is used. In section
6.1 we wili come back to this point. However, the spread in precession frequencies
w cannot be neglected for symmetric top molecules. This spread will now be discussed.
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Fig.2  The moments of inertia Iy and 1; for varions symmetric top molecules

The rotational Hamiltonian for symmetric top molecules can be written as

2 2

h i I;
= — +—_ _x
JCl'ot 211 l 21' (1 I]_) J; (15)

where I; and I; are the moments of inertia perpendicular and parallel to the figure
axis. The values of I,/I; for various tyﬁes of molecules are summarized sg:hematiéal]y
in fig. 2. For a symmetric top molecule the directions of the magnéticmox'nent_ahd
the angular momentum generally do not coincide (fig. 3), the rotatiomilg'%ralue being
anisotropic:

(16)

Fig. 3 The magnetic moment g and its component along the direction of the angular momen-
tum J for a symmetric top molecule.
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Table 1. The contributions to the viscesity coefficlents from various polarizations
7 wwi YW IT YW TIr Wil wIill
=00 +Sy, H(FTY) -ty {2f(ka2) + Bf(2623)} vl {I“(E )+ 10f(2¢35) } "'Z‘l’x f(k11p) iy {6f(t135) }
n(o) 4 21 31 24 3 a3 33 10 23 23 33 6 151811 4 11f 134
?l%’;—(g"‘l’naﬂfn:) "'%‘l’nf(ﬁu) —'il}:‘l’n {7M(22) + 66(232)} "’%4’33 {5fk2) +5((3k23) ) "'%‘l’urf(h 1) '-‘:"]’ur{ f(125) + 2(2k12¢) }
E’;-(:o@" ~Wo3f(2k02) "'%‘l’nf(hl) —'z%‘l’n {6f(E32) +4(2k22)} "'llo‘l’:a{f‘f(fu)* 5f(2k;3) +51(3£22) } +g‘l’urf(5u;) —::"l’ug{Zf(Eug)""*f(?—Eug')}
n‘%’ol) = —¥y38(E02) ’f%"l’uﬂ(ﬁn) —'2'!‘;"‘?:: {-58(£22) +68(2¢22)} t'l'Lo‘l’u{—B(hs) +58(3k21)} "'%‘l’nx%(hu) —:"‘l’ug{ 8(E1ap) + 28(2%12p) )
ﬂ%;'—)- = ~Wq38(2603) +%‘l’z 18(5:1)' "%‘l’u {6g(ka2) +48(2822)} +%‘l’u Balkaa) + 58(2k32) +58(3k2s) } "'g‘l’l 1elErng) —%‘l’urfzs(hu) +4g(2k14p) }

Table I, Moments of Inertia and rotational g-factors parallel and perpendicular to the figure axis

"

®

L

-1}

ﬂ | B=EL AE L B L) . (8

® ®
€0, 056 -0055123) CHF 12 0166%%) 0062 40265 3%) 527 [-0017)
‘ocs - 029 -0028724) CHF: 050 183 %) 0359 (-003)%) 004 0034
N0 060 —007617%) Py 038 161) 00655 | -0081* ) 4024 007
HO' 150" 4045943%) NFs 081 183%9) 0060 . (-0081°F%) 4036 0069
pa da o — PHY 64 LIZP) 0033 40017 %) 152 . [-0017)
SFy 043 | — AH, 54 100 %) - — S —
CH) — -403133%7) NH, 143 157 %) 40563 40,500 %% 011  +0.538
CFi . =— - .-003129) ND, 74 163 %) — (029 _— -

" Numbers between parentheses () are estimated valqes

. *One shiould note that the signs of g, 8id gy are not quite certain as Is pointed out i, .39,
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The second rank tensor g can be written as

§=glg4r(g:—gl)l_u_l ' an

where U is the unit second rank tensor and u s a unit vector. along the figure axis. The
subscnpts refer to duectlons with respect to the figure axis. For the precession of the
molecule around an extemal field direction only the magnetlc moment p 23 along the
direction of J is of unportance

uy=pygd (18)
where

-5 K
e J0+D 1 (19)

8¢
g=g [ 1+

In the notation used here, J and J; represent operators, while J.and K represent the
corresponding quantum numbers. It follows from eq. (19) that for a symmetric top
molecule the precession frequency of the molecular angular momentum-around the
field direction depends on its rotational (J, K)-state. The field dependence of the
viscosity can now be described by a weighted sum of contributions of molecules
with different precession frequencxes"*1 S:21)_f we only retain the polarizations that
make important contnbutxons to the viscomagnetic effect of the molecules under
consideration, the expressions for the even-in-field coefficients are given by

* _ (0 6
__’l"n(_o;’_(l = ~2 Va1 (f(E21)ay (202)
) ! 5
- F—In(oh)n(—l =+ ‘I’oz (f(goz))av - Z ‘I'z 1 (f(sz 1 ))av (20b)
~mmn0) g oray -2 (81 Vay (200) -
0) 02 02),¢ 4 a1 21 ) ay .
where
- g1 BN kT I_'l & —8 K2 »
qu hv)o S(pa) p t & Ig+l) ) eh
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and the symbol {f(£,4))av represents an average of the field functions over the differ-
ent J and K valuss (cf. egs. (22) and (24)). Note that the averaged field functions
. {f(m £pq)?ay depend not only on gy and g; ‘but, through the averaging ‘also on Iyand
- . I,. When &4 does not depend on K and J egs. (20) reducetc the correspondmg parts
T f of egs. (10). This is the case a) if only the value K =0 is allowed (linear molecules)
o and b)if g7 =g, (e., SF¢). The actual form of the averaged field functions
) 1 (f{m £5q))av depends on the precise form (normahzatlon) of the angular momentum
RS dependent part of the polarizations.
Ty Theoretlcally, there has been a d1scuss1on over the last few years as to the 3
: precise form of the polarizations, especially on the polynomlal R(J’) of polanzatlon
TTR(I?). We will treat here two  possible choices: -
a)  Starting from considerations involving the mtermolecular potentlal one is
tempted to try an analysis on the basis of the angular momentum in terms of
its direction only, ie., esssentialy J/ IJ I In this case, one has for the angular
momentum tensor- and vector—polanzatlons

17 g3
@Ar:1n% @

respectively. The average of the field functions takes the form

2
{f(m qu)>av = (_ﬂp_ql__%

22
I+(m qu)z @2)
with the equilibrium average ()4 given by .
= +J
T EAKIT) @I+Dexpl- —l)K’}]
‘ (ACK, o = 10 K== o . e

;‘. b I+ Dexp[- i {J(J+l)+(—l— 1) K2}]

J=0 k:jj P 2[ kT I,y_ )

23) T

b)  When a Chapman-Enskog procedure is followed, where J is treated analogous R
to W, magnitude as well as dlrectlon have to.be considered. In this case the :
theoretical expression for the average of the field functions is given by2 Ly

(M £pg)aw = (i @enyz @ —MEsa) o0

1
W@ea @y, T Tame, )

where o1 indicates a g-fold contraction.

¥}
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The rotational g-factor as a function of K/J = cos @ (classical limit).

a. the prolate symmetric top molecule CH, F.
b. the oblate symmetric top molecule CHF,.
The dotted line in tig. 4a represents the probability distribution P(9) (see eq. (26)).

We will now assess the spread in field functions resulting from the averaging
. over different (3, K)-states. First, the dependence of g on J and K is of importance.
In fig. 4 the value of g is given in the classical limit as a function of K/¥ for two typ-
ical cases. For the oblate symmetric tops CHF, or NH3, one has typically (see table
II) that gy and g; have the same sign and roughly the same magﬁitu‘de; For these

molecules | EL;—-EL— [<<1 so that the spread in g-values is rather small as illus-
1]

trated in fig. 4b. For the prolate symmetric top CH;F, on the other hand, 8. and g |
have opposite signs while lgy|>1g; I. As illustrated in fig; 4a this gives a large-varia-
tion of g-values, some molecules having g-values close to zero "and thus requmng

spread of field functions should be expected since for strongly prolate molecules
only the lowest K-values are appremably populated In the class1ca1 limit this can be
easily illustrated. Replacing the sums in eq 2 by mtegratlons one has ’

extremely large fields tc precess sufficiently fast. However even in th1s case no large -
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figure axis
I”/ I 132

1
FO)=
, L _ 2}
{1*(&/ 1) cos }
Fig. 5 The probability distribution for the orientation of the angulkir momentum J with
respect to the figure axis for various values of I/l in a polar d:agram For clearness
of representation the curves have been scaled to the same value at a 1r/ 2

1 i I, " {m &p4(cos 6)}? . K. =A
Q { exp = gppr U ( , DS O T o O aap

‘ Iy . {m’é- cos 0)}?
2 /I—J_‘ f— 1 RO 3 e oy 1080 (25)

with

p(6)=

1
1 S, ’
{1+ (I—l — 1) cos20} 2
I

(26)

where cos 8 =K/J and £, depends on cos’ 0 only (see eq. (21))- In fig. 5 the weight
factor P(8) is plotted. The same procedure applied to the average of eq. (24) yields

a weight factor similar to eq: (26), only with 3/2 replaced by 3/2 +q. In this case
even more weight is given to the low K/J = cos 6 values. One should realize that these
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Sy ‘
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expressions with P(0) serve only as an illustration of the effect of the different
weightings. For some of the molecules considered here the number of K-states in-
olved is not high enough to replace the surhmation over the quantum states by an

‘most of the, syrnmetnc tOp molecules under mvestrgatron, because the ﬁeld functlon ’

averages of eqs (22) or (24) can be approumated by’

(i(n qu))av = f(m(qu)o) . ‘ (27)

The result rs that a mple:behavrour of the form of eqs (l 0) can be expected wrth

netrc effect ‘for thls gas Was. found to be-too small to,be mvestrgated‘ .

3. Expenmental method. Since the molecules of mterest here such as the symmetnc
top molecules, tend to have very small magnetic moments (or rotational g-factors)
very high magnetic fields are necessary in order to achreve molecular precessron
frequencres hrgh enough 50 asto. compete wrth the’ colllsrorr frequency In the
expenments a superconductmg magnet was employed ‘giving ﬁelds up to 75 kOe
in a 10 cm room tempeérature bore’ (homogenerty 997 )- The fact that the axial
field is fixed in the vertical diréction, puts some. lrmrtatrons on the desrgn of the
experimental set up if one wrshes to. determme more’ than one element of the
viscosity tensor. In the present apparatus ‘two even-rn-ﬁeld coefﬁcre'rts TIo and M,
can be determined by using four 1dent1ca] camllanes with rectangular cross section
(thickness t = 0.1 cm, width w= 1 cm, ]eﬂgth =17 cm) arranged in a Wheatstone
bridge circuit as shown in fig. 6. The arrangement is such that erther the lower pair
of capillaries ¢{ and ¢, afe in the field center (posrtron 1 ofthe apparatus) or-the top

pair of capillaries c; and c3 @osruon II of the apparatus) The. orientation of the

capillaries is indicated in fig: 7. According to ref. 41 the ﬁeld-mduced unbalance of
‘the bndge is now related to changes in the vrscosrty by.. :

& . n3—n(0)

,0p __ %3 +%ng —n(0)
p n(0)

(p()sition m

=P Gud @
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position II
1+ 3t
‘znz*fnn

position I
H M

a. Schematic diagram. of the Wheatstone bridge.
b. The arrangement of the capillaries in the apparatus.
c. Photograph of the apparatus with vacuum jacket removed.

