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We present the results of an experimental and theoretical investigation of the thermomagnetic effect 
(TME) in a strongly rarefied molecular gas (the change of the heat flux in a gas between two plates in a 
magnetic field). The effect is due to the dependence of the interaction between the gas molecules and the 
surface of the solid, and on the orientation of the molecules. Oscillations of the heat flux were observed 
with increasing field intensity in the gases N2, CO2, and CO interacting with a sputtered layer of gold. A 
theory of the TME is developed, in which the orientational interaction is described by the nonspherical 
part of the probability of molecule scattering by the surface. The experimentally observed decrease of the 
heat flux in the field is ascribed to a definite symmetry of the scattering probability. It is shown that 
comparison of the theoretical dependences of the heat flux on the field with the experimental ones makes it 
possible to reconstruct the explicit form of the nonspherical part of the scattering probability. A model· 
dependent expression is proposed for the nonspherical part of the probability of scattering of N 2 or CO2 

molecules by a gold surface. 

PACS numbers: 51.6O.+a, 68.90.+g 

1. INTRODUCTION 

This paper is devoted to an investigation of the pre­
dictedC1J and previously observed[2,SJ thermomagnetic 
effect (TME) (Kn» 1; Kn =>../L, >.. is the mean free 
path of the molecules and L is a characteristic dimen­
sion) molecular gas, and to an assessment of the pos­
sibility of using this effect to determine how the prob­
ability of molecule scattering from a surface depends 
on the molecule orientation. This possibility is ob­
vious in principle, since the phenomenon under con­
sideration, which consists of the influence of a mag­
netic field (H) on the heat transfer in a collision-free 
gas situated between two plates, is due to the depen­
dence of the interaction of the gas molecules with the 
surface of the solid on their orientation. This depen­
dence has so far hardly been investigated. At the same 
time, allowance for the orientational interaction of the 
gas molecules with the wall may turn out to be appreci­
able when it comes to describing many phenomena (ad­
sorption, catalytic reactions, relaxatiPn.of internal de­
grees of freedom of the molecule, etc.). 

A characteristic feature of the TME) are the theoreti­
cally pr.edictedC1,4J oscillations of the heat flux in a 
magnetic field. These heat-flux oscillations were ob­
served[21 in the gases N2, NFs, and CO at Kn -1, i. e., 
under conditions when it was necessary to take into ac­
count both the collisions of the molecules with the walls 
and the collisions of the molecules with one another. 
However, in experiments[3J in the collisionless regime, 
only a monotonic dependence of the heat flux on the field 
was observed. The possible causes of the absence of 
oscillations have been discussed in[4J. In particular, 
the oscillations might have been absent because the 
plates in these experiments were made of different 
materials. 

In this paper (Sec. 2) we present the results of an 
experimental investigation of the TME in the gases N2, 
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CO2, and CO in the case when both plates are coated 
with an evaporated layer of gold. Oscillations of the 
heat flux were observed in all these g~ses. 

In the previosly proposed theory of the TME, [1, 4J the 
dependence on the interaction of the molecules with the 
surface on their orientation was taken into account by 
generalizing the well-known Maxwellian boundary con­
dition, [5,8J which connects the distribution functions of 
the incident and reflected molecules, to include the 
case when the coefficient of diffuse reflection (a) is a 
function of the velocity vector (v), of the angular mo­
mentum (M) of the molecules, and of the normal to the 
surface (k). It turned out that this theory can not de­
scribe (see Sec. 4 of the present paper) the observed 
amplitudes of the oscillations of the heat flux in the 
investigated gases. 

In Sec. 3 we develop a theory of the TME, using for 
the boundary condition of the distribution function a 
general integral form that makes it possible to describe 
the experimental data. 

In Sec. 4, are compared the theoretical and experi­
mental field dependences of the variation of the heat 
flux. It is shown that it is possible to derive an ex­
pression for the nonspherical part of the scattering 
probability, and a model-dependent expression is pro­
posed for the scattering probability; this expression de­
scribes the orientational interaction of the N2 and CO2 

molecules with the gold surface. As a result it be­
comes possible to indicate the most probable orienta­
tion of the molecules emitted from the wall. 

