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A study is presented of the effect of a magnetic field on the viscosity of HD, N2, CO and CH4 . 
The temperature dependence of this viscomagnetic effect has been measured in the range between 
300 K and the boiling point of these gases. The results are presented in terms of effective cross 
sections which depend directly on the angle dependent part of the intermolecular potential. The 
cross sections for reorientation of angular momentum have been compared with those obtained 
from N.M.R. measurements.

1. Introduction
It is well known that the viscosity of polyatomic 

gases is influenced by a magnetic field 2. An ex­
planation of this field effect on dilute polyatomic 
gases can be given as follows. A velocity gradient 
in a gas of non-spherical molecules gives rise to an 
anisotropy not only in the velocities, W, but also 
through collisions in the angular momenta, J . This 
polarization (actually alignment) in the angular 
momenta can be partially destroyed by the action 
of a magnetic field (through the Larmor precession).

This decreases the polarization in the velocities 
which changes the transport coefficients.

To describe the viscous behaviour of an isotropic 
fluid in a magnetic field five shear viscosity coeffi­
cients are needed. Until recently the notation used 
was that of Refs. 3 and 4 where Y]x to rj5 were intro­
duced. As this enumeration is not very expressive 
we prefer the notation which is introduced by Coope 
and Snider5. They use the elements r]0+, rjj+, r]2+, 
r]x~ and rj2~ of the real spherical viscosity tensor 
given by (field in the z direction):
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where [77] ̂ p are elements of the symmetric trace­
less pressure tensor and [V^litP are elements of 
the symmetric traceless velocity gradient tensor. The 
coefficients with a +-sign are even, those with a 
—sign odd functions of the magnetic field. The sub­
scripts 0, 1, 2 refer to the symmetry character of the 
particular velocity gradients under rotations around 
the field direction. This notation is also closely re­
lated to the notation of Hess and Waldmann6. In 
Table 1 we summarize the relations between the dif­
ferent notations.

Experimentally it has been shown by Hulsman 
et al. 7-9 that for most simple gases the field effect 
can be described for all five coefficients by the pre-

* Present address: Texas A and M University, College Sta­
tion, Texas, U.S.A.

Table 1. Identification of the viscosity coefficients as used by 
different authors.

Coope De Groot Hess
and and and
Snider 5 Mazur 4 Waldmann 6

Vo+ Vi
Vi+ Vs Re r)w
V2+ 2r)2-r j1 Re ?;(2)
Vi Vs Im rj(l)
Vt -v* Im y 2'

sence of one type of angular momentum polariza­
tion, viz. [J] In this case the experimental results 
can be characterized by two parameters, one de-
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scribing the magnitude of the viscosity change and 
one characterizing the field strength at which the 
effect occurs. These quantities are related to colli­
sion integrals, thus providing direct information on 
the collisional processes. In particular, the collision 
integrals obtained are mainly determined by the 
nonspherical part of the intermolecular interaction.

Up to now nearly all experiments have been per­
formed at room temperature. For a meaningful test 
of nonspherical potentials it would be very useful 
to know the temperature dependence of the collision 
integrals. In the present work such results are given 
for HD, No , CO and CH4 for temperatures ranging 
from room temperature down to about the boiling 
point of these gases.

The results will furthermore be compared with 
measurements of nuclear magnetic relaxation since 
these experiments give information concerning the 
reorientation of the molecules which is similar to 
that obtained from our experiments.

2. Experimental

2.1. General

As the field effect originates from one type of 
angular momentum polarization only, the two para­
meters characterizing the situation can be obtained 
from any combination of the coefficients r)^, r}2+, 
t]^ and rj2~. Hence the choice of the coefficients to 
be measured can be determined on the basis of ex­
perimental convenience. We use two apparatuses, 
one (apparatus I) for measurements above 77 K 
and one (apparatus II) for lower temperatures. Both 
apparatuses can be considered as a Wheatstone 
bridge for gas flow, where the resistors are capilla­
ries.

Apparatus I is of the same type as that used by 
Korving et a l.10. A capillary of circular cross sec­
tion (capillary #  1 in Fig. 1) is placed between the 
poles of a magnent perpendicular to the field direc­
tion while the other capillaries are outside the field. 
On application of the field the viscosity of the gas 
in the in-field-capillary changes and consequently 
there is a change in the pressure drop over the ca­
pillary. This causes an unbalance of the bridge 
which is measured with manometer M. From this 
unbalance one can obtain the viscosity change given 
by (see also Ref. 10) :

\  [*7i+ + V2+ — 2 »7 (0) ] (2)
where 7/(0) is the field free viscosity coefficient.

Fig. 1. Schematic diagram of apparatus I for the determina­
tion of hiVi++V2+-2r](0)].
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In apparatus II all four capillaries of the bridge 
are placed in the field, i. e., two parallel and two 
perpendicular to the field direction (see Figure 2). 
Since the combination of coefficients measured in a 
capillary paralel to the field is different from that 
measured in a capillary perpendicular to the field, 
a net effect wil result given by (see also Ref. n ) :

U - V i + + V2+) ' (3)

2.2. Details

From earlier room temperature work 7-11 it be­
came clear that to obtain a sufficiently constant gas- 
flow through the bridge a good temperature stability 
is required. Thus it proved necessary to isolate the 
capillaries by means of a vacuum jacket. In appara­
tus I this vacuum jacket (V) is quite long (about 
one meter), which makes it possible to have one ca­
pillary in the field and the three others outside the 
field (see Figure 1). The part of the apparatus inside 
the vacuum jacket is in thermal contact with the en­
vironment through the top flange (F) that also acts 
as a thermal buffer. The incoming gas is brought to 
thermal equilibrium in the spiral S, while the vol­
umes A, B, C and D damp out fluctuations in the 
gasflow. The in-field-capillary has a length of 113 
mm and an inner diameter of 1.2 mm.