C1.C,

7a

The orientation of the capillaries with rg.speé]: fa ﬂié magnetic field;
a. capillaries ¢, and c, (cf. arrangement II in scheme II of ref. 41).
b. capillaries ¢, aud c, (cf. arrangement I in scheme 1 of ref. 41). .




25

where &p is the pressure difference between points C and D of the bridge (see fig. 6a),
Ap is the pressure difference between the entrance and the exit of the bridge. The un-
balance of the bridge, 8p, is detected by a high-sensitivity differential manometer M
(sensitivity of 10°° torr). From the . xperimental results in the positions I and Il it is
possible to determine n and ng separately; this last viscosity coefficient is of special
interest because a polarization of type JJ does for tensorial reasons not contribute
to ng (see eq. (10)) while it is usually the dominant contribution to n; and ;.

In order to test the apparatus, experiments on HD and He have been performed..

The results for HD were found to agree within the experimental error with those of
Hulsman ef a. 7). As should be expected, for He no effect could be detected.

4. Corrections. 4.1 Presence of short sides. In the foregoing section egs. (28a) and
(28b) have been based on the assumption that the capilla.‘=s consist of two infin-
itely wide parallel plates placed at a small distance. Between such plates a second
derivative of the flow velocity exists; however, since in the experimental set up the
plates have a finite width, also a Poiseuilie profile is build up between the short sides
giving rise to a — be it small — second derivative of the flow velocity. This causes a
correction on egs. (28a) and (28b); following Hulsman et al.”) one finds for our set

_m-n0) . _n1 —1(0)
o U9 0)

€ in position I
(29a)

bp ._ _ Ymyt¥mg-m(0) .
o' L C)

Yn® + Ypt _
it Yma —10) ) position I,

(29b)

2

where €= % x 0.630 L. With t/w = 0.1 in the apparatus we have € = 0.0315. The
quantity f is a correction factor which is discussed in the next scction.

4.2 Deviations from the ideal Poiseuille flow. The correction factor f appearing in
egs. (29a) and (29b) takes into account the deviations from the ideal Poiseuille flow

and the Knudsen effect on the viscosity changes. Following refs. 7 and 8 it is given
by

2(pc +Kq)
(P T Ko) t(pp +Ky)

f=1

1 Pa, i K
1+ +151n 2y~ ~B
11 20(m élan)QRe] [1+p].

(0)
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The indices A, B and C indicate different points of the bridge (see fig. 6). The num-
bers K, and Kg describe Knudsen corrections and are discussed below. The quantity
m depends on the shape of the entrance of the capillary and is assumed tobe 0.75
in accordance to ref. 7, is the length of the. caprllar; and Re is Reynolds number B
equal to 2G/w 7(0), where G is the- mass flow per umt trme through the bndge The -
first factor in eq. (30), taking into account the expansron of the gas, rs \a\lways be- ,
tween 1 and 1.03. The second factor arises from’ pressure losses caused by, the. accel-
eration of the gas at both the entrance of the caprllary and'i in the caprllary 1tself and
is extensively discussed in refs. 7 and 8. This factor.is always /e :
‘The third factor, [1 +Kg/p], is the Knudsen correctron on ‘
the effect (pis the mean pressure in the brrdge) this factor ; was_ ] 3
1.3 and did not exceed 1.6 at the lowest pressures. Also on- the posmon(of ‘the effect
a Knudsen correctron was applied in the familiar way7 8) usmg a reductron factor -
(1 + K, /p)™. This factor was not smaller than 0.85. The quantities K and K (see
table IIf) are determmed expenmentally in the usual way by plottmg the uncorrected
experimental data versus 1/p and extrapolating to 1/p=0. Followmg Hulsman etal 7)
Knudsen numbers ng and n,, are 1ntroduced defmed by Kﬁ a= nﬁ R pg/t where the -
quantity £ is a mean free path defined by -£ = =4 I’: ‘/_s;rk'_: swhere m'is: the molecular
mass. This definition is in agreement with the deﬁmtlon used in refs 7 and 8. Suru
larly the Knudsen correction on the field free flow, Ke; can be wntten as »
K, =n, p&/t. For all gases it is found that ng = 6 in accordance w1th ref. 7. The val-
ues for ng and n,, found for the various gases are presented in table III. Within the
experimental accuracy these values are independent of the type of field effect (posr-
tions I and IT) and in agreement with those obtamed in refs. 7 and 8. -

4.3 Stray fields. Since the top and bottom capillaries are 60 cm apart (see fig. 6c)
the field strength at the out-of-field caprllanes was found to be only 1% of the field
at the in-field caprllanes The correction for this stray field effect depends on the
Hfp-region studied, being 1.5% at most. Also a correction for the mﬂuence of the
magnetic field on the flow resistance in the gas leads is applled. This correction is
small (fess than 3%) since the leads are rather wide (1 cm diameter).

5. Experimental results. 5.1 General. Expenments were performed at 293 Kon ‘the
linear molecules CO,, OCS, N, 0, HCl, DCl, on the symmetric top molecules CH;F,
CHF;, PF;3, NF3, NH;, ND;, PH;, AsH; ‘and on the regular octahedral molecule
SFg. These gases have been obtained commercrally and their puntres are’ grven m
table IV. No detectable effects were. observed for HCl: and DCl i in: the H/p range up
to about 65 kOe/torr, sufficient to be near saturation. This puts an upper limit of
approximately 2 x 10™ to the relative viscosity change for these gases. For AsH; no




Table 1. Knudsen correction parameters

Ks Ky ~ Ks

(torr)  (torr) (torr)

co, 039 008 0.33
OoCS 031 006 0.18
N,O 032 o011 0.32
SFs 044 0.06 0.20
CH;F 022 009 0.36

Table IV. Purity of the gases

99.9% CHF; 98.0% (1% air, 1% C, H,F )
97.5%(1.4%C0,,0.6%N,) PF;  99.8%

98.0% NF;  97.0%

99.0% . NH:  99.9%

99.0% (isotopic) ND;  98.0% (isotopic)

99.8% 1, 99.5%

99.0% 99.5%
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L effect was observed up to about 110 kQe/torr, while PH; showed a very slight de-

crease of its viscosity (less than 5 x 10 5) at 100 kOe/torr.

For the calculation of the results in terms of viscosity coefficients from eq.
(29), a successive approximation method can be. used A prehmmary value of -
{13 — 7(0)}/7(0) is obtained from eq. (29a) by neglectmg the second:term, € bemg
.93. From this approximate value, {n{ — n(O)}/n(O) is calculated on the: basis of
the (dominant) J T -type of polarization only, to give an impraved value for ~
{2 — n(0)}{(0). A similar procedure was used to detérmine {%n7 + %ng — n(O)}/n(O)
That the correction term with ¢ may be calculated on the basis of 7 J -type of polari-
zation, will be ]ustlﬁed below where it is established that such a polarization gives a ‘good
description for the expenmental v1scos1ty results This is not true for NH3 and ND3
which will be treated separatelv in section 5.2. :

We will now try to fit the expenmental results on the basrs ofa 'J_‘ type of
palarization only. Since the 1T -polanzat.on gives no ﬁeld effect for ﬂo ¥ the theo-
retical curve for both sets of measured coefficients are determmed by 5 only The
different formulae for 55 are (cf. eqs. (20), (22) and (24)):

(31a)

712 — 7(0)

2
=Ty, (1T - : P (31b)

and the approximate formula

_ a3 —a(0) _ Hiodd
7(0) °% 1+4g,)3

The expression for ng corresponding to eqs. (31a, b and c) reads

70 —n(0) _
BEC R ' ' G2)

Of the three curves correspondmg to egs. (31a b.and c) shape and posmon were -
found to be essentially indistinguishable as'a function of H/p for all gases except for
the prolate symmetric top, CH3 F, where the spread of g-values causes some broaden—
ing of the curve. This (small) broadening has been discussed in section 6.1.

The theoretical curves for the JJ -polarization-are now fitted to the two sets
of measured points simultaneously.  As seen in figs: 8 through 15, the fit is perfect
within experimental error for-N, O, SF, PF; and NF;. The fit is somewhat less’ per-
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fect for CO,, OCS and CHF;. This suggests a small contribution from n¢ which has
to be attributed to the presence of a polarization of type WW 3173 orW J11J;

(see table I), although in the case of OCS and CHF; the presence of impurities might
also play a role in these deviations. For CH; F a good fit is achieved when using either
of the averaged theor=tical curves given by egs. (31a) and (31b), as seen in fig. 15.
However, the curve corresponding to eq. (31c) describes the results somewhat less
satisfactorily.

Now that the J T -polarization has been shown to give by far the dominant
contribution to the field effects of these gases, their magnitude ¥,, and the value
(H/p)x. for which both curves reach half their saturation value are determined (see
table V). It is found that two groups of values for ¥,, can be distinguished: a) ¥¢,
between 2 x 10 and 4 x 107, and b) ¥, , <1 x 107, In this latter group we find
molecules for which the rotational level splitting is large due to the presence of hydro-
gen atom(s): HCl, DCl, CH,, CH; F, PH;, AsH;. Also !}, and D, fit into this category
(see chapter IT).

The results for Wy, and (H/p)* are now used to determine values for the cross
sections ©(02) and 6(‘2’2) from the position and the magnitude of the effects,
respectively. The cross section &(02) is obtained from (H/p), the value of H/p
for which the effect reaches half its saturation value. For CQ,, OCS, N,O, SF;,
CHF;, PF5 and NF; one has from egs. (21) and (31¢)

I(2 HN kT

H
g+l ! hivde Gl 33)

| _
G©2)=2[g 1 +2 =8¢
I g1

Here we used the fact that the curve described by eq. (31¢) reaches half its saturation

value for (£, ) = %. Values for the thermally averaged g-factor were caiculated
according to

B8 K2

= 1+

I (G4

and are given in table II.
For CH;F the simple formula (31c) with an averaged g-factor cannot be used

because of the spread in precession frequencies. Performing numerical calculation
for CH; F on the basis of eq. (31a), one finds

IgllﬂNkT H

©(02) = 1.595 e ¢

» )yz (35a)




and from eq. (31b)

lgl unkT H
g.l.“N ( )

B(0)= 1479 = = (),

(35b)

Values of &(02) thus found from the experiment are listed in table V.