2. EXPERIMENTAL INVESTIGATION OF TME IN THE 
GASES N2 , CO2, AND CO 

An experimental setup analogous to that described 
earlier in[3J was designed and constructed for the in­
vestigation of the TME. The thermal elements (TE) of 
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FIG. 1. Plots of t.QJJJl) 
for N2 gas at H l- k: a) 
p =24x 10-3; b) P =6X 10-3; 
c) p=3x10~3; d) p 
=lxIO-3 mm Hg. 

the pickups (mica plates - 5 11. thick coated with gold on 
both sides) measured 40x 50 mm and the resistance of 
the evaporated layer was - 40 n. The sensitivity of a 
pickup with such a thermal element is approximately 
one order of magnitude higher than that described in(3]. 
Instead of the previously employed indium soldering of 
the wire conductors to the gold layer, we used clamp 
contacts, with the aid of which a platinum strip (- 10 11. 
thick) was clamped to the surface of the evaporated 
layer. This made it possible to increase the working 
temperatures of the TE to 250-300 DC. To ensure suf­
ficient rigidity, the TE was glued between two mica 
frames - 20 11. thick each. A stack made up of the TE 
and of the mica frames was freely placed in a gap (- O. 1 
mm) between the bases of the "cold" plates at a dis­
tance 2 mm from each plate. Such a construction 
makes it possible to avoid deformation of the TE at 
temperatures up to 300 DC. In all the experiments, the 
cold surface was a gold layer evaporated on a polished 
brass surface. 

To investigate the dependence of the effect on the 
field orientation (the anisotropy of the TME) we used a 
rotating induction mechanism, which made it possible 
to rotate the pickup in the magnet gap and to fix it in 
two positions (H 1 k and H II k, where k is the normal 
to the surface). 

The vacuum system of the installation ensured a 
minimum pressure - 1 x 10-6 mm Hg. The rate of gas 
inflow to the system S 5x 10-5 mm Hg/hr. The experi­
mental setup made it possible to monitor the energy 
accommodation coefficient simultaneously with the 
measurement of the TME. 

The experimental investigations were performed in 
the gases N2, CO2, and CO at pressures p'" (0. 5-25) 
X 10-3 mm Hg and at magnetic-field intensities up to 
4 kOe. The distance L = 2 mm between the cold and 
hot surfaces in the pickup, and these pressures (for 
example of nitrogen), correspond to Knudsen numbers 
Kn"" 1-50. The temperatures of the cold and hot sur-
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faces were maintained at 30 and 120 DC, respectively. 

Plots of the heat flux (t.QJ.) in nitrogen as a function 
of the magnetic field intensity (H) are shown in Fig. 1 
for the case H 1 k. The relative measurement error 
t.Q was ;$ 5%. It is seen from Fig. 1 that in the in­
vestigated region of pressures the heat flux decreases 
in the magnetic field. At a pressure p = 24 X 10-3 mm Hg 
(Kn"" 1), the heat transfer is due mainly to collisions of 
the molecules with one another, therefore th.e t.QJ.(H) 
plot (Fig. 1a) coincides with the known monotonic vari­
ation of the heat-conductivity coefficient of Nz in a mag­
netic field. (7] When the pressure is decreased, the 
fraction of molecules transferring energy from the hot 
to the cold wall without colliding with one another in­
creases. At heat-transfers corresponding to the tran­
sition to the free-molecular regime (p = 6 X 10-3 mm Hg, 
Kn "'4-Fig. 1b; p=3XlO-3 mm Hg, Kn"'24-Fig. 1d), 
the t.QJ.(H) plots differ significantly from the corre­
sponding plot on Fig. 1a. With decreasing pressure, 
a characteristic maximum appears in the ilQJ.(H) plots. 
In all cases, t.QJ. tends to a limiting value (t.QJ.).at at 
large H. With decreasing pressure, the characteristic 
value of the field (Hi/2)' at which t.QJ. = (1/2) (t.QJsat' 
decreases from 220 ± 10 Oe at p = 24 X 10-3 mm Hg to 
73 ± 3 Oe at p = 1 X 10-3 mm Hg. With increasing Kn 
number, the relative magnitude of the maximum in­
creases, and at Kn '" 24 we have the ratio (t.QJ.)max/ 
(t.QJ.).at'" 1. 24 ± O. 08. 

lt can be assumed that the heat-transfer regime at 
p = 1 X 10-3 mm Hg (Kn '" 24) for nitrogen is close enough 
to the free-molecular regime. Indeed, as can be seen 
from Fig. 2, starting with a pressure p = 2 X 10-3 mm Hg, 
we have (t.QJt.QII).at"'2.04±0.10 and this value is in­
dependent of the pressure, in agreement with the TME 
theory. At high pressures the ratio (t.QJ./ t.QII)sat is 
likewise independent of p and is determined by the quan­
tity (t.){ J t.){ 1I).at (the Senftleben effect). (7] Similar 
relations (t.QJ./ t.QII).at = f(P) were obtained also for the 
gases CO2 and CO, and this has made it possible to 
choose for these gases working pressures at which the 
free-molecular heat-transfer regime is realized. 

Figures 3, 4, and 5 show plots of the heat flux (t.Q) 
against the field (H) for the gases Nz, CO2, and CO at low 
pressures (Kn~ 24). It is seen from the figures that the 
t.QII(H) plots also have an oscillatory character. t.QII 
tends t? a limiting value (t.QII)M.l with increasing H. The 
numerlcalparameters of the curves are listed in Table 1. 

