
S ~ .  Sucher, Phys. Rev. 100, 1010 (1958). 
'F. Gell-Mann and F. Low, Phys. Rev. 84, 350 (1951). 
5 ~ .  A. Braun and L. N. ~abzovski;, Zh. Eksp. Teor. Fiz. 

53, 1776 (1967) [Sov. Phys. JETP 26, 1017 (1968)). 
6 ~ .  S. Fradkin, Tr. Fiz. Inst. Akad. Nauk SSSR 20, 7 (1965). 
?M. A. Braun and T. N. Sibirkina, Zh. Eksp. Teor. Fiz. 61, 
593 (1971) [Sov. Phys. JETP 84, 316 (1972)l. 

8 ~ .  A. Braun and T. N. Sibirkina, Teor. Mat. Fiz. 12, 48 
(1972). 

9 ~ .  A. Braun and T. N. Sibirkina, Zh. Eksp. Teor. Fiz. 66, 
2065 (1974) [Sov. Phys. JETP BB, 1017 (197411. 

'OD. Hubbard, In collection of articles "Voprasy kvantovoX 

teorii mnogikhtel" (''Problems in many-body quantum t 

theory"), IIL, 1959, p. 213. 
"s. Schweber, Introduction to Relativistic Quantum Field 

Theory (Russ. Transl., IIL, 1959, 15, No. 5). 
?'w. H. Furry, Phys. Rev. 81, 115 (1951). 
"H. Bethe and E. Salpeter, Quantum Mechanics of Atoms with 

One and Two Electrons (Russian Transl., Fizmatgiz, 1960, 
!19, 439). 

"T. Tietz, J. Chem. Phys. 22. 2094 (1964). 

Translated by G. Volkoff 

Properties of rotational transitions during collisions between 
molecules 

V. D. Borman,  A. S. Bruev, L. A. Maksirnov, and B. I .  Nikolaev 

Moscow Engineering-Physics Institute 
(Submitted October 8, 1976) 
Zh. Eksp.Teor. Fiz. 72, 21W-2109 (June 1977) 

Possible rotational relaxation channels in a molecular gas that can be described by selection rules for 
nonspherical scattering are considered. It is shown that the selection rules for nonspherical scattering can 
be either exact or approximate. In the former case, the rules are due to some general symmetry 
properties of the interaction between the molecules; in the latter case, they are due to the dynamics of 
the particles and, in particular, they depend on the ratio of the moments of inertia of the molecules and 
on departures from equilibrium in the gas. It is shown that the selection rules obtained in this paper do 
not differ significantly from the Born-scattering selection rules. Selection rules are obtained for rotational 
transitions that are forbidden in the case of scattering by an atom, but are possible for scattering by a 
molecule. 

PACS numbers: 34.50.E~ 

1. INTRODUCTION 

Rotational relaxation i n  a polyatomic gas, i. e . ,  the 
redistribution of rotational-level populations a s  the sys- 
tem tends to  the equilibrium s ta te  may occur  a s  a resu l t  
of the complicated charac te r  of the nonspherical interac-  
tion between the molecules along different channels. The 
existence of severa l  rotational relaxation channels in  
polar g a s e s  (for example, CH3CN, CH3F, C2H5CN) is in- 
dicated by experiments  on the anomalous Senftleben ef- 
f e ~ t . [ " ~ '  Gordiets et  al. have discussed the possibility 
of a l a s e r  f o r  the microwave band, using the rotational 
t ransi t ions of molecules f o r  which the probabilities of 
excitation t rans fe r  with A J +  0 and A K #  0 on collision 
a r e  different ( J  and K  a r e  the angular momentum and 
the angular momentum component along an internal 
axis). 

The number of possible relaxation channels, and the 
relationship between the probabilities of excitation 
t ransfer ,  a r e  determined by the selection r u l e s  f o r  
transitions between rotational l eve l s  during collisions 
between molecules. These selection r u l e s  can be gov- 
erned by general  symmetry  principles, f o r  example, 
t ime  reversa l ,  inversion, and point symmetry  of the 
molecule. Moreover, a s  will  be  shown below there  may 
be selection r u l e s  governed by the dynamics and inter- 
action of the molecules. 