The saturatron value of the effect, as described by egs. (3la) or (3lb) equals
¥, ,. From eq. (14), the absolute value of the cross section G( )1s therefore found
to be

18D = Vo2 (02 &(20). (36)

For the calculation of & (02) the values of '&(02) from eqgs. (33) and (35) have
been used as well as the values of 6(20) obtained from the field free v1scos1ty data,
using eq. (13). The sign of C( ) can be dete mined from flow birefringence experi-
ments>*) and it was found to be posrtrve for CO,, OCS, N,0, 'CH5F, PF, and NF3
For SF the sign was not determined, but it is probably also positive. The experi- ,
mental values for (H/p)y, and ¥y, as well as the calculated values for. the effective
cross sections & (20), €(02) and & (32) are given in table V, together with the_
literature values of n(O) The magmtudes of these cross sections will be discussed i m
section 5.3. For CH;3F two sets of restilts are listed; one set is obtained by fitting the
theoretical curve of eq. (31a) to the experimental r results and the second set by using
eq. (31b). Since, as discussed above, either curve gives a good fit to the’ expenmental
data, it is not possible from the present results to determine which choice has to be
made. This point will be discussed further in section 6.1.

5.2.NH3; and ND;. While for the gases discussed in the previous section the viscosity
decreases in a magnetic field, for NH;3 and NDj an increase of vrscosrtjf ls Sbserved
Only an odd-in-J polarization can explam thisincrease. From the expenmen tal results
it is found that the ratio of the saturation values of the curves %ng + %no and le is
2.6 +0.2 for NH; 4nd 2.5 £0.2 for ND; (see figs. 16, 17) From the- theoretrcal
expressions in table T one finds for this ratro 3 5 5 - and % for the odd-in-J polanza-
tions WW J, WW J1J andW]J,, respectrvely. Usmg eq. (6) it can be shown .
that with increasing rank of the tensors- [__] (®) (3149 the ratic: tends fo. I. Thus, one
is tempted to conclude that the effect ‘has to be attnbuted almost entlrely to' the
‘WW' J term, which is the only term that gives-a ratlo near: the. expenmental value
One cannot, however, exclude the possibility that a positive and a negative contnbu-
tion of comparable magnitude cooperate to give the observed ratro In figs. 16 and
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theoretica! H/p dependence for T ] -polarization according to eqs. (10).
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theoretical H/p dependence for TJ ~polm.zatxon according to eqs. (10).
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theoretical H/p dependenee for T1 -polanzatlon accordmg to eqs. (31a,b and ) fr
For this gas the curves con-espondmg to egs. (31a, b and c) are mdmhngmshnble. ;
i
/ 510—3 T T TTIrg T T T T TITT] ] v
i{ o B ;*.
: | PR3 5
1073
R . |
© v
107%
) 1)5-11(0)1 K i
70 ' F o
; ] &ﬂ;*%na-ntmt - ] B
70
’3 105 11yl Lovogaaal 1 AT . .
& 310° Hip_ 10° Oeltorr 10° 310° R )

Fig. 13 —[n; — n(0)1/n(0) and —[¥m3 + ¥nJ — n(0)1/n(0) versus H/p for PF,.
® 1.36 torr; = 1.04 torr; a 1.00torr; ¥ 0.76 torr;_
0 1.32 torr; o 0.95 torr; a 0.86 torr. . -
theoretical H/p dependence for 7T -polanzatlon according to €qs. (31a, b and

c). For this gas the curves corresponding to egs. (31a, b and c) are indistin-
guishable.
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——— theoretical H/p dependence for 71" -polarization according to eqs. (31a, b and
c). For this gas the curves corresponding to eqgs.. (313, b and c) are indistin-
guishable.
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The curves represent the theoretical H/p dependence for ir -polarlzatlon accordmg
to eqs. (20)-

---- basedona normahzed anguar momenlum polanzatlon (eqs (22) and (31a)).
<. based on a unnormalized angular momentum polarization {eqs. (24) and (31b)).
— - single parameter curve (eq. (31c)).




35

lllll]' T Illlllll

" NHy

1074

TTTVTT]

] :ﬂ;%na-n@T
7{0)

né-n(O)T
T
10t 1aal i trgtaed 1
310° Hip_10° ° Oestorr 10° 310°
Fig.16  +[¥n] + %ny — n(0)] /n(0) and +[n5 — n(0)]/(0) versus H/p for NH,.
o 1.55 torr; 0.1.43 torr; 21.17 torr;
®1.59 torr;m 1. 25 torr;a 0. 91 torr.
thenretlcal H/p dependence for WW JIpolarization (see egs. (37, 38)), scaled
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Note that the sign of the viscomagnetic effects for NH, and ND, are opposite
to the other effects measured in thls thesns

510- T 1T T T

i il

T

ND3

1077

. }-m'z*%%-n@)T
HO)

né—n(O)t
)
[lo)ty IRINREET! [ BN N 1 ,
‘ 3103—H/p 10° 7 oeitorr’ 10° "310°
+[Y%n; + %n; — 11(0)]/11(0) and +['nz n(O)]/n(O) versus H/p for ND
0 1.57 torr; o 1.14-torr; A 0.75 torr; - e
ol19torr,l101t0rr,A095torr.v o " ;
theoretical H/p dependence for WW ,l_-polarlzatlon (see eqs (37 38)) scaled:‘
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Note that the sign of the viscomagrietic effects for NH and ND are opposnte "
to the other effects measured in this thesis.
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17 the experimental results are cornpared with theoretical curves based on the WW J
polarization only. Since gy and g, differ very little (cf. discussion in section2.2) we

can use the single parameter formulae - : . "
R nz —1(0) 2, &% : @37
Sl * 70 - ‘»,;4«\,1".’,‘ 145005 C ( )

and

Yinz + %70 "7(0) (Ezr)o ) - 8A§
w0 4‘1'“1+<sz.>= N R

where ¥,, = 62( )/ { 6 (20) G (21)} (see . (14)) AR ‘

When trying to fit the' curves for both nz and for ’/4172 %‘no srmultaneously
to the expenmental data, itis" seen that the fit is reasonable but not quite perfect ) ’
(see figs. 16 and 17). For NH3 this suggests a (small) contribution ‘of even-in-J polan- : L
zations. Since the influence of such polanzatlons on the ﬁeld effects is smallest on .
the upper curve (1/41;2 + ¥ng); effective cross sectrons &(21) and @5( ) are denved
from the upper curve Using egs. (21) and (38) one has :

1 1

~ (711 = w-g, K . unkT H ‘
e\(zl)—(gr b+ e cl.w ), - (39)

and

&Yl = V¥, &(20) 6(21) . ' (40)

where 2 2 U2 equals the saturation value of the effect. The results are listed in- table
V.A more refined analysis of the data using a superposition of a dommant WW'J
termanda T ora ' WW_ J J-term has also been tried. This method ylelds for NH,
the value of ¥, , = 0.31 x 107 and values of ¥q, and ¥, , of at most 0.05 x 103,
A similar conclusion was drawn by Korvrngl %) from his viscosity results for NH;,
who found ¥,, = (0.32+0.03)x 1073 which agrees well with the present results
(see table V). The conclusion must be drawn that the values of ¥4, and ¥, for
NH, and ND; are too small to make any further analysis meaningful.
Since a contribution to the field effect from a polarization of type ‘T '_T would . -
be expected to show up in the ¥ range st:died in these measurements, the smallness:
of ¥, suggests a very small production of T I -polarization from velocity polariza-
0 tion, Le., &(J2) is very small. This is confirmed by flow birefringence measurements
on NH; and ND334). As the cross section ' 6(‘2’(2,) is related to S(1219) py

~1200
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& H=—Vv3g C(:g(‘)g) one should also.expect 6(:‘2’(‘)3) to be quite.small. Since this
- cross section plays an important role in the thermomagnetlc torque and the thermo-
. magnetic pressure difference, it is not surprising that the thermomagnetic torque effect
- was found to be very small® 8) and that the thermomagnetlc pressure difference could
: not be detected for NH3 - oo
) - In first order Dlstorted Wave Born Approxrmatlon calculatlons only energet-
1cally inelastic collisions contribute to 6’ )59) Since molecules as'NH,; ND;, -
PH; and AsH, possess widely separated rotatlonal, energylevéls and furthermore -
selction rules for K-changing collisions prohibit conv'ersion of, e.g.; ammonia of A
stmetry into ammonia with E symmetry, energetically.:inelastic collisions are
expected to be rare. This, in turn, gives rise to a small value for & (° ). Orie could
be tempted to relate the posmve effects for NH3 and ND; to the molecular inver-
sion. As the inversion frequencies (24 x 10° Hz for NH; anid 1.6 x 10% Hz for
ND;) are much higher than the collision frequency at the pressures studied (10" Hz),
itis 1mprobable that the effect is related to. the inversion, as was already pomted out
by Levi et al %°). For instance, the polanzatnons mvolvmg J; can be expected to
average out As was dlscussed above this conclusron agrees with the expenmental
results. Furthermore, polarizations off- dlagonal in the K quantum numbers (11 and
T2 in ref. 21) ‘which can occur in an electric ﬁeld do not contribute in the magnetlc
field case because of parity restrictions. - : ‘ -
"Very recently Smderﬁl) pomted ‘out that for symmetnc top molecules dlpole-
dipole interaction in first order Distorted Wave Born approx1matlon can produce a
vector polanzatlon in angular momentum J through elastic collisions. Such a dipole-
dlpole interaction can in this way not produce a tensor polarization of the form :
‘TT R(J?), which is generally due to Pz-terms in the molecular interaction. As such
terms can be expected to be small for NH; and NDj; (the anisotropic part of the
polarizability, ay — a;, being small) it is not surprising that for the . ammoma mol-
ecules, where laige electric dipole moments make themselves felt during the collxsnons
(for NH; ey = 1.47D and for ND3 pg; = 1. 5 1.D), apolanzatlon vectorial in J is pro-
duced: ‘WW" J. This is corroborated by resulis for the heat conductivity of NH,
where also a vectorial J-term gives an iriportant contribution: W-J. For PH;-and AsH;
no viscomagnetic effectlcould be observed. Such a behavior can be understood- because
the cross sections determined by inelastic collisions wiil be small (thie rotational ¢ con-"
stants of PH, and AsH; are comparable to those of ND;, see table II) and cross sec-
tions determined by elastic collisions will be small because of the small dlpole mo-
ments of PH, and AsHj; (0.55Dand 0.16 D, respectlvely) s S
Finally, it is not to be expected that the rapid exchange of hydrogemc atoms

in NH; between colhdmg molecules might be a factor in determining the 1mportance
of the WW" J term.
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Table V, Experimental results together with data of clectric dipole moinents and field free viscosities. The gases CHy4 and CF, are listed for comparison. Note that
1D =3.33567x 10° C.m, and 1P = 10 Pas,

Mel
(D)

42)

7(0)
(10 p)

(H/p)% ‘1’02 . 103

(kQeftorr)

this exp. litt.

(E)o

©(02)
A%
this exp.

&(20)
(A%
litt.

cley)
(A%

this exp. litt.

Gnonres

(A*)

0
0

0
1.86

1.64
1.03
0.23
0.55
0.16

146,6 £0.143)

122.1 £ 0.64%)

146 £1 49

142 =1 49
9

152 "1 47
1100 £ 0,548)
170.6 £ 0.8%%)

117 %2 59

50)

51)
Sl)

52)

148 =1
169 =2
178 =2
115 %1

158 £2 5%)

42 £0.l 4.755%)
43 1 39 %0l
152£05 3.7 £0.