3. THEORY OF TME 

A. Boundary condition 

A natural approach to the description of the TME is 
to solve the Boltzmann equation with the boundary con-
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FIG. 2. Plot of (t.QJ t.Q'~.a1 
against pressure for nitrogen. 
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FIG. 3. Plot of t.Q(H) for CO2 gas 
at a pressure p =5 x 10-4 mm Hg. 
(Kn "" 24). The solid lines corre-
spond to the theoretical relations 
(4.2) and (4.3); the dashed line cor-
responds to (4.6). 
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ditions for the distribution function on the surfaces of 
the plates. The general form of the boundary condition, 
which connects the distribution functions of the incident 
molecules and those reflected from the surface, is that 
of an integral equation, the kernel of which is the prob­
ability density of the molecule scattering by the sur­
face. [5,6,8J For molecules with rotational degrees of 
freedom, this relation can be written in the form 

Ivklfref(v, M)= S Iv'kIW(v', M' ..... v. M;k)f;nc{v', M')dv' dM'. 
v'lr.<o 

(3.1) 

Here v and M' are respectively the velocity and the 
angular momentum of the molecules incident on the sur­
face, v and M pertain to the reflected molecules, and 
k is the normal to the surface. 

The scattering probability density W can be regarded 
as independent of the gas distribution function if(8,9J 

(3.2) 

where n is the density of the gas molecules v is their 
average velocity, Yo is the radius of the iIUermolecular 
forces, and t is the average adsorption time period. 
The quantity t can be estimated at(9J 

t~to exp(E.lkT), 

where to - 10-13 sec (it is determined by the surface 
properties of the body), E. is the adsorption energy, 
and T is the surface temperature. Relation (3.2) is 
satisfied in the described TME experiments, inasmuch 
as under the experimental conditions (at a pressure 
- 10-3 mm Hg and at an average temperature - 340 OK) 
and at a, physical-adsorption energy E. -10 kcal/mole 
we have n~t -10-5 . 

The scattering kernel Win (3.1) is[5,6J a non-negative 
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F1G. 4. Plot of t.Q(H) for N2 gas 
at a pressure p = 1 X 10-3 mm Hg 
(Kn"" 24). The solid line cor­
responds to the theoretical rela­
tions (4.2) and (4.3); the dashed 
line corresponds to (4.6). 
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F1G.5. Plot of t.Q(H) for CO gas 
at a pressure p = 1 X 10-3 mm Hg 
(Kn"" 24). The solid lines cor-
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tions (4.2) and (4.9). 
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function normalized to 

S W(v',M ....... v,M;k)dvdM=l. (3.3) 
vk>o 

and also satisfies the reCiprocity relation (the detailed 
balancing principle)[10,6,8J 

Iv'klexp (- ~~)W(v"M' ..... v,M;k) 

=Ivklexp (- :T) W(-v, -M ..... -v', -M'; k), 

(3.4) 

where E' and E are the energies of the incident mole­
cules and those reflected from the surface, respectively. 

It is clear from the precession mechanism of the in­
fluence of the field on the distribution function of the 
gas molecules(1,.] that the change of the heat flux in the 
field is quadratic in the parameter that characterizes 
the degree of nonsphericity of the interaction of the 
molecules with the walls. The observed change of the 
flux ill the field is small (for nitrogen, for example, 
we have t.Q/Q -10-3(3J). We shall therefore assume 
that the scattering probability depends little on the 
orientation of the molecules and can be represented in 
the form 

W(v', M' ..... v, M; k)=W,+dV,(v', l\I'~,. M; k). (3.5) 

where E is a small nonsphericity parameter. The val­
ue of Wo does not depend on the orientation of the mole­
cule angular momentum. It describes primarily elas­
tic specular reflection, diffuse reflection that is iso­
tropic with respect to the orientations and directions 
of the molecule emission, and also reflection with a 
probability that depends on the direction of only the 
vectors v, v', and k. We assume for simplicity that 
the part of the scattering probability corresponding to 
'the processes of the third type is small and can be in­
cluded in W1 • We note that this assumption is inessen­
tial for the description of the TME, since it is the de­
pendence of the interaction of the gas molecules with 
the walls on just their orientation (on the directions of 
the vectors M' and M)which governs the iItflucence of 

.TABLE 1. 

Gas I f:,~:::~ 1~1("Qnl~1 H;J.Oe I H,u .. Oe I H;I;ax.oel H.l\ax.oel ("QQ.L) (.1.Iot'.lJsat (.1.1J n )sat 2 ,. .1. II sat 

N, I 0.2593 
CO, 0.0551 
CO 0.2691 
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the magnetic field on the heat flux. 