For measurements at 77 K the apparatus is im­
mersed in a liquid nitrogen bath. Temperatures be­
tween 77 K and 293 K are obtained by cooling the 
vacuum jacket and the top flange with a oold nitro­
gen vapour stream from a separate dewar. This 
thermostat is controlled by a Pt thermometer mount­
ed above the top flange (F). In this way a tempera­
ture stability of 0.01 K is obtained. The temperature 
is measured with a Fe-constantan thermal couple on 
capillary #  1.

Below 77 K it is difficult to achieve a temperature 
stability good enough to succesfully operate the ap­
paratus described above. For this reason apparatus 
II was designed in which the vacuum jacket is sur­
rounded by a liquid hydrogen bath. Inside the vacu­
um jacket higher temperatures than that of liquid 
hydrogen can be obtained by means of a heater Z 
(see Figure 2). This heater is wrapped around the 
thermal buffer P where the temperature of the in­
coming gas equilibrates while flowing through a 
spiral inside P. The actual apparatus consists of 
four capillaries with length 75 mm and inner dia­
meter 0.63 mm, fixed in the brass block Q. In this 
way a good thermal contact between the capillaries 
is obtained. Because of the limited field space the 
construction is as compact as possible. The tempe­
ratures are measured with a Pt thermometer (Pt).

The magnet used is an Oerlikon (type C3). The 
pole pieces for apparatus I have a diameter of 120 
mm. With a distance of 50 mm a maximum field of 
31.5 kOe can be reached. For apparatus II the maxi­
mum field is limited to 22.6 kOe since in that case 
pole pieces are used of 180 mm diameter at a dis­
tance of 120 mm.

In both apparatuses the gasflow through the 
bridge is adjusted by means of a needle valve up­
stream and is kept constant by a flow controller 
(Moore 63 BDL). The pressure in the capillaries 
can be varied by a valve at the exit of the bridge. 
The pressures at the points A, B and C are measured 
with oil manometers. The unbalance of the bridge 
is measured with a differential membrane mano­
meter with a sensitivity of 10~5 Torr (Varian MMM).

The gases used are obtained commercially except 
HD which is prepared using the reaction:

LiAlH4 + 4 DoO -> LiOD + AI (OD) 3 + 4 HD .
The small quantities H2 and D2 that are present in 
the product gas are removed using a rectification 
column as described in Ref. 12. In Table 2 the purity 
is given for the gases studied.

Table 2. Purities of the gases studied.

Gas Purity Gas Purity

hd 99.5% co 99.95%
n2 99.9% ch4 99.99%

2.3. Consistency tests

By turning the magnet around capillary #  1 of 
apparatus I the unbalance of the bridge is found to 
be independent of the orientation of the field. For 
apparatus II the pressure difference pc — Pd is a 
function of the angle cp (see Fig. 2) between the 
field direction and the direction of one set of ca­
pillaries. The dependence of pc — Pd on (P caT1 be 
derived from the equation of motion given in Ref. 13 
and it is found that:

Pc Pd = (pc ~~ Pd) = o cos 2 cp . (4)
Indeed measurements on a test gas (N2) as a func­
tion of cp can be described by Eq. (4) which is illus­
trated in Figure 3.

Performing experiments with noble gases, no ef­
fect could be detected, as should be expected.

3. Calculation of the Results

In both apparatuses the pressure difference 
PC — Pd across the bridge is measured which arises 
on application of the field. For apparatus I the field
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Fig. 3.
The normalized pressure 
difference Pc~Pn which 
arises in apparatus II versus the 
orientation of the magnetic 
field with respect to the capillaries. 
The solid line is given by cos 2 qp 
where <p is the angle in Figure 2.

effects are calculated with:

rjl++r}2+- 2 r j (0)
= 4 PC = PD/ 

Pa -  Pb2*7(0) 

and for apparatus II

_  ~Vi+ + V2+ = 2 pc -  pd ,
2»?(0) p a - p b 7

(5)

(6)

The indices A, B, C and D indicate different points 
of the bridge (see Figures 1 and 2). The quantity / 
is a correction factor of the order unity which takes 
into account the deviations from the ideal Poiseuille 
flow and the Knudsen effect on the viscosity changes. 
It is given by :

/ =
2(pc + K„)

(pA + Ka) + (pB + £ a) 
1 R

1 + Re(r + s) 1 + Kß
P

(7)16 I

(see also Refs. 8 and 11).

The factor 2(pG + Ka)/[(p A + Ka) + (pB + * J ]  
takes into account the expansions of the gas. For ap­
paratus I the expansion factor is usually around 1.3 
while for apparatus II this factor is always between 
1 and 1.03. The quantity Ka gives the Knudsen cor­
rection for the field free flow and can be written as 
Ka = na p £//?, where R is the radius of the capillary, 
£ the mean free path of the molecules given by 
£ = (2 /s ti no2)~1 with n the number density and o 
the molecular diameter derived from the field free 
viscosity, given in Ref. 14. In accordance with Refs. 
15 and 16 it is assumed that na has the value 4.