? <0.02

? <0.02

25.5%1 2.75+0.05

2251

0.795%)
3.1 56)

1.05 £ 0.05*
0.84 £ 0.05**
1.90£0.08
19609 . 23 z0.1
16004 3.5 0.1

? <0.05

? <0.02

40.0 £0,7*
30,5+ 0.6**
39 1

0.86 %)
1.72 9)

33 9

—-0.0551

~0.0287

-0.0761

+0.4594
?

?

52+1 68+3 69 5%)
73] 79%3
521 64%2
4911 ?
? ?
921 ¢
42 %]

631
95 £4*
67 £ 4%
651 914
641 1107
541 774
581 7

641 7

57¢1

38502 41 %%
47 +02
3.5 +0.2
small
small
7
1.065¢)

3.4 56)

24 £0.1*

1.8 +0.1** 2.8 22)

335202 3.5 %%

40 %02 :

3.8 0.2
small
small

34 %%

#eln)

D)

7(0)
(0% p)

H/p),, ¥y, . 10°
(kQe/torr)

this exp. litt.

€(20)
Y

&(21)
(&%)

this exp. . litt,

&Go)
(A% .

this exp. it

Gnonres .

(&%)

NH,
ND,

1.47
1.51.

98.4 % 0.5%3)

0.3319)
0.1811)

0.31 £0.03
0.34 £0.03

16 %1
31 %2

+0.538
?

48+1 14619
? ?

133 19 15 +02

©1451)
7

* Results obtained assuming normalized angular momentum polarization. For the magnetic field effect, this corresponds ta eqs. (31a) and (353),

** Resalts obtained assuming unncrmalized angular momentum polarization. For the magnetic field effect, this corresponds to eqs. (31b) and (35b).

t This value is calculated on the basis of the half value of 935 V/cm torr which is obtained by fitting a curve of ihe form of eq; (24) (obtained by quantum mechanical calculation) to the
experimental data, It should be noted that the value of 1100 V/cm torr as given in ref. 22 is abtained on the basis of the classical calculation. ! ’
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Fig. 18 &(02)/$(20) for various molecules as a function of electric dipole moment.
o from the present measurements.
o from the measurements in ref. 22.

5.3 The magnitudes of the cross sections. In table V the results for the cross sections
& (20) as obtained from field free viscosity data, & (02) as obtained from the posi-
tion of the viscomagnetic effect on the E-axis, and @(gg) as obtained from the mag-
nitude of the effect are given for the various gases investigated. Results from other
field effect measurements far CO,, NF3, CH3F, CHF;3, NH; and ND, are also listed.
The agreement between our data for CO, and NH; with those obtained by Kor-
ving!%-35 ) from viscomagnetic effect measurements is quite good (see also section
5.2). For NF3, CHF; and CH3F the magnitudes, i.e., ¥y, do agree with the results
from the visco-electric effect. One should realize in such a comparison that the mol-
ecules with K = 0 (and J #0) do not contribute to the electric field effect, while in
the magnetic case they do coniribute. Only for CH,F this difference is of some impor-
tance (about 10%). Our data for &(02) for NF; and CHF; which have been obtained
using estimated values for g; compare quite well with the results for the visco-electric
effect in these gases®?*?). The same is true for G(gg). '

For CH3 F, however, our value of &(02) is approximately a factor 2 smaller
than the corresponding value found in the visco-electric effect. As both experiments




give approximately the same value for the magnitude of the effect (Ze., ¥g3), the val-

ues for &(32) have a discrepancy of about a factor of v'2. The reason for this dis-

crepancy is not clear. In a discussion the following points should be taken into account:

a)  the value of &(02) for CH;F as given in ref. 9 agrees with results from non-
resonant absorption®7) (see table V, and also table VIII in ref. 22);

b) on the other hand the value of &(02) given in ref. 9 seems surprisingly large
when compared with the value of &(12) for this gas (120 A?) as obtained in
measurements of the electric field effect on the thermal conductivity®); for all
gases investigated it was found that @(12)=> & (C2) which is not surprising
since in & (12) elastic and reorientation collisions contribute while in &(02)
only reorientation collisions contribute;

It is seen from table V that the choice of the averaging has a considerable in-

fluence on the value of & (02) that is obtained for this gas. As the physical

situation may require an even more sophisticated approach, the values of

@ (02) as obtained from the present analysis should be treated with care for

CH3 F.

When comparing the cross sections © (gg) and &(02) with the viscosity cross
section &(20), the same trend is found as in earlier experiments on simpler mol-
ecules. That is, the energetically inelastic cross section @'(gg) is smaller than & (20)
by more than an order of magnitude, and & (02) is roughly equal to &(20). The
ratio &(20)/ ©(20) was, in earlier work??2* ?), found to have a tendency to increase
with increasing electric dipole moment, being close to 1 for ey = 0 and approaching

4.5 for pr1=3.9 D (CH;CN). The molecules investigated here fit well into this trend
(see fig. 18). This is most clearly seen by comparing the ratio of &(02)/ &(20) for
CH,; and CF, (e = 0) with the value for CH3F and CHF; (e = 1.7). This con-
firms the idea that the dipole-dipcle interaction is crucial for the cross section

& (02).

6. Discuss.on. 6.1 The precise form of the angular momentum dependent polariza-
fions. As discussed in section 2.2, the question about the precise form of the polari-
zation T3 R(J?) can, in principle, be settled by the present experiments. This is
because the fizld dependence of the effect is sensitive to the precise form of the
polas;zations in those cases where state averaged field functions have to be used (cf.
egs. (22) and (24)). For such a procedure to be useful, a first requirement is that

gs and g, of the molecule considered have widely different values. If the moments
of inertia Iy and 1, are also widely different (as is the case for prolates like CH;Br)
the distribution over K/J values is sharply peaked as discussed above (see fig. 5). The
result will be a field dependence which is very nearly described by the approximate
expression of eq. (27), irrespective of the averaging procedure: On the other hand, if
the moments of inertia are almost equal, the distribution over K/J values will be rather
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uniform. In this case, an appreciable broadening of the field dependence curve will
be produced by the spread in precession frequencies. However, for I)/1, = 1, the two
averages of eqs (22) and (24) become exactly the same (see eq. (26)), since the distri-
bution over K/J values becomes msensrtrve to the exponent 32 and "h respectlvely

e e

In oiher words ne~ther %I = l nor E << 1 wrll provrde a good test case in these mag-
netrc field measurements lntermedlate values for I;/I; will show some distinction be-
ween the two averages of egs. (22) and (24) (e.g., CH5F, see fig. 15), but experrmen-
tal results will have to be 1 very accurate for such a test to be conclusrve
Electric. field effects on the transport propertres look more pronusrng in this re-
spect. As the precession frequency is given by

K B E

T 0

with ) being the electric dipole moment-and E the electric field, for prolate mole-
cules like CH;3 F or CH3Br the sharply peaked distribution around K =0 gives rise

to precession frequencies which are widely different. Consequently, an: appreclable
broadening of the electric field dependence curve will result. This broadening is still
sensitive to the precise form of averagmg, since'in this case I,/I | <<LLIn usmg elec-
tric field effect measurements as a means of deciding on the correct form of the:
average, the thermal conductivity is less suited because in the thermal conductrvrty

of polar molecules, lrke CH;F, more polarizations play a role. This leaves the elec-

tric field effect on the wscosrty (the visco-electic effect) as: ‘test case. “There it was
found that the role played by ‘odd-in-J polarizations is neglrglble We will reexanune
the viscosity data of CH3Br obtained by Tommasini et al. 22) The authors found

their experimental results to coincide with the theoretical description corresponding
to the averaging of eq. (24), wluch was the only theoretical descnptron avarlable at
that time. This is shown in ﬁg 19 where we have also given the theoretlcal curve
corresponding to the averaging of eq. (22) ie., normallzed J.Asis seen, the results
seem to favor slightly the averaging of eq. (24), which would lead one to’ assume that
the direction of I as well as its magnitude are to be consrdered One should however )
be somewhat cautious in drawing such a conclusron since it contradrcts results from
different sources. Experiments on flow brrefrmgence5 4. yreld mdrcatrons that the
normalized angular momentum tensor- polanzatron as used m eq (22) is; the: correct
type. Moreover, Moraal %) calculated the cross section- for decay of tensor polanzatron
for CH; F in the case of a normalized polanzatlon a27 A’) and fora polanzatron of the -
(unnormalized) form T (4 &?). A comparison of these valies with our results (95

A? and 67 A?, respectively) seems to favour-the-use of the no- -lized angular mo-
mentum dependent polanzatlon in the descrrptron of the fielc siiects on the visco-
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—[n; — n(0)]/n(0) versus E/p for CH, Br taken from ref. 22.

The curves represent the theoretrcal fi eld dependence accordmg to eq. (20b) for ,[ J-
polarization.-

~---- basedona normalrzed angular momentum polanzatron (eqs (22) and (31a))
“based on a unnormalized angular momentum polanzat.lon (egs. (24) and (31b)).
—— single parameter curve (qu (31c))

sity. An explanation of the apparent contradlctlon ‘might be obtarned froma consrder-
ation derived from the results of Depolarized Rayleigh scattering' ?). It was found that
the data for heavier linear molecules (N, CO,, OCS) suggest transfer of polanza- :
tion between different rotational J-states on collision. If a tensor polanzafron persrsts
over a time corresponding to several inelastic collisions, each moleculé would sample
several K and J-states and thus several precession frequencies. For the. field-effect this
would result in a behavior more near the single parameter curve: Consequently, the
curves corresponding to egs. (22) and (24) would have to- be modified to become less
broadened. Thus the curve correspondmg to the assumptlon of normallzed J (eq (22))
might give the better fit to the experimental results.-

In the above equations we have furthermore assumed that the decay of angular
momentum tensor polarrzatlon is governed by one relaxatlon time 7. The broaden-
ing of the curves due to a dependence of the reonentatron eff iciency on the rota- -
tional quantum number can be expected to be small because of the occurrence of
transfer of polarization. e

In conclusion one can say that more 1nformat10n is needed before thls questlon
can be unambrguously settled

6.2 The importance of the various polanzatzons ‘For the gases SF¢, N, 0, CH;,
CHF;, PF; and NF, the T ] -typeé of polanzatlon is found to be by far dominant.
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The measurements on CO, and OCS at high H/p values indicate that small contri-
butions from different polarizations (e.g., W W' JJ ) might be present for these
gases In principle such contributions can be determined by combining the data for
n; and ¥nz + %ng- However, these contributions are too small for such a treatment
to be meaningful in this case, since both for CO, and for OCS the description on the
basis of the TT -type of polarization is quite good. From the electric field effect =
measurements on the thermal conductivity®?: ?) it was concluded-that for-molecules. -
with strong electric dipole moments the odd-in-J polarization W. Wlis 1mportant In
some cases (CH; F, CH;CN), the contribution of this odd-in-J term can even domi-
nate the even-in-J term. In case of viscosity, both for magnetxc and for the electric
field effects no such correlation can be deduced. In fact, hardly any oddnm-J contri-
bution has been found to date in the wsc031ty effects, except for NH3 and ND3 , where
this contnbutlon was found to be dommant (aee also refs 10,11). ..