The descript ion of rotational relaxation i n  the poly- 
atomic c a s e  encounters  definite difficulties because of 
the absence of adequate experimental  data  on the non- 
spher ica l  scat ter ing of  molecule^^^'^^ and because of the 
complexity of highly nonequilibrium kinetic problems. 
Severa l  papers  have been published i n  recen t  y e a r s  on 
the inelast ic  scat ter ing of polar  molecules, investigated 
by double microwave-microwave~51 and infrared-micro- 
wave resonance.[B41 These methods consis t  of measur-  
ing the  change in the absorption of microwave radiation 
corresponding to a definite t ransi t ion between rotational 
levels  whose population changes a s  a resu l t  of the appli- 
cation of the pump radiation a t  the t ransi t ion frequency 
between two o ther  l eve l s  (rotational o r  vibrational-ro- 
tational), and collisional t ransi t ions between p a i r s  of 
levels.  By retuning the  frequency of the incident micro-  
wave radiation and measuring the  absorption i n  the p res -  
ence  of the pump radiation, i t  is possible t o  determine 
the s e t  of rotational s t a t e s  occupied by the excited mole- 
cu les  a f te r  collisions. A s  a resu l t  of such studies, and 
s tudies  by the method of modulated double microwave 
r e s ~ n a n c e , ~ ' ~ ' " ~  i t  h a s  been possible t o  establ ish colli- 
s ional  selection r u l e s  f o r  a number of po la r  molecules. 

The select ion r u l e s  a r e  discussed by 0kat5' in  the 
B o r n  approximation. This  discussion makes  use of the 
nonspherical model scat ter ing potentialc12' which takes 
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into account all the possible types of electrostatic inter- 
action, and the selection rules follow from symmetry 
considerations which yield the nonzero mul t ip le  mo- 
ments in the potential. The resulting selection rules 
describe inelastic transitions accompanying collisions 
between certain polar molecules. It is well known that 
collisions between polyatomic molecules, for which 
A E T , / E  << 1 t91 (7, is the collision time and AE is the en- 
ergy of the rotational transitions) can be strong. The 
description of such collisions must take into account the 
terms in the expansion of the 9- matrix after the f i rs t  
Born term. In this paper, we shall obtain an expres- 
sion for the T matrix for an arbitrary Born approxima- 
tion. The interaction between the molecules will be de- 
scribed by the model potential put forward by Hess et 
~ 1 . ~ ' ~ ~  for diatomic molecules and in our previous pa- 
pert1*' for molecules with arbitrary point symmetry. 

By nonspherical interaction, we understand the de- 
pendence of the potential on the orientation of the mole- 
cules regarded a s  rigid bodies. In contrast to the pa- 
per by ~ k a , [ ~ '  we shall determine the nonspherical part 
of the potential exclusively from symmetry considera- 
tions. we-shall show that collisions between polyatomic 
molecules should be subject to selection rules deter- 
mined by their point symmetry. The selection rules ob- 
tained in this way will show that rotational relaxation in 
a polyatomic gas can proceed along several channels, 
where the number of channels and the inelastic charac- 
t e r  of the corresponding collisions depend both on the 
ratio of the moments of inertia of the molecules and on 
the macroscopic conditions under which the relaxation 
process takes place. 

2. WAVE FUNCTIONS FOR MOLECULES WITH 
ROTATIONAL DEGREES OF FREEDOM 

Consider a monatomic molecule with rotational de- 
grees of freedom. For simplicity, we shall confine our 
attention to molecules in the form of a symmetric spher- 
ical iop. In the adiabatic approximation for  the opera- 
tor H describing the internal degrees of freedom, we 
have . 

yhere  B, C a r e  the rotational constants of the molecule, 
J {, (it, x', ', z ') a re  the operators corresponding to the 
projections of the angular m%mentum along axes at- 
tached to the molecule, and Hint describes the internal 
motion of the nuclei in the molecule. 

y e  shall regacd the molecule as  a rigid body and will 
let L= 0, where L is the internal angular momentum 
operator. We note that, in the case of nonplanar mole- 
cules, this approximation is valid only for  those mole- 
cules for  which there is an inversion doubling of rota- 
tional levels, i. e., there is a sufficiently high barrier 
between the two potential minima corresponding to the 
two equilibrium positions of the nuclei obtained from 
one another by inverting all  the nuclei at the center of 
gravity.['51 For plane and linear molecules, this in- 
version is replaced by the rotation of the molecule a s  a 
whole, and there is no inversion doubling. The defini- 
tion of inversion for the Euler angles (0, P, y) defining 

the orientation of the molecules is not unambiguous. 
We shall follow the definition adopted in molecular spec- 
t r o s ~ o p y , ~ " ~  according to which inversion corresponds 
to 

