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Experimental data showing a resonant change in the thermal conductivity of a para- 
magnetic gas (NO2) and a polar gas (NF3) in parallel constant and alternating magnetic 
and electric fields are presented. 

The transfer coefficients of molecular gases and, in particular, the thermal conductiv- 
ity vary in constant magnetic or electric fields. This is known as the Senftleben effect 
(see, for example, the review [I]). This effect is due to the fact that the interaction cross 
section of nonspherical molecules depends on their orientation (on the angle between the di- 
rection of the relative velocity of the colliding molecules and their angular momenta). An 
external magnetic or electric field causes precession of the magnetic or dipole moments of 
the molecules as a result of which there is an effective increase in the interaction cross 
section and, consequently, a reduction in the transfer coefficients. The effect obviously 
depends on what angle the angular momentum can turn through during the time of free flight, 
i.e., on the ratio of the precession frequency ~ to the collision frequency of the molecules 

or, in other words, on the ratio of the value of the field B to the gas pressure p (since 
~ B and ~ oo p). In an intense external field, when ~/9 >>I, the effect reaches satura- 

tion. 

It was found [2, 3] that in an alternating field B1sinmt the value of the relative change 
in the transfer coefficients for a fixed ratio B:/p decreases monotonically as the parameter 
~/p increases (the dispersion of the Senftleben effect). 

An interesting case is when an alternating field is superimposed on the constant field 
and parallel to it, i.e., the external field has the form 

B ( O  : Bo(l + bsin~t), (1) 

where b = B~/Bo, and Bo and B~ are the values and amplitude of the constant and alternating 
fields. As theoretical investigations have shown [4, 5], the action of the external field 
(i) on the kinetic coefficients of molecular gases leads to the appearance of resonance in 
their frequency relations (in which the number of maxima is related to the characteristic 
distribution of the molecules with respect to the directions of the angular momenta). Hence, 
investigations of the transfer coefficients in parallel constant and alternating external 
fields give direct information on this nonequilibrium polarization of nonspherical molecules. 

The resonance variation of the thermal conductivity of oxygen in parallel constant and 
alternating magnetic fields was investigated in [6]. The fine structure of the resonance 
maxima in 02 was investigated in [7]. Four maxima were found in the curve of the thermal 
conductivity (e) of 02 as a function of the ratio Ho/p, two of which correspond to resonance 
in 02 molecules with projections of the electron spin onto the direction of the angular mo- 
mentum, equal to ~ = • and the.two others with ~ = O. 

In the present paper we present the results of an experimental investigation of the 
resonance of the thermal conductSvity of a paramagnetic gas (NO2) in parallel magnetic fields. 
The ground state of the NO2 molecule is 2Z and the projection of the uncompensated electron 
spin onto the direction of the angular momentum can take the value ff = • Hence, unlike 
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Fig. 1. The quantity c = [• --~(0)]I 
�9 t(0) as a function of Eolp (Vlcm,torr) 
in NF3 when E = Eo (i) and E = Eo(l + e. 
sln~t) (2). 

oxygen on the c(Ho/p) curve for NO2, one should observe two maxima corresponding to the quad- 
rupole polarization of the NO2 molecules in the presence of a temperature gradient. 

According to [4, 5] a similar effect should be observed in polar gases in parallel con- 
stant and alternating electric fields. In this paper we describe the results of experiments 
in the course of which we observed resonance of the thermal conductivity of a polar gas (NFs) 
with d = 0.240 D in parallel constant and alternating electric fields. 

We used a method of measurement similar to that described in [7]. The essence of the 
method is the change in the resistance of a heat-sensitive probe due to a change in the ther- 
mal conductivity of the gas when the field is switched on. 