On the bams of the present measurements one may conclude that the presence
of a strong electric dipole moment does not lead to the occurrence of an ‘odd-in-J
polarization in a viscous flow. This is, in contrast to the thermal conductmty, where
the electric field measurements®) and magnetic field measurements’ %) suggest a
connection between the dipole moment-and the odd-in-J polarization. “Further anal-
ysis on this point will be_possible only after all quantitative data from the magnetlc
field measurements on the thermal conductivity have become avallable '
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CHAFPTERIL

THE TEMPERATURE DEPENDENCE OF THE VISCOMAGNETIC
EFFECT IN THE HYDROGEN ISOTOPES -

1. Introduction. The Senftleben-Beenakker effect ie, the change in transport proper-
ties of polyatormc gases by external fields, has proven to be a useful tool in the sturly
of collision processes between nonsphencal molecules. For a survey see e.g., refs. 1
through 5. Experiments on the influence of magnetic fields on the shear vrscosrty
were performed earher for gases like N, , CO, CH, and HD at various temperatures
(see e.g:, refs. 6,7,8 and Chapter I). For these gases the relative change in viscosity
was found to be of the order 1073, For the homonuclear hydrogen 1sotopes which are
almost sphencal the effect was found to be of the order 107 9) This is the reason
that no accurate expenmental results have as 'yet been published on these systems
notwrthstandrng the fact that the hydrogen isotopes are of special interest. Below

300 K H; and D, are in low rotational states due. to their small moments of mertla
(see fig. 1). Therefore, by performing measurements asa tunctron of temperature the
dependence of the viscomagnetic effect on ‘the rotational quantum number can be
studied. Further information can be obtained by mvestlgatmg the ortho and para modi-

fications of these gases. The various charactenstlcs of these modrﬁcatrons are presented
in Table L

Table 1

Some properties of H,,D, and HD

rotational modification total statistical rotational
temperature nuclear  weight states
hz spin
6= I
2,K Bt I
x

ortho

para

ortho

para 1

no ortho and para modifications
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The occupation of rotationat energy levels as a function of temperature for the differ-
ent modifications of H, and D, and for HD (see also table I).

-

In this paper measurements are reported on the viscomagnetic effect for normal
hydroger (nH,, % ortho and B para), para hydrogen (sz) normal deutenum (nDz ,
%3 ortho and 15 para) and ortho deutenum (oD,) in the temperature range from 100
to 300 K. The experimental results are given in terms of effective cross sectrons The
results are discussed together wrth those of HD as obtamed by Burgmans et al 8)
Qualitative  conclusions on various collision precesses wrll be drawn.

dnd LT




gosflow %

agnetlc
field

Fig.2  Schematic diagram of-the experimental set up.

2. Measuring procedure and calculation of the results. The apparatus is essentially the
one described as apparatus Il in ref. 8 with changes to improve: ‘the- temperature stabil-
ity. It consists of a Wheatstone bridge arrangement of four circular. glass caprllanes
(length 65 mm, inner diameter 0.5 mm) placedm a magnetrc ﬁeld Two caplllanes are
parallel and two perpendrcular to the ﬁeld (ﬁg. 2): The viscosity- change'in'a caprllary
parallel tc the field is different from the change in a capillary. perpendrcular to the
field. This difference shows up as a pressure difference between the pomts o and D
which is measured by means of a capacitance manometer M. The observed pressure
difference is related to the ﬁeld effect on the viscosity by -

mO0) “pa-ps

where 77 and 73 are (field dependent) elements of the shear viscosity tensor (séé sec-
tion 4) and 7(0) is the field free viscosity coefﬁcrent . The correctron factot f is given
by (see alro ref. 8)

= 2(pc +K,)
(PA + Ka) +(pp+ Ka)
@ ® ©
where the symbols have the same meanmg asineq: (30) of chapter I The formula con-
tains correction factors for (a), the expansion of the gas i in the caplllary (at most 1 04),
for (b), the pressure losses caused by acceleration of the | gas at the entrance of the
capillary and in the capillary (at most 0.01) and for (c), Knudsen effect (at most 1.25).

[1+ (m+mn”") Q10 J),_. o)




The Knudsen: correction is caused by the fact that in the expenmental situation the
mean free path of the molecules is not negligible as compared to the drameter of the
capillaries. A Knudsen correction has also to be applied to the posmon along the H/p
axis. This correction on the expenmental H/p values is of the form

Hjp = (H/p)ex,,/(mc,/p) | e

The quantmes Kﬁ and K, (see table II) are expenmentally determmed by extrapola-
tion to p = < following a procedure described earlier®). The correction for the magni-
tude of the effect is at most 25% and for the H/p values at most 33% in this expen-
ment.-Analogous to the procedure used in chapter I Knudsen numbers ng and:n,‘are"
introduced, defined by Kﬁ - p ,y psl R where p= = A + pB)/2 is the mean: pressure
/8KT -
mm’
where m is the moleeular mass. Thls deﬁmtlon is in agreement w1th the deﬁmtlon
used in refs. 7, 8. The numbers ng and n, were found to be mdependent of temper-
ature within the measuring accuracy, whlch is in agreement with ref. 8; Note that the

4
Ris the radius of the capillary and srs the mean free path defmed by ‘;’ ==

Tahle 1

Knudsen correction parameters
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corresponding Knudsen number for the field free flow is given by ny = 45:%), Within -
the experimental accuracy the values of ng for nH, and pH, (see Table II) are the
same as those for gases like N, CO, CH, and HD7*®) whereas for nD, and oD, the ‘
o values of ng are about a factor two smaller. The Knudsen numbers n, forH; and D,
. are found to be much larger ‘than those obtained for heavier molecules like N,, CO 5.
et and CHj. This is also found for HD"®). This means that for the hydrogen isotopes the
A 1 - wall makes rtself felt over a larger distance in the gas corresponding to the fact that the
o reorientation time for the angular momentum is long compared to the time scale of
elastic colhsrons For a detailed drscusston on this subject see ref 10

3 Punty of the gases Smoe the effects of H, and Dz are two or three orders of mag— )
nitude smaller than thoseé of gases like N,, 0, or even I-lD great care must ‘be'taken
with respect to the purity of the zases. Nomsotoplc 1mpur1tes were removed by the
standard method of condensing the gases at 20.4 K which reduces the fraction of . - :
nonisotopic impurities to less than 1x10 4 _as shown in prevrous experrmentsl h, ‘4
Air in such minute amounts will not senously affect the results; this is the more true
because the effects for H, and D. occur at H/p values which are- far drfferent frorn f
those for O, and N, . With the above ‘mentioned method isotopic impurites like HD
are not removed. These could serlously affect the measurements: one percent of HD
causes an effect which is of the same order of magmtude as the effect of Hz orD,.
In H,, the (natural) abundance oi HD is 0.03% and can be neglected. In commerclal ,
D, in general more HD is present This was removed by rectification at 20 K as des- '
cribed in ref. 12. Thus the fractlon of HD in oD, was reduced to less than 0.2% in - |
oD, and to less than 0.1% in nD, as measured by a mass spectrometer Above 180 K
this purity is sufficient. As the effect of D, decreases with temperature as opposed
to the behavior of HD, at still jower temperatures the small amount of HD might
affect the D, results as far as magnitude is concerned. Since the position of the curves
. of D, and HD differ by a facto'f 2 only, the influence of the small amount of HD on
the position of the effects for D, can be neglected.

v

4. Experimental results. 4.1 General. The gases nH,, pH,, nD, and oD, have been
investigated. In figs. 3, 4, 5 2nd 6 the relative viscosity changes —(n; — )/211(0)
(see eq. (1)) are presented a5 a function of H/p at various temperatures The notation

- as introduced by Coope and Snider is used! 3), where n¢, n and 17 are even-in-field -
coefficients and n; and 15 are odd-in-field coefficients. The viscosity change mea-
sured here can also be given in the notation of De Groot and Mazur!4-15)

] 13 o _ n; —ni —_2m—m —ns . @
- _ 2n(0) mo)y
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theorenml H/p dependence for the angular momentum tensor polanzatlon of
type TT" scaled to the experimental points.
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The data shown in the figures have been corrected according to egs. (1) through (3).
For each curve, the coordinates of the maximum are given in table III. Below 100 K
no effect could be detected, The solid lin drawnhm;ﬁgs 3 4,5 and‘6 are heoret- ‘
ical curves. These are’ derived unds ion.that onl V' )

tum dependent tensor polanzatlon of the form ': 1)1

functlon of J2 w1th J the angular momentum, and S_mdlcates the symmetnc
traceless part of a tensor e.g ; J J "“ ; ,, Jz) 'I'he ﬁeld dependence

712 - 432 _
211(0) %W, [ 1+482, . )

The maximum of the curve occurs at £g; = 2~ % and has the value —;— Wy,. The quan-
tities Wy, and &g, are given by

=EH)
Yoz = S(20) ©(02)° ©)
1 gunkT H

22500800 b p ™

The field free viscosity coefficient 7(0) is given by

kT
0= o &@0) ®
with (v)g = / 16 kT/mm is the mean relative velocity. The. quantmes k, h, Tandp
have their usual meanings. g is the molecular g-factor, uy the nucléar magneton and
m the molecular-mass-The &’s are-effective-cross sections; already deﬁned inref:8:
©(20) is the viscosity cross section describing the decay of the velocnty polanzatlon
of the form 'WW " (Wis the reduced veloc1ty) The effectlve cross section 6(02)
describes the decay of the (tensorial) polanzatlon of the angular momentum. The -
coupling cross section - G(o ) describes the productlon of angular momentum polan-
zation from veloclty polanzatlon Flgs 3,4, 5-and 6 show that the expenmental data’
can be well described by the H/p dependence as given by eq. :(5), w1th the poss1ble :
exceptlon of nH, and pH, at room temperature (see section 5). The- fit of the theo--
retical curve to the expenmental data has been performed w1th two adjustable para—

-meters: 6(02) for-the position of the curve along the H/p aXJS and \IJM for the’ mag-
nitude of the effect.
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Table III

Experiméntal results a

G Cpay €Y 0 G‘ Do

(10¢ P)*  (Oe/tord) (AY) (A%)

87.2+ 0.9 s 137+02

78.8+ 0.8 84 T+0. 19.0£0:2" -0.56 +'0.05°-13.43
67.8+ 0.7 104+ 1% 0. 19802 0.62£004-124'% 0.5
537+ 0.5 * ds0. 210+ 02 0.66%004 9.7+04

87.2+ 0.9 18.7+£0.2 0.49:0.05

78.0+ 0.8 * + 1910‘:9: 0.2 .0.53 * Q.04 18 1
67.8+ 0.7 104 . A 19.8+0.2:0.62+0.04 183508
56.5+0.6 t } 20.7+0.2 '0.6,6! 0.04 14.0:0.8

124 =1 + 4+ 0. 18.7+ 0.2 - 0.88+0.08
110 =1 + £ (. 19.0: 0.2 0911:009 )
90.8 + 0.9 S 42 0. 199+0.2 1.07+0.08
75.2+ 0.8 £ 7+0. 21.1+0.2 -1.26 £ 0.09-

203 124 1 175:15 6.6+ 7+0.2 0.91:0.08

249 110 1 210+20 + Q. 0:£0.2 1.0 £0.1

200 95.5:09 270:30 6.6%0. 7:02 1.2 0.1

155 80.6+0.8 320+ 30 .0+ 0. 6402 1.2 +01 30 .
102  60.0: 0.6 53050 .6 +0. © 2275027167027 730

*10¢ P=10" Pas

4.2. The position of the curve. Values of H/p for whlch the effect reaches a maxxmum
(H/p) > are given in table ITL. Usmg eqs. (5) and @) an expressmn can be obtamed
for the effective cross section &(02) in.terms of (Hlp)max
5 BunKT H

&02)=2* L8 ( max- ©)
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Effective (reorientation) cross section &(02) versus temperature for nH,, pH,,nD,,
oD, and HD. The values for HD have been taken from ref. 8.