{a, B, d+(n+a, n-B, x-TI, (2.2) 

which, in turn, corresponds to the rotation of the coor- 
dinate system (x', ', 2') attached to the molecule through 
an angle n about the y' axis. Under the above assump- 
tions, the eigenfunctions of the operator & that have 
definite internal parity P can be written a s  follows: 

where D i K ( ~ )  = DiK(a,  B, y)  is the finite rotation ma- 
trix, t''] 5 = 0.1 (5 = 0 for K = 0), and the factor f (J, K) is 
,introduced in order to obtain the correct  parity for the 
rotational levels: for a prolate symmetric top f(J,K) 
= J+ K and for oblate symmetric top f = K. For a 
flat symmetric top, f = K, 5 = 0. 

3. NONSPHERICAL INTERACTION OF MOLECULES 
.WITH ROTATIONAL DEGREES OF FREEDOM 

A. Interaction with a spherical particle 

We shall assume that the nonspherical potential P de- 
pends on the vectors a,, i = 1, . . . , n, characterizing the 
positions of the n atoms in the molecule relative to the 
center of mass, and the position vector r joining the 
centers of mass to the colliding particles. In view of 
this, we shall write 

where Yl,(r) is a spherical harmonic of rank 1, which 
depends on the orientation of the vector r, and Bl,(ai) 
is a spherical tensor also of rank 1, constructed from 
the vectors ai and invariant under the symmetry trans- 
formations of the molecules. We have 

where PI,(ai) i s  the value of Bz,(ai) in the coordinate 
system attached to the molecule. 

The quantities &,(u,) characterize the shape of the 
given molecule and a r e  independent of orientation. They 
must be chosen s o  that the functions in (3.2) do not 
change under the corresponding transformations r of the 
point symmetry group of the molecules. The explicit 
form of such invariant combinations 

is given elsewhere.['41 Since the potential is real, we 
can use the properties of the function D;,(W) to show 
that 

The expressions given'by (3.2) and (3.3) enable us to 
rewrite the potential Y that is invariant under the in- 
version of the coordinates I in the form 
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B. Interaction with the molecule 

The above invariant combination (3.2') will now be 
used to write the interaction potential for  two nonspheri- 
cal molecules in the following form: 

Y = ' / , ( Y + Y 1 )  = z ~ ~ ~ , , ( r )  [Re t,1,,-Im t, , ,] ,  
ll.L 

where the subscript 1 refers to the partner molecule in 
the collisions. 

The function v I I I L ( ~ )  in (3.5) has the following prop- 
erties: 

V,,,,(r)= 0 if l + l , + L  is odd, and 

V,,,, ( r ) =  (- l ) L ~ I l l L ( ~ )  if the molecules a re  identical. 

Comparison of (3.4) with (3. 5) will show that the inter- 
action described by the second term in (3.5) is forbid- 
den by symmetry considerations in the case of scatter- 
ing by a spherical particle. 

C. Matrix elements of the potential 

In the case of interaction with a spherical particle, 
the matrix elements of the potential a r e  

The functions ( w In ) a r e  given by (2.3) and 

where i,(x) is the spherical Bessel function. 

Using (2.3), (3.4), (3.6), and (3.7), we obtain 

[S'I 
- 

Asfsl(k'k)  = n-":- [ 1 ]  (-i)A8(S'0101SO> j i dr js. (k'r) js(kr) V , ( r ) ,  
[S l  

(3.8) 
f s . s r = C  <J'MrJ-MIZAM)<S't'S-tIMM)Ys~t~ (kr) Y S - , ( k ) ,  

t ' f  

Re g ,=[ f+  ( - f ) ' + A P ]  {(J'K'J-K(MK) Re , L ~ ~ ~ ~ + ~ < J ' K ' J K I  IZK) Re i3,EK). 

The above expression for f , , , ,  represents the depen- 
dence of the matrix element of the potential on the angle 
variables in the laboratory coordinate system, and the 
expression for Reg, gives the dependence on the inter- 
nal angle variables defined in the coordinate system at- 
tached to the molecule. 