The second factor in Eq. (7) corrects for the ex­
tra pressure losses caused by acceleration of the gas 
at the entrance of the capillary and in the capillary. 
For both apparatuses this factor is mostly between 
1 and 1.01. Here I is the length of the cappilary and 
Re is Reynolds number equal to 2 G/tz Rrj{0) where 
G is the massflow per unit time through the capil­
lary. The quantity r depends on the shape of the 
entrance and in accordance with Ref. lo r is assumed 
to be 1. The quantity s describes the acceleration of 
the gas in the capillary. For the two apparatuses s is 
slightly different since in apparatus I only one capil­
lary is in the field while in apparatus II this is the 
case for all four capillaries. Consequently for appa­
ratus I the quantity s is given by 5 =ln(pA/pc) while 
for aparatus II one has s — \  In (pa/pb) •

As we work at such low pressures that the mean 
free path of the molecules is not negligible com­
pared to the diameter of the capillaries, Knudsen 
effects will reduce the magnitude of the magnetic 
field effects. A correction is applied by the factor 
(1 + Kßjp). For apparatus I we take p = \  [pA + pc) 
while for apparatus II we use p = 1 (Pa + Pb)- Not 
only the magnitude of the field effect is affected by 
Knudsen effects but also the H/p values. Therefore 
a correction to the experimental H/p values is ap­
plied by:

H/p = (ff/p)exp./(l+£y/p). (8)

The quantities Kß and K,, are determined experimen­
tally from an extrapolation to p = oo. For a more 
detailed discussion see Ref. 8. The correction factor 
for the magnitude of the effect is at most 1.4 while



the Knudsen correction for the H/p values is gener­
ally small except for HD where the correction factor 
can be as large as 1.3. Analogous to na the numbers 
riß and nY can be introduced8 by: K ^Y = nßjYp £/R. 
Within the experimental accuracy these numbers are 
found to be independent of the temperature and 
also equal for the two apparatuses. The values found 
for the different gases are presented in Table 3. The 
values are in agreement with those obtained in the 
earlier room temperature measurements 8' 9.

Table 3. Knudsen correction parameters.

na nß Tly

hd 4 10 14
n2 4 10 3
co 4 10 3
ch4 4 12 2

4. Experimental Results and Discussion

To discuss the experimental results we first give 
the theoretical expressions derived in Ref. 17 for 
lVi* + V t+ -2 *?(0)]/2t?(0) and ( -  V  + >?2+)/2*?(0) 
based on the [ J ]  {~2'J polarization which in earlier ex­
periments is found to be dominant:

Vi+ + V2+~ 2*7(0)
2*7(0)

and

~Vl+ + V2+ 
2*7(0)

= -  4- 02

2 02
'02

H  +  9 02

Ö +

'02
'02 
(9)

41,02

where

£02 —

Sro t-@ ® ) ,/@(20) ©(02) ,
1 g kT H

l + 4 f 022
(10)

(ID

(i;rei)0©(02) h p '  

(#/p) f« = i = 21/8 (H/p)t/l = 2,/2 {H/p) max
= ( h /g ^ k T )  (t;rei>o@(02) 

and rj(0) = k  T/(viel)0 ©(20) .

(12 a)

(12 b) 

(13)
g is the molecular ^-factor, the nuclear magneton, 
k Boltzmann's constant, T the absolute temperature, 
h Planck's constant and

(vrel)0= ( 8 k T / j i ^  (14)

with ju the reduced mass. (H/p)»/, and (///p )max are 
the values for which the effects as described in Eqs. 
(9) and (10) reach half the saturation value and

the maximum value respectively. The ©'s are effec­
tive cross sections * given by 19

1 ([W]W : R0[W ]® )0©(20) = 

©(02) =

©(20)

(frel)o <[W](2) :[W ](2))0 ' 
_ _ 1 _ _ ([J ]W :R 0[J]W )0 
M o  < [J](2): [ J ] (2)>o '

([J]W  : R0[W ]V)o
(15)

Kei)o ( [ J ] (2) : [/]® >o* ([W ]®  •• [W]®>o*
R0 is the collision superoperator defined by:
R0 0  = -  (2 ji)4 h2 n - 1 trj /  dp, /(%

{ f t ^ ( 0 '+ 0 \ )  6(E) dp ' (16)
-  (i/2 ji) [t% (0  + 0 X) -  (0  + 0 X) t^g]} .

For the meaning of the different symbols see for 
example Ref. 20. ©(20) is the gas-kinetic viscosity 
cross section, ©(02) is the reorientation cross sec­
tion for tensorial polarization of the rotational an­
gular momentum and ©(20) is the cross section 
which describes the production of the angular mo­
mentum polarization from the polarization in the 
velocities. While ©(20) and ©(02) are positive, 
© (20) can have either sign.

For HD the experimental results have been given 
for the quantities [rjx+ + r\2 — 2 r](0) ]/2 rj (0) and 
( -  rjx+ + rj2+) /2 rj (0)) in the Figures 4 and 5.