For comparison the viscosity cross sectlon &(20) for these hydrogen isotopes is given
as well.

Using for hydrogen g = +0.883 and for de&terium g =+0.443 values for this cross sec-
tion at various temperatures are listed in table III, together with the values of the
viscosity cross section &(20), which have been calculated from data on the field free
viscosity coefficient using eq. (8) 1€). In fig. 7 ©(02) is plotted versus temperature

for nH,, pH;, nD, and oD,. For comparison the cross. sectlon &(02) for HD is also
given. For a discussion of the results see section 5.

4.3. The magnitude of the viscosity changg. Infig. 8 bthev maximum of the viscomagnetic
effect is plotted versus temperature for nH,, pH,, nD, and oD, (see also table III).
Note that the magnitude of the effect for oD, may be somewhat too large at the

lowest temperatures due to small amounts of HD as described in section 3. With eq. (6)
the value of | &(32)! can be obtained from

18GI= 16 -6 ~ni)2O)mey GO SONI%  (10)

using the values of &(20)and €(02) as determmed in the. precedmg sectlon ‘The -

sign of this coupling cross section can not be determined by this experiment and has
been obtained from flow buefnngence experiments' 7*! 8) where C‘5( ) ‘was- found

to be positive for all four gases. Values for @( ) are listed'in table III and are plotted

versus temperature in fig. 9. The coupling cross sectlon of HD as determined by Burg-
mans et al ®) is given as well.
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Fig.8  The maximum of the measured viscosity change {~(n; — n,)/2n(0) };pax for nH,,
pH,, nD, and oD, versus temperature.
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Fig. 9

The coupling cross section@($32) for nH,, pH,, nD,, oD, and HD versus temperature
The values for HD have been taken from ref. 8. )
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5. Discussion. The equation for the field dependence of the viscosity (eq. (5)) is valid
under the assumption that only one relaxation time describes the decay of the angular
momentum polarization. It has been shown in measurements of the Depolarized
Rayleigh line! ?), that in general more relaxation times are needed to describe the
decay of the angular momentum polarization. These have been shown to correspond
to the decay of the angular momentum polarization in different rotational states.
However, the distribution of relaxation times has such a narrow shape (see table \'4 ,
of ref. 19) that the effective relaxation times do not differ more than about 2% for Hy
while for HD and D, the Spread is not more than 10%. One should not expect that
this (narrow) distribution of relaxation times will show up in our experiment as a curve
that is consrderably broader than the one relaxation time curve of eq. (5). Therefore,
the one relaxation time descnptlon has been used throughout and effective Cross sec-
tions have been calculated on thrs basrs. fl'}us may to some extent introduce a syste-
matic error in the values of @(02) and C'( ) Especrally for D, and HD the values

of these cross sections found from this experrment and from ref. 8 may deviate about
10% from the values found in the. Depolanzed Raylelgh expenments

It is seen from the room temperature' measurements of Hy (see figs. 3 and 4)
that slight deviations from the curve of eq. (5) occuir. These cannot be attributed to
the accurrence of a ‘W W' T polarization as this would narrow the experimental
curves, as can be seen from eq. (10) in chapter I. Instead, they may be caused by e.g. -
a WW ] polarization. However, the deviations are toc small to draw any more defi-
nite conclusions.

Finally, it should be remarked that on the basis of the experrmental smgle para-
meter curve only it is not possible to decide on the precise form of the angula.r mo-
mentum tensor polarization. In this paper therefore the symbol 02 in (‘5(02) stands
for a polarization of the form TJ R(J?) where R(J?) is some function of J2.

6. The behavior of the cross sections. In the following a qualitative discussion will be
given of the results of &(02), the reorientation cross section, and of @(20 , the cross
section which describes the production of angular momentum polarization from
velocity polarization. As energeticahy inelastic collision processes play an important
role both in &(02) and @( ) the purely inelastic cross section &(0001), which is
determined from sound absorptron measurements, will also be considered. The values
of &(0001) for H, and D, are given in tables IV and V. These tables give also the -
cross sections obtained from the Senftleben-Beenakker effect for heat conductivity
and viscosity and from Depolarized Rayleigh light scattering experiments for H,, D,
and HD. ) )

Concerning the temperature dependence of the effective cross sections it can,
in general, be stated that the effective cross sections that are governed by elastic -
collisional processes (e.g., €(20)) will increase at lower temperatures approximately




Table IV

Effective cross sections for H, from varlous experimental sources represented in A2, For method of calculation see appendix, Numbers between patentheses are interpolated valucs,
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100

8S
77.3
264

0.056

—0.906
-0.006
-0.005%
-0.004

0.20

Alr
- "h')mu= %10
<3x10°
<3x10™

ate
- T)m" <2x107*




it - .. , \
e ' . ) ST — e T

S R T s

(zor0) 6€°0 44
(50°0) [(:40)] 9'6E
[{251)) Ls'0 9'S¢
S0 $9°0 S'1E
#s5°0) (59°0) €0
8L0) $9°0 §'8T
06'0 (19°0) L9z
80 (411 13 44
SL'0 (6€°0) 60T 0S7
(€L°0) 8¢0 Lot LST
(X)) (v€°0) o0z 061
69'0) [441] S'61 b4
L90 870 L8l A €6t

:Ealdl 3 9'6€ 92
w £90°0 TYT 080°0 9110 E'LL
170 (590°0) LET (L80°0) (811°0) 58
e 821
661 981
061 374
LLOO 14 Ly SYT'0 £67 =1 “au

0T XL=

T100 91 6'%E €L0°0 TIe
Tz0°0 8r 0'ze 100 9'0v
$20°0 61 §'0t $90°0 S'br
$£0°0 :14 '8t 890°C §'zs
§50°0 6 ST L80°0 €'LL
090°0) 86T 60°0) £8
$90°0 LT et 001°0 06

z€0°0 9l (X414 zo1

LLOO aT [ +4 9ET°0 SET

0€0°0 [ 90T 1311

$L0°0 0€0°0 ST [ L6l 6£T°0 00T

870 0’1 061 6¥T

170 L90°0 9700 81 1 16°0 481 LA N £67 =1 ‘ao

(&t
e 1 o~y U d,
wd4a ddd W Iy Amv (o

1 Geozmt s Geopyy  (ppigr dwaspp (g lrazzoe
X O @ o " "

Hddg ¥ddg (13509 ©ozn® (ooD®  QIoNd  (00ze)® (00D (0100)D (100009

Alq8L

AR PN A




62

as 1/T. This is caused by the fact that the corresponding microscopic cross sections
(squares of matrix elements) are proportional to the square of the duration of a
collision, Le., proportional to 1/v? where v is the relative velocity. This corresponds
to a 1/T dependence which agrees well with the experimental observations (see fig. 7).
For the effective cross section for energy exchange, &(0001), the same reasoning
holds, as long as the rotational energy jumps are small compared with kT. However,
if the jumps are no longer small compared with kT, it must be expected that &(0001)
decreases with decreasing temperature. This can be understood by realizing that
&(0001) is the sum of the excitation and deexcitation cross sections. The former
becomes unimportant at low temperatures as it decreases exponentially while the
deexcitation cross section which becomes dominant decreases weakly with temper-
ature32:34), This explains the behavior of &(0001) for the hydrogen isotopes
(see e.g., fig. 9); the data for HD suggest a maximum value for &(0001) around
40 K; for H, and D, where the energy jumps are large due to the selection rule
AJ = %2, a decrease for &(0001) is found with decreasing temperature in the whole
temnperature range studied. The temperature dependence of G(gg) will be treated in
section 6.1.2 where use is made of a relation between this cross section and &(0001).
When comparing the effective cross sections it should be realized that diagonal
cross sections e.g., &(02) and &(0001) are positive definite, each collisional event
giving a positive contribution to the cross section. To off-diagonal effective cross sec-
tionse.g, G(g g) different collisional events may contribute with different signs, which
tends to decrease the value of off-diagonal cross sections. We will first discuss the results
for the homonuclear molecules H, and D, and subsequently the heteronuclear HD
(see section 6.2).

6.1 H, and D,. The homonuclear hydrogen isotopes differ in two respects from
heavier homonuclears as N, and O,:

a) For H, and D, the angle dependent part in the intermolecular potential

V=Vo() + € Vo () {P; (cos x1) + P, (cos x2)} + Vg q (Y]

is very weak: € ~0.0532:33). Here the spherical potentials Vo(r) and V,(r) are of
roughly the same magnitude and V¢, is the (small) contribution arising from qua-
drupole-quadrupole interaction. The angles x, and ¥, determine the orientations of

the molecular axes of both molecules relative tor, the vector connecting the centers
of mass.

b) Because of the large level spacing and the fact that transitions with AJ= %1 are
spin forbidden, one has for inelastic collisions: AE, , ZkT.

As a consequence of these properties a) and b) the time scales for different
collisional processes are widely separated. From argument a) it follows that the time
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scale for gas kinetic processes (i) is shorter than the time scale for — energetically
elastic — angular momentum reorrentatlon processes (ii). From arguments a) and b)
it is clear that the t1me scale for processes involving energy exchange with’ translatron
(iii) i is st111 ,larger. s :
the re ative 1 magrutude and, behavror of th° vano
close couphng calculatrons are avarlable However,

of the vanous cross sectlons ‘will be done. below Fmally“, for\ 1mple repulsrve poten~
tial a few cross sections: ‘have'béen ¢ culated:"6 37 :gg "J) for- sz and §(02)
and (5( ) for HD at room temperature The results are ir.: reasonable agreement with

the expenmental data (see table VII).