Similarly, for the molecule-molecule interaction, we 
have 

C ['I [J''l (-i)AJ+AJ, (k'n,,'lYlkn,,)= A,. ,,,,, (klk)-  
s'sll,L [ J I t J i l  

X f s - s l ~ , L  (Re gr Re g1,- Im gr Irn g, , ) ,  

[S'I 
- 

A,~,ll ,L(k'k)=n-v'- [L] ( - ~ ) A ~ < s ' o M I s o ) ~  P dr j8 . (ktr) jS(kr)  V,,, ,  ( r ) ,  
[ S l  0 

f'tr 

X(1AMl1AM1 ILp)<S't'S-tlLlr>Y.~,r (k') Ys-t ( k ) ,  - -  - 
(3.9) 

. - 
Im g,= [ f -  ((J'K'J-KI 1AK)Im ~,,K+q<J'K'JKIIZK)Im p,,,) 

We note that, in contrast to (3. a), the expression given 
by (3.9) includes Irng,. The dependence on the non- 
spherical variables to which this expression corresponds 
is forbidden by symmetry considerations in the case of 
interaction with a spherical particle. We also note that 
the formulas given by (3.8) and (3.9) can also be used 
for the scattering matrix within the framework of the 
well-known Born approximation. 

I 

4. SELECTION RULES FOR NONSPHERICAL 
SCATTERING 

To investigate the properties of the scattering matrix, 
we shall use the well-known Born ser ies  

where G"' = (E - ~ + i 6 ) "  is the Green function for a free 
particle. The expressions for the nonspherical part of 
the scattering matrix can be obtained with the aid of 
(3.8) and (3.9), using the general transformation rules 
for spherical tensors. However, for a molecule in the 
form of a symmetric top, one must take into account the 
fact that the rotational energy of the molecule depends 
on the square of the projections of the angular momen- 
tum along the axis of the top and, consequently, the 
matrix elements of the G"' will, in general, contribute 
to the nonspherical part  of the 3 matrix. In this case, 
the operator I?,, has the form 

Let G',O' represent the Green function corresponding to 
the operator fi:,. In this case, we have the following 
formal equation: 

the iteration solution of which is 

Substituting (4.3) in (4. I), we obtain T= +'' + g"' + . . . , 

The operators 9-'11, 8"' , . . . a r e  useful only for pro- 
late tops for which C / B  > 1. In view of this, let us be- 
gin by considering the nonspherical part of the matrix 
elements of the operator 4"'. Using (3.8), (3.9), and 
(4.4), and transforming the expressions for the mo- 
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ments, we find that the nonspherical part of the matrix 
elements of this operator is determined by the expres- 
sion f ,,,, Reg, for scattering by a spherical particle, 
and f,, ,,,,, [Reg,Reg,, - Img,1mgF1] for  scattering 
by a molecule. Moreover, the values of XXl YF may 
be substantially different from the corresponding values 
of 11, L1 in (3.8) and (3.9) when a large number of terms 
in the expansion for the operator 9' i s  taken into ac- 
count. The selection rules for nonspherical scattering 
a r e  determined by the structure of the expression for 
Reg, in the case of scattering by a spherical particle. 
In the case of scattering by a molecule, there may be 
additional selection rules described by the expression 
for Img,. The selection rules due to the point symme- 
try of the molecules a r e  determined by the properties 
of the quantities &(a,). As an example, let us consid- 
e r  the scattering of a planar molecule having the sym- 
metry D, by a spherical particle. For molecules with 
this symmetry (for example, BF,), the nonspherical ex- 
pansion contains only those @: for whichc141 

F-0, 3, 3, 4, .  . .; lJ=:lx, x=O, *I, *2, .  . .; [ F i - P ]  - even, 

p3"r- (-i)pp!,". (4. 5) 

The following selection rules a r e  obtained with the aid 
of (3.8) and (4.5): 

A R - J x ,  I A P J  GF, 131 I < 11, 

[F+AK] - even; [ F + A P ]  - even. 

In deriving the selection rules given by (4.6), we con- 
sider transitions for which signK = const, i. e . ,  there i s  
no change in the direction of the molecular axis of ro- 
tation on collision. Such transitions a r e  described by 
the f irst  te rms in (4.5). The remaining terms describe 
collisions in which the direction of the rotational axis 
of the molecule does change. The selection rules in this 
case a r e  analogous to (4.6) with AK replaced by C K. 
Table I gives the selection rules for molecules with dif- 
ferent symmetry. 

In the case of molecule-molecule scattering, there 
may be certain additional allowed transitions, the selec- 
tion rules for which a r e  determined by the properties of 
the quantities Img,. It is interesting to note that, for 
the above molecules with the symmetry D,, , additional 
selection rules a r e  forbidden by the properties of point 
symmetry. However, such transitions a r e  allowed for 
molecules of lower symmetry (for example, C,,) .  Table 
I1 identifies these transitions for molecules of different 
symmetry. 