In these Figures the theoretical curves are given 
by Eqs. (9) and (10) with ©(02) and | <§(§§)! as 
adaptable parameters, for the position along the 
H/p axis and the magnitude of the effect. It is seen 
that for both combinations of coefficients the ex­
perimental data can be described very well with the 
theoretical expressions based on the [ J ]  ® polariza­
tion only. At 77 K both combinations of coefficients 
have been measured. The results from both appara­
tuses can be described using a single set of values 
of the adaptable parameters (see Figure 6). From 
these results we draw two main conclusions: a) the 
results obtained with apparatus I and with appara­
tus II are consistent within the experimental accura­
cy, and b) the [J] ® polarization is by far dominant 
for HD in the whole temperature region.

The results for [rjx+ + rj2+ -  2 rj (0) ]/2 rj (0) ob­
tained at various temperatures for (the gases N2, CO 
and CH4 are given in Figures 7, 8 and 9. The theo-

* The shorthand notations 6 ® ,  ®(02) and 6(20) cor­
responds to the full notations 6 (S2SS), 6 (SKS) and 6 ( )  
in more detailed discussions (see c..p. Table 2 in Ref.18 and 
the appendix of Ref. 9) .
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Fig. 4. ?/(0)]/2??(0) versus H/p for HD at
various temperatures. To distinguish the four different curves 
for 293 K, 224 K, 157 K and 77.3 K. They are vertically 

shifted by dividing them respectively by 1, 2, 4 and 8. 
77.3 K: O 3.48 torr; A 4.65 torr; V 9.45 torr;

□ 15.7 torr.
157 K: O 4.54 torr; A 6.44 torr; □  10.5 torr. 
224 K: O 4.58 torr; A 6.89 torr; □  11.3 torr. 
293 K: O 9.76 torr; A 12.4 torr; V 15.6 torr;

□  20.8 torr.
----  theoretical H/p dependence for [/](2) polarization,

scaled to the experimental points.
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versus H/p for HD at 77.3 K. 

OAVD experimental points taken from Figures 4 and 5.
----- theoretical H/p dependence for [7]<2) polarization,

scaled to the experimental points.

Fig. 5. —( — 7]i++??2+)/2 ??(0) versus H/p for HD at various 
temperatures. To distinguish the different curves, they are

shifted in the vertical direction as in Figure 4. 
21.0 K: O 1.49 torr; □  2.95 torr.
31.2 K: O 1.89 torr; A 4.36 torr; □  8.10 torr. 
39.5 K: O 2.03 torr; A 4.04 torr; □  7.78 torr. 
50.9 K: O 2.03 torr; A 4.10 torr; □  7.93 torr.
77.3 K: O 4.53 torr; A 4.79 torr; V 6.71 torr;

□ 12.2 torr.
----  theoretical H/p dependence for [/](2> polarization,

scaled to the experimental points.

retical curves have been given by Eq. (9) with (2(02) 
and (S (20) | as adaptable parameters. It is seen that 
also here the experiments can be described with the 
theoretical expression. For N2 and CO we also 
measured at 77 K the combination ( — + 
/2 >/ (0). Here the results of the two experiments can 
also be described with one set of values for (B (02) 
and | @(°o) | > see Figures 10 and 11. From these re­
sults it is concluded that the [ J ] l2- polarization is 
dominant for all gases studied in the investigated 
temperature region.

The parameters ®(02) and j 3(20)! obtained for 
the different gases at different temperatures are given 
in Table 5. The values for '2 (20) calculated using 
the literature values of rj(0) taken from Refs. 21 and 22 
are also given. It is not possible from these experi- 
mnts [see Eq, (11)] to determine the sign of <2 (20)? 
which describes the orientation of the [J] ^  polari­
zation with respect to the [W] ^  polarization. For 
No, CO and HD the sign of (2(20) ^  found to be 
positive from measurements of streaming birefrin-
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Fig. 7. — [r]1++rj2+—2r](0)]/2rj(0) versus H/p for N2 at 
various temperatures. To distinguish the different curves, they 

are shifted in the vertical direction as in Figure 4. 
77.3 K: O 0.966 torr; A 1.09 torr; >  1.72 torr;

O  2.04 torr; <  2.48 torr; V 3.29 torr;
□  5.08 torr.

156 K: O 1.31 torr; A 1.96 torr; V 3.43 torr;
□  4.95 torr.

223 K: O 1.61 torr; A 2.45 torr; V 4.25 torr;
□  8.44 torr.

293 K: O 3.61 torr; A 4.60 torr; O 5.39 torr; 
V 7.61 torr; □  15.5 torr.

----- theoretical H/p dependence for [/](2) polarization,
scaled to the experimental points.
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Fig. 8. -[rji+ V  2+—2 ?y(0)]/2 (0) versus H/p for CO at 
various temperatures. To distinguish the different curves, they 

are shifted in the vertical direction as in Figure 4. 
77.3 K: O 1.03 torr; A 1.53 torr; □  2.49 torr. 