611 & 0001 )= 0. 1 A2 for Hz and D,. As seen from ﬁg 10, thrs cross sectron is found
to be quite small for H : and D; (cf-1 the elastrc cross sectron C'(20) =20 A’) ‘In ﬁrst
order DWBA G(OOOI) is proportronal to €2. Because € ~ 0. 05 and’ only inelastic collr-
sions contnbute to- ©(0001), itis not’ surpnsmg that for 6(0001) small values of
about 0.1 A? are found. The dlfference between Hz and. Dz can to alarge extent be
explained from the temperature dependence as drscussed above For Dz 5. which’ has the
smaller rotational level spacing, the temperature at which the drop ‘off of: 6(0001)

02

100 " 200

"Fig. 10 The cross section &(0001) versus temperature for pH, , ol,, oD, and HD.
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starts is much lower than for H,. For the difference between oHj and pHj the same
argument holds; at temperatures where KT is large compared to the level spacing,
©(0001) can be assumed to be equal for both systems. With decreasing temperature,

however, &(0001) for oH, with its large ener;,y jumpJ=leJ= 3 w1ll start to fall
off earller thdn for pH, e

~Tab1é Vi

The various colllslon processes and the order of the non-sphem:lty parameter ein -
which they contribute to the various cross sections in first order DWBA35)

energetncally reonentatnon ' j‘;‘ energetlcally T
elastic collisions - inelastic -
collisions ' " collisions
AJ=0 AJ=0 »AJ#O o
AMJ=0~ AMJ *0 ,(and L\MJ *0)
&(0001)  — —_ : t:‘2
©(02) . — € et
6Gd) . — ¢ ¢
Table VII

Comparison of some experimental results with (first order) DWBA calculatnons36’37)

at room temperature

€200 &) €0
(&%) (A% (&%)
exp. calc. exp. calc. 4 exp. = : calc. |
HD 0.6731) — .23 % 258 36) 0.28 ) 0.55 36)

pH; 0.313%)

0.286 37) 0.49 — 0019

s,
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6 1 2 T 02) 0.02 A? for H, and D,. In first order DWBA the contribution to

) from elastic collisions is proportional to €* and is moreover connected with
the non—self-adjomt part of the Waldmann-Snider collision operator. It can therefore
be neglected as compared to the contribution from inelastic collisions which is of the

- order €2. As such inelastic collisions will be rare in H, and D: ; G( ) can be expected N
to be small (see section 6.1 1). In fig. 9 the results for G( ) are given for pHz, nHz, E
oDz and nDQ\ No measurements were performed on oH, and nDz , because these - -
gases were not avarlable in large enough quantities. The cross section values of @(
obtamed for nH, and nDz aré as such of lrmrted value, because these gases have to'
be considered as non-reacting gas mixtures of even J and odd J molecules. However,
by combmmg the data for pure pH, with those fornH, (% para and % ortho) one can )
obtain qualitative information about the drfference in behavror between on and sz ..
For D, this is also true be it to a lesser extent because extrapolatlon to pDz s more
speculatrve using the data for oD, and nD, s ortho and V3 pal'd) '

" Keeping in mind the above consrderatrons the relatrvely large drfference in mag—
nitude of G(gz) between pH, and nH, can be well understood since melastrc tran
sitions between J=0 and J =2 take place more easrly than between J=1and J= 3.
The difference between the values of & ( ) for oD, and nD, is much less. pronounced
mainly because nD, consists for 2 3 of oD, The cross sections for H; are considerably
smaller than those for D,. Again, the main reason for this has to be sought i in the fact
that inelastic collisions can occur less easily in H, thanin Dz because of the larger )
level spacing in H, . We will now consider the temperature dependenre of G( ) In
pH; only J=0->2 transiticas are efficient in producmg from a velocrty polarlzatlon
alJ- -polanzatron since the reverse process leaves the molecule in the J=0 state and
thus unable to contribute to the J polarization, Consequently, the’ fractlon of J=0
molecules in combination with the excitation cross sectidn determines & ( )m this
case. At decreasing temperature, the exponential decrease of the excitation cross sec-
tion is partly compensated for by the increasing fraction of ¥=0 molecules. There-
fore, the temperature dependence is much less steep than could be e)(pected, In oH,,
both ¥=1-3 and J = 3~ 1 transitions contribute to & 92) so that both excitation
and deexcitation cross section have to-be considered. Since the deexcitation cross
section is only ‘weakly dependent on temperature, a weak temperature- dependence
of G( ) must also be expected (see fig.9). For D,, no drop-off at lower temper-
atures is observed in the temperaturg range studied because the level spacing is a fac-
tor 2 smailer than for H,. o

Moraa'”) and Snider®?), usmg a modifi ed Born approxrmatron denved an
approximate relation between G( )and &(0001) for diatomics assumlng that only

one type of nonspherical potential dommates for a single Pl-potentral w1th I=1or2,
this relation is given by
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T -

: 02 =2 (3* -3 0 12

; SN~ m k 6 12 (3% — %) * ©(0001) (12)

S ‘ ,\_: Tl where C;, , is the internal specific heat per molecule (fig. 11) and @ the rotational tem-

Tt perature (see table I). Eq (12) reduces in the hrgh temperature hmrt to the already
o known relation?1:42) - L :

&%= 731'—6 &(0001). ' ~('1‘3)'

In fig. 12 G( ) for pH,.and oD, has been plotted versus temperature together
with the quantity appearmg on the nght hand side of eq. (12) as calculated from the
experimentally obtained cross section 6(0001) As can be seen the relation of eq. (12)
is quite well obeyed over the whele temperature range.

6.1.3. §(02) =~ 0.5 - 1 A? for H, and D, . In first order DWBA (elastic) reorienta-
tion collisions as well as inelastic collisions contribute ta & (02), both in order €2.

o ‘ As ©(02) is considerably larger than &(0001) it must be concluded that elastic
reorientation collisions give an important contribution to &(02). This is consistent
with the slight increase of &(02) at lower temperatures, as seen in fig. 7. The value
of &(02) for D, is found to be a factor of 2 larger than for H, . Since ©(02) is
mainly determined by elastic collisions, which are governed by the interaction time
during the collisions, the smaller velocity of D, fully explains this difference.

. For &(02) differences between ortho and para modifications are found to be
negligible, both in H, and in D,. The same was found from measurements on the
Depolarized Rayleigh line! ). The reorientation process is apparently rather insensitive
to the rotational quantum number. This is not surprising, since on one hand high
rotational quantum numbers tend to make reorientation more difficult by the larger
gyroscopic stability. On the other hand they tend to make reorientation easier since
there are more M; states to be occupied.

Using this conclusion, another interesting statement can be made. From a com-
parison of fig. 1 and fig. 7 it is seen that in para H, between 150 K and 300 K, the
’ occupation of the J = 0 level changes drastically while the value of & (02) behaves
like that of ortho H, where only a slight shift from J = 1 to J = 3 molecules takes

4 place over that temperature region. Consequently, the efficiencies of J=0 molecules

and J = 2 molecules in reorienting J = 2 molecules must be roughly equal.

The fact that S(02) was found to be equal for pH, and ’o‘Hz is in accordance
with DWBA calculation®?). Taking into account only elastic collisions of J = 1 with
J=1 molecules in oH, and J = 0 with J = 2 molecules in pH,, these calculations
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yield a ratio of 1.04 between the reorientation cross section for oH; and pH, fora
pure P,-potential. This value changes only slightly if also quadrupole-quadrupole
(QQ) interaction is included. However, the QQ interaction {which gives rise to
resonance collisions 0 + 2 « 2 + 0 in pH;, and to elastic reorientation collisions

141 «1 +1 in 6H;) can be expected to give only a small contribution to &(02) in

H,. This is suggested by Raman scattering experiments®#) where the cross section
for resonance collisions was found to be comparable with the purely inelastic cross
section which is an order of magnitude smaller than the reorientation cross section.

Also from NMR, molecular cross sections can be obtained which are related to
the reorientation of the molecules. Hence it is useful to compare &(02) obtained
from our experiments with the NMR cross sections. Since for H, both spin-spin and
spin-rotation interactions contribute to the relaxation, these contributions cannot be
disentangled from the experimental results only. On the other hand, in the case of D,
which has a nuclear quadrupole, the nuclear spin relaxation is dominated by one
process: the quadrupole interaction. In this case the reorientation cross section is
related to the NMR relaxation time T, or T, by®)

. 3 eqQ Wy T,
&)= 5 (G G @3 e (14)

The average has to be taken for pD, over odd J and for oD, over even J. The prime
refers to the collision superoperator used in NMR which differs from that used in the
viscosity cross sections in that the collision partner does not explicitly appear in
NMR. This is a consequence of assuming that collisions cannot change nuclear spin
states. The results for oD, obtained by Hardy#?) in the temperature range from 32 K
to 330 K agree very well with our results (see fig. 13).

2 T
A2L
1 —
T ’- _
o] 1 1 i | 1
o N 100 200 K 300

Fig. 13 Comparison for oD, between the reorientation cross section &(02) and the NMR
cross section &'(02).

o ©(02), aE&'(02).
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6.2 HD. Although the interaction potential between two HD molecules in terms of

the vector connecting the geometrical centers of the molecules is also given by eq. (11),
the interaction potential contains a strong P, term when the potential is written in
terms of the vector connecting the centers of mass of the molecules®3+3%). Therefore

'colhsmnal transitions AJ =21, w}uch are allowed here;’ can be supposed to occur far -
“more frequent than transrtlons AJ=%2,

6.2 i C( 0001 ) ~ 1.2 A? for HD. The valué of 6(0001) is 10 times larger than for
H, and D2 Th.lS is caused by the presence of the strong P, term.

6.2.2 G ) 0.3 A’ for HD As G(" 2)is predommantly an inelastic cross section
(see sectron 6.1 2) the mclLsron of aPy. term glves rise to a relatrvely 1arge value of

&Ga

6.2.3 ©(02) ~ 3 A for HD. For 6(02) the contrlbutron arrsmg from the’ Pl term
occurs in first order DWBA only through inelastic collisions. Even so; this contribu-.
tion is rather large due to the rather large non—sphencrty paramter associated with this
P, term. For the contiibution arising from this Py term, Kohler3.6) using the quan-
tum mechanical version of the loaded sphere model, calculated the value &(02) =2.6 A2
for HD at 300 K. As seen in table VII the experimental value is 2.3 A2 Since it is ex-
pected that the contribution arising from the P, term will be roughly equal to that
for H, and D5, some 0.7 A? of this last value will be due to the P, term. One might -
thus conclude that the above mentioned model3 6) which is based on purely repulsive
interaction, overestrmates the inelastic cross sections. This is. supported by the fact
that this model also gives too high values for 6(" ): 0.55 A? compared with the
experimental value of 0.28 A? for HD at 300 K (see table VII).

Appendix. The method of calculation for the various cross sections appearing in tables
IV and V is given below:
©(0001) is obtained from the volume viscosity 7,

kT Cine/k 1

&(0001) = W Congllct 7 ;v— (A1)

©(0010) from the exact relation

&(0010)=

Wi

E]if'! ©(0001) (A2)

S RIS g

D2 i s TRl
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©(2000) from the field free viscosity coefficient n(0)

&(2000) = (Tk){—n—(la)— " - A‘(AA3)’

©(1010) from the exact relation. -
o2 .3 Cine -
S(} 219y from the exact relation

5C; ‘
1 —_ §/ 2int
&(oor l/ &(0001) (AS)

©(1001) using the field free thermal conductivity coefficient M(0)

M0) 8(jgpy)” Ha e “" (‘°1°)+a9]‘(£'— ©(1010)

1001
& (1001} =
0) &(1010) ~% a
(A6)
k2T
itha=
witha m (V)o
&(0200) from the position of the viscomagnetic effect
lgluyg kT H
0200)= =—————— (— .eq. (7 A7
eE0)= AT () | @0 () @

&(1200) from the position of the Senftleben-Beenakker effect for the thermal conduc-
tivity

lgluyg kT H
@(1200)= T (), (48)

183200 from the mugnitude ¥y, of the viscomagnetic effect

18(220%)1=J Wy, B(0200) &(2000) (cf. eq. (5)) (A9)

'
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(1989) from the exact relation
1010y = _ 0200
@(1200 = J— @(2000 (A10)

6(: gg(‘,) from the magmtude \Ifl 2 (see ref 31) of the Sentﬂeben-Beenakker effect _
for the heat conductmty . .