TABLE I. 

A b  = ?nx. [AP + A/] 
-- even 
AK = nx, [A!' + /1 - even 
SK ;= nx. I&/'+ Ah'l 
- even 
Ah' = wx, 81' - even 
Ah' = 2nx. Al' - even 
A I  = 4% Al' - ev-n 
[ A J  - I - k l . ( A l l + l ]  
-even 

TABLE 11. 

AK = n 12x + I ) ,  [ A P  
+)'I - odd 
AK = nx, l A P +  A K I  
-odd - ' . 
AK = nx. AP - odd 
Ah'=n(Zx+  l),  AP 
-odd , 
AK .; n(tx + 1), AP 
- odd 
AK =:! (2x+  l), A/' 
-odd ' 

N o w :  (Tablc I and Table 11): 
u = 0, + 1 ,  * 2, ... . For all molc- 
cules IAJI Smin(l:,x), IAKI GF. 

We can show with the aid of (4.4) that the structure of 
the expressions determining the selection rules does not 
change when the operators @ I ) ,  T"' a r e  taken into ac- 
count and, consequently, the above selection rules a r e  
general. 

The selection rules obtained above for nonspherical 
scattering a r e  due to the general symmetry properties 
of the scattering matrix and are,  therefore, universal 
in character. Moreover, when effects in a molecular 
gas a r e  investigated, the contributions of different types 
of collision a r e  determined by statistically averaged 
collision probabilities. There a r e  then additional re-  
strictions on the possible types of collision due to the 
specific form of the distribution function for the mole- 
cules in the gas. It is clear that the character of these 
restrictions depends on whether the phenomena under 
consideration occur under equilibrium or  nonequilibrium 
conditions. 

Rotational levels with J >> 1 a r e  excited for most mo- 
lecular gases at room temperature. Using the asymp- 
totic expression for the Clebsch-Gordan  coefficient^,['^' 
we can rewrite Reg, and Img, a s  follows: 

[PI Reg,= [ I+( - l )  FtAP] (-i)J-K- (Re ~ A ~ ' ~ : K , A ~  (z)  +q Re bzrpd:z.,,(~) 1, 
[I1 

(4.7) 
[Fl ImgF=[i-(- l )r+u] 
[I1 

(Im panpdfK,a, (2) +q Im f irrpdL.a l (~)~ ,  

where x = K/J, and d!,,,(x) is the Wigner function. It is 
clear that the contributions of different rotational tran- 
sitions with A J  + 0 and AK + 0 a r e  determined by aver- 
aging the quantities Reg, and Img, with the appropriate 
distribution functions. In thermal equilibrium, aver- 
aging over r yields: 

For an oblate symmetric top (C  = B ) ,  the leading t e rms  
in (4.8) a r e  those with x -  i 1, while for a prolate sym- 
metric top x << 1 (C >>B) .  In the former case, the most 
important contribution to the effect is that due to colli- 
sions of molecules in states with K - iJ. If we use the 
fact that 
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we find that, in the case under consideration, the al- 
lowed collisions a re  those for which 

For a molecule in the form of a symmetric top, the 
minimum nonzero value is AK = 3 (for molecules with 
symmetry C,,). Such collisions a r e  described by the 
nonspherical term in the expansion of the scattering ma- 
tr ix with F 3 3. In the case of slightly nonspherical ob- 
jects, i t  is reasonable to suppose that such terms a r e  
much smaller than the f i r s t  terms with F = l ,2.  Conse- 
quently, in this approximation, for molecules in the 
form of an oblate symmetric top, we may conclude that 
the contribution of inelastic collisions is small. Rota- 
tional relaxation occurs slowly (in the case of small  de- 
viations from equilibrium) and is characterized by a 
single channel with I AJI= I AKI = 3. 

When x << 1, the most important a r e  collisions betweer 
molecules in states with IK I << J .  In this case, the 
properties of the functions dk,(O) [17' demand that 

[F+AJ] - even f o r  : AK=O, 

[Ff AK] - even for AJ=O. 