154 K: O 1.32 torr; A 1.88 torr; V 2.71 torr; 
□  5.12 torr.

223 K: O 1.18 torr; A 2.54 torr; □  4.38 torr. 
293 K: O 2.89 torr; A 5.20 torr; □  8.79 torr.
----- theoretical H/p dependence for [/]<2) polarization,

scaled to the experimental points.
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Fig. 9. — rj (0)]/2 ^(0) versus H/p for CH4 at
various temperatures. To distinguish the different curves, they

are shifted in the vertical direction as in Figure 4. 
154 K: O 0.904 torr; A 1.40 torr; □  2.09 torr. 
224 K: O 2.29 torr; □  4.10 torr. 
293 K: O 3.06 torr; A 4.71 torr; □ 6.78 torr.
---- - theoretical H/p dependence for [/]<2) polarization,

scaled to the experimental points.
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Fig. 10. — 2 77 (0)]/2 >?(0) and ~{~Vi++V2+)l
2 rj (0) versus H/p for N, at 77.3 K. 

Upper curve: 0A t> 0 < lV D  points taken from Figure 7. 
Lower curve: O 0.829 torr; A 1.38 torr; V 2.03 torr; 

□  3.90 torr.
----- theoretical H/p dependence for [/]t2) polarization,

scaled to the experimental points.

gence which have been performed by Baas 23. Plots 
of the cross sections © (02) and | © (20); for HD, 
N2, CO and CH4 versus the temperature are given 
in the Figures 12 to 15. For comparison the gas- 
kinetic viscosity cross section ©(20) is also given. 
From the relatively small values of ©(02) with re­
spect to ©(20) it is found that HD collisions are 
rather ineffective in reorienting a molecule. The plot 
for I ©(20)! shows for HD a cross section which at 
first increases with decreasing temperature, and then
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Fig. 11. — [j?i++ j72+ —2 V (0)]/2 ?7(0) and -  (-yS+yS)/ A
2 r/ (0) versus H/p for CO at 77.3 K. 
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Fig. 15. Effective cross sections for CH4 versus temperature.
below 45 K begins to decrease rapidly. This behav­
iour at the lower temperatures can be explained by 
the fact that molecules in the rotational state /  = 0
do not contribute to the field effect. If HD in the the expression for mixtures can be used (see Ref. 24).
/  = 0 rotational state can be considered a "noble" This mixture is composed of rotating (7 + 0) and
gas as far as these experiments are concerned, then non-rotating (J = 0) HD molecules, and the follow-



Table 4. 
HD

Table 5.
HD

T

(K)

(H/p) max , 
(H/p) 1/1 
(kOe/torr)

??(0)x 108 22

(p)

!P02 x 103

21.0
31.2
39.5 
50.9
77.3 
77.3

157 
224 
293

2.65 ±0.05 
1.48 ±0.04 
1.32 ±0.03 
1.10 ±0.03 
0.85 ±0.02 
0.85 ±0.02 
0.54 ±0.02 
0.40 ± 0.02 
0.33 ±0.01

13.0±0.1 
18.4 ±0.2 
23.4 ±0.2 
29.3 ±0.3 
42.0 ±0.4 
42.0 ±0.4 
70.9 ±0.7 
89.7 ±0.9

107 ±1
n2

0.78 ±0.02 
2.75 ±0.08 
4.0 ±0.1
4.6 ±0.1 
3.8 ±0.1
3.7 ±0.1 
2.62 ±0.06 
2.20 ±0.06 
1.87 ±0.04

T

(K)

(H/p) maX ,
(■H/p)»/, 
(kOe/torr)

rj (0)x 10® 21

(p)

W02 x 103

77.3 
77.3 

156 
223 
293

14.0 ±0.5 
14.0 ±0.5 
6.0 ±0.3 
3.7 ±0.3 
2.76 ±0.07

54.3 ±0.5 
54.3 ±0.5 

104 ±1 
141 ±1 
174 ±2
co

2.2 ±0.1 
2.1 ±0.1 
3.0 ±0.1 
2.8 ±0.1 
2.7 ±0.1

T

(K)

(H/p) max,
(■H/p)«/.
(kOe/torr)

rj (0)x 10« 21

(p)

!FO2 x 10s

77.3 
77.3 

154 
223 
293

19.8 ±0.8 
20.0 ±0.8 
8.3 ±0.3 
5.0 ±0.2 
3.89 ±0.08

56.6 ±0.6 
56.6 ±0.6 

100 ±1 
136 ±1 
172 ±2

ch 4

1.9 ±0.1 
1.9 ±0.1 
3.3 ±0.1
3.5 ±0.1
3.6 ±0.1

T

(K)

(H/p) max , 
(H/p) v, 
(kOe/torr)

rj(0)x 10« 21

(p)

x 103

154
224 
293

13 ±0.7 
6.2 ±0.4 
4.5 ±0.5

60.7 ±0.6 
85.6 ±0.9 

109 ±1

0.75 ±0.06 
0.81 ±0.04 
0.80 ±0.04

ing expressions are obtained:

^02 — x ro t+ ( l-® )@ (S ) rot - n.rot/
{x (5 (02) rot + (1 — a;) <S(02)rot -n.rot}© (20)

(17)
and

t 1
'02 : ( "rel) 0 @ (02) rot +  (1 -  X) <S (02) rot _ n.rot)

9 M h L H  . 
H p

The quantity <S (20) rot gives the production of [ J ]  ® 
polarization from the [W] polarization while

T 3(02) S (20) <a («as C (20)
(K) (A2) (A2) (A2)