The first two processes are described by the follow­
ing scattering kernel; 

w,= (1-a)IJ(v'-vn)IJ(M'-M) +(a-e)fT(E) ivki ( I iVkifT(E)dVdM) -', 
yk>o 

(3.6) 
where vR =v-2k(k·v), andfT(E) is a Maxwellian dis­
tribution with the same temperature as the wall. Ex­
pression (3.6) takes into account the relation (3.3) for 
the normalization of the total probability, and we as­
sume (without loss of generality) that the function W1 

is also normalized to unity. 

After substituting the scattering kernel (3.5), with 
allowance for (3.6), into the general relation (3.1), we 
can reduce the boundary condition to the form 

tref (v, M) = (l-a)finc(Vn, M) +afT(E) -e!,. (E) G{finJ 

+e I Iv'kIW,(\.',M'~v,M:k)finc(V',l\I')dv'dl\1'. (3.7) 
,"<0 I"kl 

where 

M: k) lin'(v'. M')d\" riM' rlv d'l. 

We represent the nonspherical part of the scattering 
probability W1 in the form of an expansion in the spheri­
cal functions of the vectors v', M', v, M' and k. Rec­
ognizing that the function W1 is scalar, we write down 
this expansion in the form 

lV,(v'.M' ~ v.M: k)=lvklexp (-fT) ~ ~,(v",M", ,·'.M')AI.. 

L={(i,'l,)j,. (l!IJi,./,}, (3.8) 
.. I 

(~~'m ~) (Z,'m,'I,m,lj,m) (l,'m,'Z,m,Ij,-m) 

over all m 

X YI,'m,' (v') YI,m,(\') Y,,'m,' (M') Y"m,(M) Yl,o (k). 

Expression (3.8) was written under the assumption that 
the z axis is parallel to k. We note that according to 
the normalization condition (3.3) the parameters {3L 
with l2 = 0 should depend on v2 or M 2. It is assumed 
below for simpliCity that the {3L do not depend on v2 or 
V,2. The depenaence of (3L on M 2 and M,2 has turned 
out to have no effect on the behavior of the heat flux in 
the field. 

The developed semi-phenomenological approach im­
plies the use of only a finite number of terms of the ex­
pansion (3.8) to describe the experimental data. The 
quantity W1 can in principle have any sign. However, 
the total scattering probability (3.5) remains non-nega­
tive if f «a. We note that for polyatomic gases, with 
the excepticn of hydrogen, the accomodation coefficient 
a is close to unity, [11] and this inequality should hold 
true. 

B. Heat flux in a magnetic field 

We consider the problem of the influence of a con­
stant homogeneous magnetic field H, of arbitrary orien-
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tation, on the heat transfer in a collisionless (Kn» 1) 
molecular gas between two parallel surfaces having dif­
ferent temperatures (To and T L ) and separated by a dis­
tance L. The coordinate system is such that the xy 

plane coincides with one of the walls, while the second 
wall is defined by the equation z =L. The vector k is 
taken to mean the normal to the lower wall. 

To find the heat flux it is necessary to determine the 
gas distribution function in the gap between the plates. 
This function can be obtained by solving the stationary 
Boltzmann kinetic equation with zero right-hand side, 
simultaneously with a system of boundary conditions 
written for the upper (z =L) and the lower (z =0) sur­
faces in the form (3.7). The problem is solved by per­
turbation theory in terms of the small parameter E. 

The dependence of the heat flux on the field appears in 
the second-order approximation in e. Assuming that 
Il!.T I = I To - T L I « To, we can obtain the following ex­
pression for the change of the heat flux in a magnetic 
field: 

8"e' ""T III .'!Q(H)=-,--, -, 
(2-a) kTo """,',",">,, 

"'E'f (E')""Enf (En) " , " , .E (-1)"" 
~fo(E) 1,"" 

Here 

1+(1-a)e'·' 
1lI. (11) =, e-'n'-(l-a)'e'""' 

'1 = CJ)~'t' ( 2k
m
T, ) '/,. ~= Iv,l, 

(3.10) 

f=(v, M'), f,,=(vR •• 1/'). df=dvM'dM. 

fa is a Maxwellian distribution with a temperature To, 
and the functions d~!:(6H)[12l determine the dependence 
of l!.Q on the magnetic field orientation angle (6H). 

The quantities B'2m2' C'2m2' H'2m2' and K'2m2 in (3.9) 
are determined by those terms of the expansion (3.8) 
which depend on the vector M but do not depend on the 
orientation of the vector ~'. The corresponding part 
(W (1») of the probability W~es the form 

w/' I
) (v',M":v,l\l:k1=lvklexp ( - :~,)I: ~.A .. 

. . 
s={(I,'I.)j" (01,)1 l,}, 

1:: ( i. I, I, ') I' , I . ) A,= (4,,) -',', ( I m, I,m, /.-m, 
-m, m, 0 

(3.11) 

over all m 

X Y,,'m,' (v') Y"",, (v) Y',m,(l\I) Y",(k). 