In the present experiments we used two probes (the construction of the probes is de- 
scribed in [8]), one of which is placed in the field B(t) = Bo(l + bsin~t), while the other 
is used as a comparison probe. Both probes are connected in adjacent arms of adc bridge, 
in the diagonal of which an FII6/I photooptical amplifier is connected. In the experiments 
we measured the unbalance of the bridge when the alternating field was switched on, due to 
the change in the thermal conductivity when the constant field was switched on. The measure- 
ments were made using the "triple readout" method [9], which enabled us to get rid of the ef- 
fect of uniform thermal zero drift of the measuring circuit. Randomerrors due to nonuniform 
zero drift were eliminated by averaging the results of a series of triple readouts. In the 
measurements of the bridge unbalance using this method we achieved a threshold sensitivity 
of 0.05 ~V. The absolute values of the relative change in thermal conductivity (e) in the 
field B(t) = Bo(l + bsin~t) were found by calibrating the probes with respect to the Senftle- 
ben effect, i.e., by comparing the value of the bridge unbalance in the field Be measured in 
the experiments with the data given in [I0, ii]. In this case the threshold sensitivity of 
the probe when measuring c in the worst case, namely, at the lowest working pressure of 0.2 
tort, when the temperature jump is a maximum, and for a temperature of the heat-sensitive 
element of the probe of 130~ was approximately i0 -~. A similar threshold sensitivity was 
achieved previously [12] in measurements of the Senftleben effect. The relative calibration 
error due to errors in determining the pressure and the value of the field did not exceed 10%. 

In experiments carried out in an electric field E(t) = Eo(l + esln~t), we measured the 
quantity E = [~(E) -- ~(0)]/~(0) [~(E) and ~(0) are the values of the thermal conductivities 
in a field (E) and when E = 0, respectively, since the comparison probe was placed outside 
the field]. In the experiments on measuring the thermal conductivity of gases in a magnetic 
field H(t) = Ho(l + hsin~t) the comparison probe was placed in a constant magnetic field He. 
In this case, since both probes are in a constant field, the measured quantity was e H = 

[~ (H)  - ~ ( ~ o ) ] / •  

Figure i shows the results of an experimental investigation of the thermal conductivity 
of NF3 in the presence of a constant electric field (curve I) and an electric field which is a 
combination of parallel constant and alternating electric fields (curve 2). The measurements 
were made at a gas pressure p = 0.2 torr, anangular frequency ~ = 5.3 Ml{z, and an amplitude 
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Fig. 2. Curve of IcEl + I[~(E) - ~(Eo)]/ 
~(0)] versus Eo/p (V/cm.torr) in NF3 for 

= 5.3 MHz and E, = 75 V/cm, 

of the alternating field E, = 75 V/cm over a range of values of the constant field Eo = (30- 
200) V/cm. The measured quantity in this experimental geometry is a combination of the com- 
ponents of the thermal conductivity tensor e = */5(3ci{ + 2e• (s and s are the values cor- 
responding to the conditions when the field is parallel and perpendicular to the temperature 
gradient). 

It is seen from the figure that in a constant electric field Eo the thermal conductivity 
of NF3 decreases and the curve e(Eo/p) has a monotonic form, while in the region of large 
values of Eo/p the value of e reaches saturation. When an alternating electric field is 
switched on parallel to the constant field it is found that in the region of values of Eo/p = 
(600-800) V/cm-torr, a characteristic resonant deviation from the similar curve in the field 
Eo appears in the curve of e(Eo/p) (see Fig. i). When the ratio Eo/p is increased further the 
change in the thermal conductivity approaches its limiting value esa t on e(Eo/p). It should 
be noted that in a field E(t) = Eo(l + esinmt), on e(Eo/p), when Eo/p = 0 the value of ~(0) 
differs from zero and has the value e = --2.6"10 -4 (see Fig. i). This is due to the change in 
thermal conductivity in the field El. 

To analyze the experimental data it is convenient to use the expression for the relative 
change in thermal conductivity in an external magnetic or electric field B(t) = Bo(l + bsin. 
~t), which, according to [4], can be written in the form 

.,,,,_.,o, , 
e----- x (0) -- ~ Aim l q- + 

+ ( e - )  [ ,+ 
x 1 1 + /[ + 

1 + 
�9 k - V - / J J  / '  ( 2 )  

where ~o , = yBo , are the precession frequencies of the molecules in fields Bo and BI, y = 
d~/M, M and ~ are the statistical averages of the values of the angular momentum of the mole- 
cules, ~ = cos(dM) for polar molecules, y = 2~od/M for paramagnetic molecules, and 9 is the 
relaxation frequency, which has the same order of magnitude as the collision frequency of the 
molecules. The value of AZm is determined by the characteristic intermolecular interaction 
and within the framework of the theory considered should be derived from the experiment. The 
humber Z is equal to the rank of the tensor describing the nonequilibrium polarization of non- 
spherical molecules in angular momentum space. In the case of quadrupolarization of the mole- 
cules Z = 2. 