21.0 4.79 ±0.09 41.3 ±0.4 0.39 ±0.01
31.2 3.26 ±0.09 35.6 ±0.4 0.57 ±0.02
39.5 3.27 ±0.07 31.5 ±0.3 0.64 ±0.02
50.9 3.09 ±0.08 28.5 ±0.3 0.64 ±0.02
77.3 2.95 ±0.08 24.5 ±0.2 0.52 ±0.02

157 2.67 ±0.07 20.7 ±0.2 0.38 ±0.01
224 2.36 ±0.07 19.5 ±0.2 0.32 ±0.01
293 2.26 ±0.07 18.7 ±0.2 0.28 ±0.01

n2

T 8(02) 6(20) 3 (So)
(K) (Ä2) (A2) (A2)

77.3 62 ±2 57.7 ±0.6 2.8 ±0.1
156 38 ±2 42.6 ±0.4 2.2 ±0.1
223 28 ±1 37.7 ±0.4 1.71 ±0.07
293 24 ±1 35.0 ±0.4 1.49 ±0.05

co

T 3(02) 8 (20) 6  (So)
(K) (A2) (A2) (a2)

77.3 86 ±3 55.3 ±0.6 3.0 ±0.1
154 50 ±2 44.1 ±0.4 2.70 ±0.09
223 36 ±1 39.1 ±0.4 2.23 ±0.09
293 32.5 ±0.8 35.5 ±0.4 2.04 ±0.06

ch4

T 6(02) 8(20) 'S 102 \ ^(20)
(K) (A2) (A2) (A2)

154 67 ±5 55.1 ±0.6 1.7 ±0.1
224 40 ±3 47.1 ±0.5 1.23 ±0.08
293 33 ±2 42.4 ±0.4 1.06 ±0.07

6(02) rot describes the reorientation of the 7 4= 0 
molecules. ©(20)rot-n.rot and © (02) rot-n.rot give the 
production of [ J ]  ^  polarization and the reorienta­
tion of the molecules in a gas in which the rotating 
molecules are infinitely diluted. The quantity x is 
the fraction of rotating molecules which can be cal­
culated by x = 2  P j where P j is the fractional po- 

j*  0
pulation of the 7 state given by:

(27 + 1) exp{ —7(7 + 1) &/T}
Pj = 2  (27 + 1) exp{ —7(7 + 1) 0/T} 

j
(19)

For HD (0  = 63.8 K) the occupation of the differ­
ent rotational levels as a function of the tempera­
ture is illustrated in Figure 16. Under certain as­



sumptions with respect to © (20) rot-n.rot the quantity 
I ©(20 ) rot I can be obtained as a function of tempe­
rature. In Fig. 12 I ©(20) rot I is plotted for the rather 
arbitrary choice of ©(2o)rot-n.rot = I ©(20) rot • This 
assumption seems reasonable in comparison with the 
experiments done on mixtures with noble gases24. 
It is seen that the dependence on temperature of 
I ©(20) rot I for HD does not essentially differ from 
that for I © (20) I of the gases N2 , CO and CH4 which 
have smaller rotational constants.

For the gases N2, CO and CH4 the reorientation 
cross section ©(02) has a steep temperature depen­
dence and becomes at lower temperatures even larger 
than the gas-kinetic cross section. Furthermore, the 
fact that the cross section | © ( 20) | is always much 
smaller than ©(02) means that the collisions are 
not very effective in producing a [J] polarization 
from a [W] ® polarization. Note that the field 
strength is always so high that the nuclear spin and 
the magnetic moment of the molecule are completely 
decoupled, so that the presence of the nuclear spin 
can be neglected in the magnetic field effects.

To get a better idea of the temperature depen­
dence of the reorientation cross section of the gases 
No and CO a plot is made of ©(02) versus T~1, 
see Figure 17. It is seen that the temperature depen­
dence in the investigated region can be described 
by:

©(02) = a  + b 71-1 (20)
with a = 10 Ä2 and 6 = 4 1 x l0 2Ä2K for N2 while 
a = 13.5 Ä2 and 6 = 5 5 x l0 2Ä2K for CO."

We will now compare our results at room tempe­
rature with the results of Refs. 8' 9' n . In Table 6 
values for © (02) and | © ( 20) | from the different ex­
periments are given for HD, N2, CO and CH4. Good 
agreement is found. The fact that our ©(02) is 
somewhat larger than that of the other experiments 
is caused by a slightly different interpretation of 
the experimental results: we take the best fit of the 
theoretical curves over the whole H/p domain, while 
Korving 11 and Hulsman 8' 9 favour the lower H/p 
values.
Table 6. Comparison with other data at room temperature.

this research

©(02) 
(A2)

Ref. 8 Ref. 9 Ref. 11

© a  
(A*)

this research Ref.9
hd 2.26 ±0.07 2.3 2.2 _ 0.282 ±0.009 0.28
no 23.7 ±0.9 22 22 21 1.49 ±0.05 1.46
co 32.5 ±0.8 31 31 31 2.04 ±0.06 1.97
ch4 33.0 ±2.5 32 30 32 1.06 ±0.07 1.01

5. A Comparison with Nuclear Magnetic 
Relaxation (NMR) Experiments

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. First we will summarize the different me­
chanisms that can cause relaxation of the nuclear 
spin in diatomic molecules and in spherical top 
molecules. Only the extreme narrowing limit is con­
sidered.

5.1. Survey of relaxation mechanisms.

D ia to m ic  m o le c u le s .  In dilute gases of 
diatomic molecules three kinds of intramolecular 
relaxation can be distinguished.