With the aid of (3.11) the functions B'Zm2' C'2~' H'2m2 
can be determined from the following general expres­
sion (the quantities B, C, H, and K are designated by a 
single symbol X); 

wi') = (4:rr) -'/'.E xl,,,,'y,,,,,, (: ) , 
l.m2 
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TABLE 2. 

Values 
Values mj+mr 

X'2"'2 lj+lj+ls =-m2 

B'2"'2 even even 

e,", 
2 2 

odd odd 

H'2"'2 odd even 

K'2"'2 even odd 

the indices 1f, 110 13, mr, and ml assumi.ng only the val­
ues indicated in Table 2. 

The dependence of the change of the heat flwt on the 
field intensity (see (3.9) and (3.10» is determined by a 
dimensionless parameter equal to the product of the 
molecule precession frequency W = 'Y H in the field ('Y is 
the gyromagnetic ratio of the molecule) by the char­
acteristic time of flight T =L(m/2kTo)l/2 of the mole­
cules from wall to wall. From (3.9) follows an expres­
sion for Q at large values of the field: 

'. _ 8ne' t.T ~'E'to(E')~"E"t.(E") 
(dQ).,_oo----- SSS .:.-..:.:~~~ 

(2-a)' kTo' .... ~fo(E) 
c,,'!:, ,lr >0 

-C,,-m, (r.', r)C,,m,{fn", r)] 'I' .+[K"_m, (r n'. r)K"m,(ru", r) 
-H"-m, (r.', r)H"m, (rn", r) ]Qlo}dr dr' dr". (3.12) 

We consider the contributions of the individual terms 
of the expansion (3.11) to the expression for the heat 
flux in the field (there are no crossing combinations in 
(3.9». We denote by [~Q(wT)l.,. the contribution to ~Q 
(WT) corresponding to a term of the expansion (3.11) 
having definite values of the set of indices s and m . 2 
(the summation is over mf and ml)' Retaining in (3.9) 
the corresponding term and integrating over all the 
variables except v"' we obtain for the change of the heat 
flux in a field parallel and perpendicular to the normal 
k, respectively, 

[dQII(CJ)T) ].,~K(l.-J,), 

[dQ.dCJ)T) ]..~K.J.-K,J,- ... -K,l". 
(3.13) 

Here K and K. (k =0, 1,0 •• ,12) are quantities that do not 
depend ~m the field. The functions Jk(WT) in the cases 
when if +11 +l3 +m2 is even and odd are respectively 
given by 

00 

J. CJ)T, a) ~- P(x) e-" (I) ( S 

X (1-a)'+a(2-a)eos (kCJ)T/X) - (i-a) eo" (2kCJ)T/X) 
, dx 

i-2(1 -a),cos(2kCJ)Tlx) + (1 -a)' ' 

(3.14) 

J!') (CJ)T,a)~ S P(x)e-" 
o 

X (1 -a) '-a(2~a)cos (kliJTlx) - (i-a) cos (2kCJ)Tlx) 

1-2 (i-a) 'cos (2kc..lTlx) + (i-a)' dx. 

where x = t,(m/2kTo)l/2, and P(x) is a polynomial whose 
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coefficients can be easily calculated in each concrete 
case. We deSignate the quantities Jk(WT, a) (3.14) at 
P(x) =x" by Jk(WT, a, n). Plots of Jk(WT, a, n) against 
WT for different values of k and n are shown in Fig. 6. 

C. Symmetry property of scattering probability 

As will be shown below, it becomes possible to con­
nect the observed sign of the effect «~Q)WT-~<O) with a 
definite. symmetry of the nonspherical part Wi of the 
scattenng kernel. We consider the quantity 

(3.15) 

and write down the obvious inequality 

S ~fo1(E) (S~'E'f.(E')X"dlrd\'dM;;'li. 
"V:>o 1":'>(1 

(3.16) 

Substituting (3.15) in (3.16) and taking into account the 
orthogonality of the spherical functions, we obtain 

S
'S ~'E't.(E')~"E"fo(E") 

S. ~f,(E) 
t:z,t:z' ,v,' >0 

XL (-1) ,,+m'X',_m,(r;. f)X"m,(f,,". [') 
"1: 

X dl' dl" dr";;.o. (3.17) 

Comparison of (3.12) and (3.17) shows that the Band 
K terms in (3.9) decrease the heat flux in the field at 
even 12 and increase it at odd 12, whereas the C and H 
terms lead to an increase at even 12 and to a decrease 
of the heat flux at odd 12 , Consequently (see Table 2), 
the heat flux is decreased by those terms of the expan­
sion wfl) (3.11) which have even 1f +11 +12 +13, i. e., by 
those terms that are invariant to inversion of the vec­
tors Vi, v, M, and k. Thus, the experimentally ob­
served sign of the effect can be explained by assuming 
that the nonspherical part Wi of the scattering prob­
ability, and consequently the total probability W (3.5), 
does not change when the vectors Vi, v, M', M and k 
are simultaneously inverted. 