The first term in Eq. (2) is identical with the expression for the relative change in 
the thermal conductivity in a constant external field Bo (the Senftieben effect). Analysis 
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Fig. 3, The quantity I~HI = [[~(H) -- 
~(Ho)]/~(0)[ as a function of Ho/p (Oe{ 
torr) in O2 and NO2 for m = 3.6MHz and 
H, =12 Oe. 

of the second term in Eq. (2) shows that the dependence of this term on the parameter ~o/~ 
has a resonant form. The position of the resonance is given by 

= s + + -f , (3) 

and its value equals 

According to Eq. (3), for quadrupolarization of the molecules (m = i, 2) 
should be observed on the e(~o/9) curve (the fine structure of the resonance). 

(4) 

two maxima 

In order to compare the measurement results shown in Fig. i (curve 2) with the theoret- 
ical expression (2) it is best to represent the experimental data in the form of a curve 
which is the difference between curves 2 and i. The resulting curve represents thechange 
in the thermal conductivity e E = [M(E) -- ~(Eo)]/~(0) as a function of Eo/p and should be de- 
scribed by the second term in Eq. (2). The result of this graphical subtraction is shown in 
Fig. 2. 

A qualitative comparison of the experimental curve (Fig. 2) wit~ the theoretical curve 
shows that they behave in the same way. For small values of Eo/p the effect is negative, 
and as Eo/p increases, the effect increases monotonically. When Eo/p = 730 V/cm.torr, eE 
reaches a maximum value. Estimates of the values of Eo/p at which two maxima should be ob- 
served on the eE(Eo/p) curve in NF3 gave values of 720 V/cm.torr (for m = 2) and 1430 V/cm. 
torr (for m = I) (T = 0.03 MHz/V/cm and ~ = 1.4.101~ Hz/atm). A comparison with the experi- 
mental value 730 V/cm.torr shows agreement between the values of Eo/p for the position of the 
maximum corresponding to m = 2 in Eq. (3). 

Unfortunately, it was not possible to detect the second maximum depicted by theory in 
an electric field because of the discharge which occurred in the probe chamber at high values 
of Eo/p. 

It should be noted that measurements made at other frequencies of the alternating field 
showed that the position of the maximum is displaced along the Eo/p scale and its value changes 
in accordance with the theoretical expressions for these quantities obtained from Eq. (2). 
Thus, the experimentally obtained value (Eo/P)res = 640 V/cm.torr under the experimental con- 
ditions p = 0.2 torr, ~ = 1.66 MHz, and E, ffi 75 V/cm agreed satisfactorily with the theoreti- 
cal value (Eo/P)res ffi 685 V/cm.torr for m ffi 2, calculated from Eq. (3) for these conditions. 

The appearance of resonant behavior in the transfer coefficients in an external field 
(i) can be understood if we take into account the fact that the parameter ~/~ changes with 
time according to the expression ~/~ = (~o/9)(i + bsin~t). It is easy to see that when no/ 

>> i this time dependence of ~/v leads to theappearance of smaller cross sections (com- 
pared with the case of a constant field) due to disturbance of the condition ~/9 >> I and leads 
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Fig. 4. Curve of IcHl = I[~(H) -- ~(Ho)]I 
~(0) I as a function of Ho/p (Oe/torr) in 
NO2 for ~ = I0 MHz and H, = 6 0e. 

to an increase in the transfer coefficients, where obviously the value of the effect will de- 
pend on the parameter b = B,/Bo. It is also clear that the "detuning" of the precession fre- 
quency no when the frequency of the alternating field ~ changes will have a resonant effect 
on the change in the transfer coefficients. Thus, when ~o/~ >>I and b << i, resonance in the 
transfer coefficients should be observed when ~ = m~o. 