Spin-rotation interaction: Nuclear spins may relax 
through an interaction with the rotational motion 
of the molecule which causes a local magnetic field 
at the site of a nucleus. Starting from the Wald­
mann-Snider equation Chen and Snider25 derived 
an expression for the relaxation times 7\ and T2 in 
which the decay time is given explicitly in terms of 
a two particle collision integral. For a single rota­
tional level with quantum number /  it is found that

r r 1 = 7,2- i = f c 2/ ( / + i ) T 1. (2i)

Here c is the spin-rotation coupling constant and r, 
is the decay time for vectorial polarization of the 
rotational angular momentum /. It is

r 1̂ = ( J - R 0, J ) 0/J(J  + l)  (22)

where R0' is the collision superoperator defined as: 
/?„' <£ = -  {2n)^hn~1 tr4

/ d P i / i ^  {f tgg' {0') tg+g'd(E) dp' (23)
-(»•/271) *  v i ) .

(The collision superoperator defined here differs 
from that given in Eq. (16) in that the collision 
partner does not explicitly appear in R0' . This is a 
consequence of assuming that collisions cannot 
change nuclear spin states.)

For the meaning of the various symbols see 
Refs. 20 and 25.

Dipole-dipole interaction: The nuclear spins may 
relax through mutual interaction of the nuclear spins 
in the same molecule. For this intramolecular process 
Chen and Snider give expressions for the relaxation 
times of a single /-level system, which is valid for



6(02)

Fig. 16. The populations of different rotational levels for HD Fig. 17. The reorientation cross section for tensorial polarization 
versus temperature. <3(02) versus T-1 for N2 and CO.

Fig. 20. Comparison for CH4 between 
3(02) from our experiments and 3(01) 
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Fig. 18. Comparison for HD between 3(02) from our experiments and 
3'(01) and 3'(02) obtained from NMR.

Fig. 19. Comparison for N2 between 3(02) from our experiments and 
3'(02) obtained from NMR.



t  - l  _ T  - l __ _ 2 7(7 + 1)
1 2 ~ 15 Q ( 2 / - l ) ( 2 /  + 3)

(2 / — 1) (27 + 3) az2T2

where I is the total spin of the molecule, a/ is given by:

f y /  + l ) « - 3 [ / 1(/1 +  l ) - / f (/, + l)]*  + 2 / ( / + l )  [/!(/! + ! ) + / , ( / ,  + !)]  
2 /(7 + 1 )  (2 / —1) (2 7 + 3)

a/ =

and cd= —6gi2juy;2l 2 h r s, where gi is the nuclear 
^-factor and r is the distance between the two nuclei 
which, in general, have different spins I x and I 2 . 
The decay time r2 for this mechanism is given in 
terms of collision integrals of the [ J ]  ® rotational 
angular momentum:

7Y 7(7 + 1) 2 /j  + 3
2 - 40 (2 7 -  1) (2 7 + 3) / 12( 2 /1- 1 )

(e g q /h )2 t 2 (26)

t  - i  _f o — ([J ](2> :* 0'[J](2>)0 
17(7 + 1) (2 7 — 1) (2 7 + 3) (25)

Quadrupole interaction: The nuclear spins may 
relax through interaction with the electric-field gra­
dients of the molecule, if the nuclei possess a qua­
drupole moment. This occurs only for nuclei with 
spin greater than 1/2 and when present it is the 
dominant mechanism. This type of relaxation has 
not been discussed by Chen and Snider. Formally, 
however, the problem is quite analogous to the di­
pole-dipole situation. For quadrupole relaxation in 
diatomics two different oases have to be distinguish­
ed, i. e., a) molecules in which only one of the nuclei 
is of importance for the relaxation and b) molecules 
in which both nuclei are identical and have spins 
greater than 1/2. For the molecules of type a), we 
find for a single level system:

where r2 is the same quantity that occurs for the 
dipole-dipole relaxation given in Eq. (25), Ix is the 
spin quantum number of the relevant nucleus and 
e qQfh the intramolecular quadrupole coupling con­
stant. For molecules having two identical nuclei of 
spin 1 it is found that (see also Ref. 26) both the 
ortho and the para system have the same relaxation 
time 7 \ :

3
40

7(7 + 1)
(2 7 —1) (2 7 + 3) 5(eqQ fh)2 r2.

(27)

M u l t i le v e l  s y s te m :  To describe nuclear 
spin relaxation when many rotational levels are in­
volved, some appropriate averaging must be intro­
duced. By treating xx and r2 as effective decay or 
correlation times, a simple Boltzmann averaging can 
be used, viz.

r r 1=7,2- 1= f c 2(7 (7 + i) ) 0t 1 5

T - i _ T - 1 _  A  . / ____/ ( / + D
' i  — 15 \(2  7 —1) (2 7 + 3)

(2 / — 1) (27 + 3) a A  r./ 2 '1 0

40 \ ( 2 7 — 1) (2 7 + 3) 712(2 /1-  l ) / 0

T1- I = T2~1 = 3 /  7(7 + 1) \  
40 \(2  7 - l )  (2 7 + 3 ) /0

5{eqQ /h)2r2

(28)

(29)

(30)

(31)

for respectively spin-rotation, dipole-dipole and two 
cases of quadrupole relaxation in diatomic molecules 
(see also Ref. 27) . Note that for high 7 values Eqs. 
(28) and (30), (29) and (31) agree with the clas­
sical treatment of Gordon 28.