The assumption that the scattering probability W is 
invariant under the inversion of the vectors Vi, v, M', 
M, and k is a reasonable one. Indeed, since W is a 
scalar function, it follows that invariance of W to the 
inversion of the vectors Vi, v, M', M, and k is equival-

V. D. Borman et al. 

FIG. 6. Dependence of the inte­
grals Jk(WT, a, n) (3.14) on the 
parameter WT at a = O. 8 and at 
different (kn): a-for J 11); b-
J 12). 
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FIG. 7. 

ent to equality of the probabilities of processes that are 
symmetrical about a vertical plane (see Fig. 7). It 
appears that such scattering processes should be 
equally probable if there is no physically preferred di­
rection in the plane of the surface. 

4. COMPARISON OF THEORY WITH EXPERIMENT 

The expression (3.9) for the change of the heat flux 
in a magnetic field contains n + 1 parameters, provided 
that we confine ourselves to n terms in the expansion 
(3.11) for the scattering probability W~l). One of these 
parameters is a, which has the meaning of the energy 
accommodation coefficient. Since we shall confine our­
selves henceforth to only the relative magnitudes of the 
change of the heat flux, the determination of the ab­
solute value of the nonsphericity parameter e is no 
longer necessary. The remaining n - 1 parameters in 
the expression for the heat flux in the field can be de­
termined from a comparison of the theoretical and ex­
perimental relations. 

Such a comparison of the functions ~Q(W'T) (see (3.13) 
and Fig. 6) with the experimental relations for the gases 
Nz, COz, and CO (Figs. 3-5) shows, in particular, that 
the functions ~QII(W'T) for these gases can be described 
by the expressions Jk(W'T, a) (3.14) only with k =0. 1. It 
is then seen from (3.13) that it is necessary to retain in 
(3. 11) only the first terms of the expansion (I mzl <:; 1). 

If we use also the experimental values of the ampli­
tude of the first maximum of the oscillating relations 
~QII(W'T) and ~Q~ (W'T) for Nz and COz and take the sign 
of the effect into account, then it turns out to be pos­
sible to determine the principal terms of the expansion 
of the scattering probability WI 1 ) (3.11) for these gases. 
A detailed comparison of the theoretical and experimen­
tal relations has shown that we can confine ourselves 
in (3.11) to a mtnimum of two expansion terms. The 
best approximation is then reached by using a linear 
combination of two terms in the following forms: 
s = {elf l)l~, (02)2, l3} if If + l3 is odd and If *- 0, and 
s = (ufO) If, (02)2, l3} if If + l3 is even (the values of the 
indices If and l3 do not affect here the form of the func­
tion ~Q(W'T». Taking the foregOing into account, we 
write down a model-dependent expression for the scat­
tering probability wIl ) in the form 

<I, (E ) WI =Ikvlexp -- [~"A"+il,,A,,], 
kT 

s,={(l1) 1, (02)2.2}. s,={(OO)O, (02)2,2}. (4.1) 

From (4.1) and (3.9)-(3.10) follow expressions for the 
changes in the heat flux in a field parallel and perpen­
dicular to the normal k to the wall 
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I1QII(on:)=N{I.<2, (un, a, 1)-J~" (un,a, i)}, (4.2) 

+c[I:I, (on:, a, 1) -J~I) (ulT, a, 1l). (4.3) 

where N is a quantity proportional to the square of the 
nonsphericity parameter e. The parameter c is chosen 
such as to make the quantity (~Q~/ ~QII)WT- ~ equal to the 
experimental value (see Table 1). As the result we get 
c'" 1. 13 for carbon dioxide and c'" 1.94 for nitrogen. 
The obtained values for the energy accommodation co­
efficient a in the case of interaction of COz or Nz with 
the gold surface are respectively a =0. 8 ± 0.1 and a 
=0.72±0.07. Plots of ~QII(W'T) (4.2) and ~Q~(W'T) (4.3) 
for the gases COz and Nz are shown by solid lines in 
Figs. 3 and 4. As seen from these figures, the theo­
retical plots agree with the experimental ones within 
<:;10%. 

The obtained model expression for the scattering 
probability WP) (4.0 may have different forms of the 
functions f3. for COz and Nz, but has the same angular 
dependence on the vectors v', v, M', M, and k. This 
result is natural for molecules with identical symmetry 
group (in this case D zh ). 