‘1’12

na ,(A‘\l‘l)v_:

8G200 = o (Cz +
where
o o ST :
17 4ma(0) vy  &(1200) { §(1010) &(1001) — g(:g(l)(l))z}z
C.= 6(:2;3) {&(1001) + ““ @(:g(l)?)}
C2= Slioon * 7L g (1010).

Following the argument used in ref. 3 1 only the plus sign of eq. (A11) is considered.
The cross sections Gppgr and Sppg are obtained from the Fourier transform
Fg (t) of the Depolarized Rayleigh line profile (see ref. 19)

Gppr =

1 dF
R) (A12)
t=0

" n (V)q (

Sprr= —— [ f Fr (t)dt]™ (A13)

where n is the nomber depsity.

In the above equations the mean relative velocity is defined by (v} = J16 kT/mm ‘

where m is the molecular mass. The exact relations (A2), (A4), (A5) and (A10) have
been derived in refs. 41,42 and 46. )
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Since only for nH, and nD, heat conductivity data are available, for pH, the
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cpijz [k +3.75
)\p“=~)\“H= .
C“H 2 [k +3. a5 -

- C _i int

where the data for the specrﬁc heat (fig- 11) are taken from A, Farkas Ortho-
hydrogen, Parahydrogen and Heavy hydrogen (Umvers1ty Press, Cambrldge
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SAMENVATTING

De invloed van elektrische en magnetische velden op de transporteigenschap-
pen van meeratomige gassen staat bekend onder de naam Senftleben-Beenakker ef-
fect. In dit proefschrift wordt de invloed van magneetvelden op de viscositeit onder-
zocht. Als in een meeratomig gas een snelheidsgradiént aanwezig is, ontstaat ten ge-
volge van botsingen een impulsmoment-polarisatie, d.w.z. een oplijning van de mole-
culen. Hierbij speelt het hoekafhankelijke deel van de interactie-potentiaal een essen-
tiéle rol. Onder invloed van een magneetveld wordt deze polarisatie verstoord en zal
de viscositexi van het gas veranderen. De polarisaties kunnen even of oneven in het
impulsmoment zijn. Dit correspondeert met respectievelijk een afname en een toena-
me van de viscositeit.

Experimenteel is tot nu toe gebleken, dat voor alle gemeten gassen met uitzon-
dering van NH; de viscositeit afneemt onder invloed van een magneetveld en dat de
gemeten effecten goed kunnen worden beschreven met één type polarisatie, dat even
in het impulsmoment is. Metingen van transporteigenschappen van enkele symmetri-
sche tol moleculen in een elektrisch veld hebben echter aangetoond dat eveneens pola-
risaties die oneven in het impulsmoment zijn kunnen optreden. Om na te gaan of de
sterkte van het elektrische dipoolmoment enjof de meer gecompliceerde moleculaire
structuur verantwoordelijk is voor de aanwezigheid van deze polarisaties is een meer
systematisch onderzoek noodzakelijk. Omdat dit experimenteel eenvoudiger te ver-
wezenlijken is met behulp van magneetvelden dan met elektrische velden, is een on-
derzoek opgezet naar de invloed van magneetvelden op de warmtegeleiding en de vis-
cositeit van polaire moleculen met verschillende structuren. Het onderzoek aan de
warmtegeleiding, dat wordt verricht door drs. B.J. Thijsse, is nog in volle gang. De
resultaten van het onderzoek naar de viscositeit van dergelijke gassen in een magneet-
veld (het z.g. viscomagnetisch effect) zijn beschreven in hoofdstuk I van dit proef-
schrift. Allereerst is de apparatuur beschreven, die nodig is om de veranderingen van
de viscos’teit te kunnen meten in twee verschillende oriéntaties van het magneetveld.
Onderzocht zijn de lineaire moleculen CO,, OCS, N, 0, HCI, DCl en de symmetrische
tol moleculen CH3F, CHF;, PF;, NF;, PH,, AsH;, NH;, ND; en SF;. Vanwege de
kleine magnetische momenten van deze moleculen was het noodzakelijk gebruik te
maken van een supergeleidende magneet die zeer hoge velden levert (75 kOe). De
metingen van beide viscositeitsveranderingen maakte het mogelijk een kwantitatieve
uitspraak te doen over het optreden van verschillende polarisaties. Met uitzondering
van NH; en ND; bleek in alle gevallen, onafhankelijk van de moleculaire structuur
en de grootte van het elektrisch dipcolmoment, het viscomagnetisch effect beschre-
ven te kunnen worden door slechts één polarisatie, die even in het impulsmoment is.
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De experimentele resultaten zijn vergeleken met de theorie, en de daaruit verkregen
effectieve botsingsdoorsneden worden vergeleken met die welke afkomstig zijn van
metingen aan het visco-elektrische effect.

Het viscomagnetische effect geeft informatie over verschillende botsingspro-
cessen, die daarbij een rol spelen: elastische botsingen, d.w.z. botsingen waarbij al-
leen de snelheid verandert en botsingen waarbij ook de oriéntatie van deé moleculen
verandert, en (energetisch) inelastische botsingen, waarbij uitwisseling van translatie-
en rotatie-energie plaats vindt. In het algemeen zal bij kamertemperatuur het onder-
scheid tussen energetisch elastische en inelastische botsingen niet erg pregnant zijn
omdat kT veel groter is dan de afstand tussen de rotatie-energieniveaux. Een gede-
tailleerde studie van deze botsingsprocessesn is dus voor de meeste moleculen moei-
lijk. Uitzondering hierop vormen de waterstofisotopen, waar de afstand tussen de
rotatie-energieniveaux groot is ten opzichte van kT bij kamertemperatuur. Dienten-
gevolge zijn slechts weinig rotatieniveaux bezet (J =0, 1, 2, 3, 4). Bovendien komen
bij de hoinonucleaire moleculen H, en D, twee modificaties voor, waarbij de ene
slechts even en de andere slechts oneven rotatieniveaux heeft. De invloed van de spe-
cifieke rotatieniveaux op de verscheidene botsingsprocessen kan derhalve worden
bestudeerd door metingen te doen aan de ortho- en para-modificaties van H, en D,
bij verschillende temperaturen. Daarom is een systematisch onderzoek gedaan naar
het viscomagnetisch effect van H, en D, in het temperatuurgebied van 140 K tot
300 K. De relatieve viscositeitsverandering van H, en D, is van de orde 10 hetgeen
ongeveer een factor 100 kleiner is dan het effect van andere moleculen zoals O,, N,,
CO en HD. Daarom moesten hoge eisen worden gesteld aan de experimentele opstel-
ling. De metingen zijn vergeleken met de reeds eerder verrichte metingen aan HD.
Tevens zijn de resultaten afkomstig van rotatie-relaxatiemetingen aan deze waterstof- 3
isotopen in de discussie betrokken,
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~ CURRICULUM VITAE .

, Op verl.oek van de faculteit der Wiskunde en Natuurwetenschappen volgt hier .
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bijvak Sterrenkunde af. Het experlmentele werk voor het doctoraalexamen heb ik -.
verricht in het. Kamerlmgh Onnes Laboratorium. Het éerste half j jaar heb ik dr. J.A.
Roest geassisteerd bij zijn. onderzoek aan paramagnetlsche relaxatie. Vanaf augustus
1969 ben ik werkzaam geweest in de werkgroep voor Molecuulfyswa, die onder fei-"
ding staat van prof. dr. J. IM. Beenakker en prof. dr.HF. P. Knaap Ik heb gewerkt
aan een onderzoek naar de invloed van magneetvelden op de viscositeit van meerato-
mige gassen bij dr. A.L.J. Burgmans. In 1970 was ik gedurende twee maanden werk-
zaam in het Departement voor Natuurkunde van de Katholieke Universiteit van Leu-
ven. Na in 1971 het doctoraalexamen experimentele natuurkunde te hebben afgelegd
trad ik als wetenschappelijk medewerker in dienst van de Stichiting voor Fundamen-
teel Onderzoek der Materie (F.O.M.) en begon ik het in dit proefschrift beschreven
onderzoek. In 1971 ben ik assistent geweest op het natuurkunde practicum voor pre-
kandidaten natuurkiinde. Vervolgens had ik tot 1974 als hoofdassistent de leiding
van het natuurkunde practicum voor studenten in de chemie en de farmacie. Sinds
augustus 1974 ben ik als docent natuurkunde in dienst bij de Stichting Lerarenoplei-
ding Zuidwest-Mederland in Delft, tot 1976 in een deelbetrekking, daarna in een vol-
ledige betrekking.
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Van de velen, die een bijdrage hebben geleverd aan het tot stand komen van
dit proefschnft ~wil ik dr. LJ.F: Hermans noemen, die steeds weer bereld was de in-
terpretatle van de resultaten te bediscussi€ren. Zeer dankbaar ben ik-prof. dr. J.J M
Beenakker voor de stimulerende gesprekken die hebben bijgedragen tot een beter
inzicht in de resultaten van het in dit proefschnft beschreven onderzoek. De dxscus-
sies met dr. C.J.N. -van den Meljdenberg, dr. W.E. Kéhler van de Umversuel* van Er-
langen, dr. D.A. Coombe van de Umver51te1t van Vancouver, dis. G.E.J. Eggermont
en drs. G.W. "t:-Hooft mogen niet onvermeld blijven. Drs B.J. Thijsse ben ik zeer er-
kentelijk voor de prettige samenwerkmg tljdens het vernchten van de eerste experi-
menten. In een later stadium van het onderzoek werd ik geassisteerd door dss. LK.
van der Meij, drs. W.C.M. Henkers en A.P.M. van Slingerland. Veel dank ben ik ver-
schuldigd aan de technische staven van het Kamerlingh Onnes Laboratorium en het
Huygens Laboratorium, in het bijzonder aan de heien P. Zwanenburg, J.M. Verbeek,
I. Turenhout en J.F. Benning. Nooit deed ik vergeefs een beroep op de cryogene
afdeling. In het bijzonder de heer J.D. Sprong voorzag mij telkens van de noodzake-
lijke hoeveelheid helium. Zeer dankbaar ben ik Anneke Aschoff, die met veel geduld
en grote nauwgezetheid het manuscript en alle correcties heeft getypt. De Engelse
tekst werd gecorrigeerd door dr. D.A. Coombe. De tekeningen en de foto zijn op vak-
kundige wijze verzorgd door de heren W. Rijnsburger en W.J. Brokaar.

iy ST b R 2 o e
N -

N mateand

Lt T it =t

e Kb a At e

RIS

b