S p h e r ic a l  to p  m o le c u le s :  For spherical 7 \-1 = T2~x = 
top molecules as CH4 , CF4 and CD4 the relaxation 
mechanisms which are of importance are:

Spin-rotation interaction: This relaxation mecha­
nism in spherical tops is treated by Dong and 
Bloom29 and McCourt and Hess 30. The relaxation 
times are given by:

2 (7(7 + 1) / ( /  + !) )o
3 </(/ + l))o

W + A c d ^ t ,  

(32)



where 7 is the total spin, ca and are two indepen­
dent coupling constants by which the spin-rotation 
interaction can be characterized. The quantity 
(7(7+1) / ( /+  1) >0/< /( /+  1) )o can be calculated 
using the results of Refs. 31 and 32. For temperatures 
which are not too low (>  100 K) it is equal to 
3 I0k T/h2 where 70 is the moment of inertia.

Quadrupole interaction: For this mechanism in 
spherical top molecules an expression is given by 
Bloom et al. 33 using a correlation function approach 
which gives:

= T2~i = f  (e <7 Q /h)2 f2 t 2 (33)
with f2 = 0.2 for spherical top molecules.

5.2. Comparison of cross sections

To compare the NMR data with our results we 
introduce also (effective) cross sections for NMR 
by:

r i" 1 = n(t;rel)0©, (Oi) (34)

where i = 1 for spin-rotation and i — 2 for dipole- 
dipole and quadrupole relaxation. The prime refers 
to the collision superoperator which for NMR is 
different from that used in the viscosity cross sec­
tions, see Equations (16) and (23). Thus the NMR 
cross sections are given by:

( J  Ro J ) ,©'(01) = 

©'(02) =

(Vrel)o (J - J )o
i  ( [ J ] (2) i M i ^ H

(VrelU < [J](2): [ J ] (2)> 0
. (35)

Now we will treat successively the gases HD, No, 
CH4 , CF4 and CD4 .

H y d ro g e n  d e u t e r i d e :  It is possible to 
obtain from NMR experiments on HD both ©'(01) 
and © '(02). In Fig. 18 these quantities are calculat­
ed from the measurements done by Hardy34 and 
compared with ©(02) from the field effect on visco­
sity. It can be seen that within the accuracy of both 
experiments ©(02) and ©'(02) are equal. From 
this result it can be concluded that there is no direct 
transfer of [J]  polarization during a collision. 
This is in agreement with a conclusion of the dis­
torted wave Born approximation as used by Chen, 
Moraal and Snider35 [see their Equation (92)]. 
© '(01) is for lower temperatures close to ©'(02) 
while for higher temperatures it becomes smaller 
than ©' (02). The ratio ©' (02) /© ' (01) varies from 
1 to 1.35 in agreement with the appropriate limits

( l < r 1/r2< 3) given by Bloom and Oppenheim33.
N i t r o g e n  : NMR measurements on N2 have 

been performed by Speight and Armstrong36 at 
rather high densities (100 — 600 amagat). The

(02) cross section calculated from these experi­
ments using Eqs. (31) and (34) is plotted in Fig. 
19 together with ©(02). A great discrepancy be­
tween both experiments is found. Since the densities 
are high in the NMR experiment, the gas may not 
be considered dilute, which may account for the dis­
agreement. From this point of view NMR experi­
ments for N2 at lower densities are desirable.

M e th a n e  : For CH4 the spin-rotation mecha­
nism is dominant giving the ©'(01) cross section 
from NMR measurements. Using the data of Ref. 33, 
this cross section is compared with our ©(02) in 
Figure 20. The ratio ©(02)/© ' (01) is about 1.85 
for all temperatures.

T e t r a f l u o r o  m e th a n e  : For CF4 field de­
pendent viscosity measurements have been perform­
ed at room temperature by Korving 11 and Hulsman 
et al. 9. With these results and those obtained from 
the NMR measurements of Dong and Bloom29 for 
© '(01), we find that the ratio ©(02)/© '(01) is 
about 1.6.

T e t r  a d e u ite ro  m e th a n e :  In CD4 relaxa­
tion occurs through a quadrupole mechanism. The 
coupling constant e q Qjh for this gas, however, is 
not known experimentally. Using estimated values 
as given in Ref. 33 the ©'(02) cross section at room 
temperature obeys the following inequality:

21 A2 ©'(02) <; 49 Ä2.
The value of ©(02) obtained from the viscosity ex­
periments of Korving et a l.10 is 21 A2, from which 
it can be concluded that the two experiments are in 
agreement.

For completeness the various parameters used in 
the calculations of the NMR cross sections are given 
in Table 7.

Table 7. Summary of the molecular parameters used in the 
calculations of the NMR cross sections.

c2x IO"10 
(ca2+ Ä cd2)x IO"10 

(rad2 sec-2)

(e q Q/h)2 x 10—10 
(rad2 sec-2)

hd 30.0 203
n2 121x103
ch4 0.54
c f4 0.16
cd4 66-159



Similar information on reorientation of molecules 
can be obtained from depolarized Rayleigh light 
scattering experiments. A comparison between re­
sults of these experiments and those discussed here 
will be given in Ref. 37.
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