According to (3.1), part of the scattering probability 
W~l)(V/, M/z; v, M; k) determines the angular depen­
dence of the distribution function of the molecules emit­
ted from the surface, if the distribution function of the 
molecules incident on the surface is isotropic with re­
spect to the orientations. Let flDC = fl DC (v' , M 'Z ). Ac­
cording to (3.7) and (4.1) we obtain 

t .. r=/,(v, M')+/,(v, M), 

/, (v. M) =eF I exp (- k~ ) sin 6. sin e.u cos eM cos (<p"-<P") 

+eF,exp (- k~ ) (1-3 cos' 6M ), (4.4) 

where Fl and F z are integrals offlDC and do not depend 
on the orientation angles of the vectors v and M. The 
anisotropic part fz of the distribution function of the re­
flected molecules is a small increment (- E ) to the 
molecule distributionft which is isotropic in the orien­
tations of M. It follows from (4.4) that at Fz>O the 
probability of emission of a molecule with an orientation 
such that the molecule axis is perpendicular to the sur­
face is larger than the probability of emission of a 
molecule with an axis parallel to the surface. The 
situation is reversed if Fa < O. Unfortunately, the signs 
of Fl and F z can not be determined with the aid of the 
TME. This question calls for research with direct ex­
periments on the scattering of molecules by a surface, 
or else for a study of kinetic phenomena that are odd in 
the nonsphericity parameter e, for example, thermal 
polarization of the molecules. [1J 

The theoretical description of the experimental func­
tions ~Q~(W'T) for COz and Nz (Figs. 3 and 4) can be 
made more precise by including in the model-dependent 
expression for the probability wI1} an additional third 
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term in the form 

s,={(l,'O)I.', (01) 1, I,}, l.'+l,=odd. (4.5) 

The expression for ~QfI (WT) then coincides with (4.2), 
and the expression for ~Q.L(WT) takes the form 

t.Q.L (00.) =N {/: 2 ) (00., a, 1) -' I 2/~2) (00., a, 1) -'I 2/~') (00., a. 1) 

(4.6) 
+c,[/:1) (00., a, 1) -I;') (00., a, 1) )+c,[/~" (00., a, 1) -/~') (00., a, I)]). 

The quantity (~QJ~Q")WT~" becomes equal to the ex­
perimental value (see Table 1) at 

c,""0.75-0.66c, 

in the case of CO2 and at 

c,"" 1.04-0.54c, 

in the case of Na• A change in the parameter Cl leads 
to a change in the shape of the ~Q.L (WT) curve. The 
best approximation to the experimental relations is 
reached at cl"'O.76 for CO2 and cl"'O.85 for Na• The 
corresponding plots of ~Q.L (WT) (dashed lines in Figs. 
3 and 4) coincide with the experimental ones within the 
limits of errors. 

We note that the use of any other three terms of the 
expansion (3.11) in place of (4.1) and (4.5) does not 
describe the experimental data within the limits of the 
experimental error. 

Allowance for (4.5) introduces into the expression 
for the anisotropic part of the distribution function (4.4) 
of the molecules reflected from the surface an additional 
term 

eF,exp (-ElkT) cosO.". (4.7) 

It is seen from (4.7) that the probability of molecule 
emission from the wall becomes dependent on the di­
rection of the rotation. The possible existence of a 
scattering process described by the probability term 
(4.5) does not contradict the known general normaliza­
tion requirement (3.3) and reciprocity requirement 
(3.4), nor the requirement that the function W be a 
scalar. 

Consider the TME in CO gas (Fig. 5). The CO mole­
cule has a lower symmetry group (C"v ) than the mole­
cules Na and COa, and the situation turns out to be more 
complicated in this case. An analysis of the possible 
theoretical relations shows that if we confine ourselves 
to terms of the expansion (3.11) with la .; 2, then the 
best approximation to the experimental results is 
reached by using the model 

w:1) =lvklexp(-ElkT) [~,,A,,+~ .. A,,+~,,A,,], 

s.={(l1)O, (02)2,2}, s,={(11)O, (01)1,1}. 
(4.8) 

The expression for ~Q,,(WT) coincides in this case with 
(4.2), and ~Q.L (WT) takes the form 
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dQ.L(oo.)=N{/,(,j,(OO.,a, l)-'/,/~" (wT,a, 1)-'/,1;') (OOT, a, 1) 

+c, [/,(1) (OOT, a, 3) -I:" (OOT, a, 3) ) +c,[I:" (WT, a, 3) -/~') (OOT, a, 3) ]}. 

(4.9) 
The parameters C3 and C4 are determined in the same 
manner as in the cases of Na and COa above. As a re­
sult we have C3'" 0.75 and C4'" O. 57. The corresponding 
functions ~Q(WT) at CI!=O.8 are shown in Fig. 5. The 
discrepancy between the theoretical and experimental 
relations in the region 0 < WT < 2 leads to the conclusion 
(see Fig. 6 and expression (3.13» that in the expres­
sion for the probability wi1 ) it is necessary to take into 
account the terms of the expansion (3.11) with la > 2. It 
appears that additional experimental data are needed to 
obtain an unambiguous result for example, the depen­
dence of the change of the heat flux on the field orienta­
tion angle. 