It should be noted that resonance of the transfer coefficients in parallel constant and 
alternating external fields differs considerably from gas-kinetic resonance in crossed fields, 
one of which is constant and the other rotating [13, 14]. In crossed fields, due to the com- 
plex precessional motion of the molecules, there is an additional increase in the collision 
cross section and, consequently, a reduction in the transfer coefficients. We note also that 
in crossed fields the parameter ~/9 is independent of the time, and for resonance of the 
transfer coefficients in parallel fields it is this dependence of ~/v on the time which is 
important. Hence, resonance in parallel constant and alternating external fields should be 
called parametric resonance by analogy with [15]. 

Figure 3 shows a curve of eH(Ho/p) for NO2 in parallel constant and alternating magnetic fields 
[a curve of eH(Ho/p) for 02 is shown for comparison]. The measurements were made at a gas 
pressure p = 0.4 torr,* an angular frequency of the alternating field ~ = 3.6 MHz, and an 
amplitude of the alternating field HI = 12 Oe. In all the experiments described below EH was 
measured under conditions when }ILVT. It is seen from the figure that the value of e H changes 
sign when Ho/p = 20 Oe/torr. When Ho/p = 36 Oe/torr, e H reaches a maximum value. 

The graphs of eH(Ho/p) for NO2 and 02 shown in Fig. 3 are similar to the graphs of the 
change in thermal conductivity of NFs in an electric field E(t) = Eo(l + esin~t) (see Fig. 2). 

The behavior of the thermal conductivity of 02 and NO2 in a magnetic field H(t) = Ro(l + 
hsinmt), like the behavior of the thermal conductivity of NF3 in an electric field E(t) = 
Eo(l + esin~t), is qualitatively described by the theoretical equation (2). Table 1 shows 
values of (Ho/P)res for 02 and NO2 calculated from Eq. (3) and obtained from the experimen- 
tal curves for ~ = 3.6 MHz, HI = 12 Oe, and p = 0.4 torr. The values of y for 02 and NO2 
were taken equal to 1.4 and 0.7 MHz/Oe (M "~ J, J = 14 for 02 and NO2), and the collision 
frequencies of the 02 and NOz molecules were taken as 0.8-10 *o and 1"10 I~ Hz/atm, respectively. 

According to Eq. (3), the distance between the maxima of the fine structure increases 
as ~/p increases or as HI/p decreases. The existence of a fine structure in the resonance 
of the thermal conductivity of NOa in a magnetic field H(t) = Ho(l + hsin~t) is confirmed by 
the experimental curve of eH(Ho/p) shown in Fig. 4. The measurements were made for p = 0.4 
torr, ~ = I0 MHz, and Hz = 60e. The values of Ho/p for which two maxima of the resonance 
line are observed (22 and 50 Oe/torr) agree satisfactorily with the values Ho/p (26.5 and 
49.50e/torr) calculated from Eq. (3). 

*It should be noted that under the experimental conditions existing here (p s 0.4 tort), ac- 
cording to the data given in [16], there are practically no dimer molecules of NO2 present. 
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TABLE I. Theoretical and Experimental 
Values of (Ho/P)res, Oe/torr 

Gas 

02 

NO., 

m material 

~12 [ 27 23 
46,5 
35 

(H 0/P)res 
experimental 

20 

36 

From this it follows that in NO2, when there is a temperature gradient present, quadru- 
polarization of the molecules occurs. 

The above investigations show that resonance of the thermal conductivity of molecular 
gases in external fields can be used to study nonequilibrium polarization of molecules due 
to a macroscopic gradient and the nonspherical nature of molecular scattering. 

NOTATION 

9, collision frequency of the molecules; D, precession frequency of the molecules; p, 
gas pressure; Bo, Bz, value and amplitude of the constant and alternating external (magnetic 
or electric) field, respectively; E, electric field; H, magnetic field; b = B,/Bo; e = Ez/ 
Eo; h = Hz/Ho; ~, angular frequency of the alternating field; e, relative change in thermal 
conductivity; d, dipole moment of the molecule; ~(0), thermal conductivity when there is no 
external field; M, angular momentum of the molecule; ~, projection of the spin on the angular 
momentum of the molecule; ~ = cos(dM); E tJ, ~l, values of e for BHVT and BIVT, respectively; 
VT, temperature gradient; J, rotational quantum number; (Eo/P)res, value of Eo/p for which 
e = eres; ~o, Bohr magneton. 
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