We have used above an expansion in the form (3.8) 
for the nonspherical part of the scattering probability. 
It can be shown that other expansion methods, differing 
from (3. 8) in the order in which the spherical harmonics 
are added, do not make it possible to describe the ex­
periment with a smaller number of terms than used 
above. The choice of (3.8) is governed by convenience 
considerations. 

It is seen from the foregOing that the study of the 
TME makes it possible to solve the so-called inverse 
prOblem-to obtain an expression for the nonspherical 
part of the probability of molecule scattering by a sur­
face from a comparison of the theoretical dependence 
of the heat flux on the magnetic field with experiment. 

In conclusion, let us examine the possibility of de­
scribing the experimental results presented above with 
the aid of the previously proposed TME theory. (1,4] A 
model description within the framework of this theory 
implies allowance for some particular finite number of 
terms in the expansion of the sticking (evaporation) 
coefficient CI!(v, M, k) in spherical functions of the vec­
tors v, M, and K. If we use any such model that leads 
to a decrease of the heat flux in the field, then the ex­
pressions for ~QII and ~Q.L contain only the functions 
J~l)(WT) (3.14). These functions (see Fig. 6a) have 
much larger heat-flux oscillation amplitudes than the 
observed ones (Figs. 3-5). Thus, the theory of C41 is 
incapable of explaining the oscillations of the heat flux 
as functions of the increasing field in the gases N2 , CO2, 

and CO. 

The authors are grateful to L. A. Maksimov for a 
useful discussion of the work and for valuable remarks. 
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In laboratory and astrophysical conditions one meets with a situation when the magnetic flux is 
concentrated in the plasma in narrow tubes ("magnetic filaments") which are lying far from one another. 
We study on the basis of the magnetohydrodynamic equations the long-wavelength sound oscillations of 
such a system. We show that even if there are no dissipative processes (viscosity, thermal conductivity, 
ohmic losses) the sound oscillations are absorbed because of an effect that is in a certain sense analogous to 
Landau damping in a rarefied plasma and which consists in the resonance excitation of flexure waves that 
move along the magnetic filament. We find the contribution to the damping from the scattering of the 
sound wave by the filaments and we indicate the conditions under which the scattering is unimportant. We 
consider the damping of a small-(but finite-) amplitude monochromatic sound wave. 

PACS numbers: 52.35.Ck 

1. INTRODUCTION 

In the present paper we derive equations describing 
the propagation of waves in a plasma which contains a 
system of "magnetic filaments" (tubes which include in­
side them magnetic flux). Apparently, such a kind of 
structure exists in the solar chromosphere. [1,2] They 
can also occur near the boundary between a plasma and 
a magnetic field when flute instability develops. 

We shall assume that the tube radius a is small com­
pared to the average distance between tubes 1 (small 
tube concentration). We also assume that all charac­
teristic dimensions of the problem are sufficiently large 
so that we can use single-fluid magnetohydrodynamics. 
The magnetic field outside the tubes is assumed to be 
small. Just such a situation exists apparently in some 
regions of the solar chromosphere. 

It was noted in[S] that this kind of system has an inter­
esting property: long-wavelength (;\.» Z) sound oscilla­
tions are damped in it even if there are no dissipative 
processes (such as viscosity, thermal conductivity or 
ohmic losses) whatever, due to an effect which is simi­
lar to Landau damping and which consists of the follow­
ing. 

Bending oscillations with phase velocity u which is 
equal to (see below) H/[4'!T(Pe+Pi)]1/2, where H is the 
magnetic field strength inside the tube, while Pi and P. 
are, respectively, the density of matter inside and out­
side the tube, can propagate along a separate filament. 
If a sound wave propagates in the plasma at an angle (J 
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to the direction of the tubes, when 

v,=u. cos 8, (1) 

where v. is the sound velocity in the liquid, there oc­
curs a resonance transfer of wave energy into the ener­
gy of the oscillations of the filament. Since, generally 
speaking, the density of matter and the magnetic field 
strength are different inside different filaments, the 
velocity u varies from filament to filament. Corre­
spondingly one can find for each angle of propagation (J 

filaments for which the condition (1) is satisfiedl) and 
which, therefore, remove energy from the sound wave. 

The plan for solving the problem is the following. 
First of all, we COnsider the motion of a separate tube 
relative to the liquid and find the force of the interaction 
between the tube and the liquid. After that, by averag­
ing over a volume through which many tubes pass (but 
which is small compared to the wavelength), we get an 
expression for the volume force acting on the liquid due 
to the tubes and, accordingly we can write down macro­
scopic equations of the liquid. We also study the dis­
persion characteristics of the system and find the 
damping rate of the sound wave. 

2. EQUATIONS OF MOTION 

We take the initial direction of the tube as the z axis. 
We shall characterize the displacement of the tube from 
its equilibrium position by a vector E(z, t) which is at 
right-angles to the z-axis. Since the relative velocity 
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