It is clear from (4.10) that, in contrast to the case of 
molecules in the form of an oblate symmetric top, the 
terms in the nonspherical expansion of the scattering 
matrix with F = 1 describe only inelastic collisions with 
A J =  i 1 for the molecules under consideration. It fol- 
lows that, for molecules in the form of a prolate sym- 
metric top, and for small deviations from equilibrium, 
rotational relaxation takes place rapidly and is charac- 
terized by several channels. In particular, we note the 
fastest channel ( A J =  * 1, A K =  0) and the slowest chan- 
nel ( A J =  i 1, A K =  i 3). The corresponding terms in the 
nonspherical expansion of the scattering matrix that a r e  
responsible for relaxation have F =  1 and F = 3. 

Averaging over x for J >> 1 can be given a more graph- 
ic form if we recall that the effective values x,,, in 
(4.8) for F << J  a re  not very dependent on the behavior 
of the functions RegF(x) and JmgF(x), which a r e  power 
functions of x.  In view of this, we substitute 

x.ff=*(xZ>"*. (4.11) 

For thermal equilibrium, we obtain 

and, consequently, when C >> B ,  we have x,,, << 1. When 
C-B, wehavex,,,-1/3, andwhenC<<B, x,,,-*I. 
This is in agreement with the above formulas. In the 
absence of thermal equilibrium, for example, in the 
presence of pump radiation, ( x 2 )  differs from (4.12) 
and depends on the character of the departure from 
equilibrium. The relative contribution of different 
channels to the relaxation process under nonequilibrium 
conditions is a function of the pump intensity and char- 
acter. For example, for molecules in the form of an 
oblate symmetric top and a strong pump, we have the 
possibility of additional fast relaxation channels. We 
also note that, for dipole molecules in an electric field, 
the nonequilibrium addition to the equilibrium distribu- 
tion function depends on x if there is a temperature or 

velocity gradient.[18' By varying the field strength o r  
the macroscopic gradient, it is then possible to modify 
the energy transfer between translational and rotational 
degrees of freedom. This is of undoubted interest when 
a gas of dipolar molecules is used a s  the active medium 
in a source of coherent radiation. 

Several authors have reported experimental studies 
of rotational transitions occurring during molecular col- 
l i s ion~.[~- '~ '  For example, fo r  collisions of CH,C1 mol- 
ecules, Frenkel et d. Cg' have observed the following ro- 
tational transitions: 

(a) AJ=I, A K 4 ;  @>ab, 

The CHsCl molecules have the symmetry C3,. If we 
compare (4.13) with the selection rules for molecules 
with symmetry C, (Table I), we note that transitions 
(a) can be described by retaining the term with F =  1, 
whereas transitions (b) can be described by retaining 
the term with F = 3 .  The small  c ross  sections for tran- 
sitions (b) a s  compared with (a) suggest that the non- 
spherical expansion for the scattering matrix converges 
rapidly. More detailed analysis of the experimental re- 
sults is outside the scope of the present paper because, 
as noted above, this analysis must take into account the 
fact as  to whether the rotational transitions a re  ob- 
served under equilibrium o r  nonequilibrium conditions. 
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A multichannel electrostatic energy analyzer has been used with a @-pinch installation with a reverse field 
to determine the ion energy distniution in the radial and longitudinal directions in the plasma. A well- 
defined beam of ions reflected elastically from the sheet propagates in the radial direction ahead of the 
neutral sheet. The ion temperature in the sheet does not exceed 60-80 eV. The ion flux along the neutral 
sheet consists of ions scattered out of the radial flux and ions accelerated across the boundary between the 
hot and cold plasma. 

PACS n u m b .  52.25.L.p 

Determination of the energy spectra of particles in 
current sheets with lines of zero magnetic field is a top- 
ical problem in connection with attempts to explain some 
of the phenomena observed in cosmic plasma. They in- 
clude processes in solar flares and in the tail of the 
earth's magnetosphere in which, a s  indicated by existing . 
observational data, neutral current sheets play an im- 
portant role in particle heating and acceleration. On the 
other hand, this problem is also connected with the 
question of turbulent heating of hot plasmas to thermo- 
nuclear temperatures at which binary collisions cannot 
ensure rapid energy dissipation. 

It is desirable to elucidate the properties of particle 
spectra that a re  characteristic for neutral current 
sheets, and the physical processes responsible for these 
properties. Simulation experiments may be helpful in 
choosing theoretical models of the above phenomena. 

Laboratory simulation of processes occurring in neu- 
t ra l  current sheets have been described, for  example, 
by Kawashima and ~hyabu,'" ~ranlc,[~' and Altyntsev 
and ~ r a s o v . [ ~ ~  The relatively simplest of these experi- 
ments is that using the @-pinch in the configuration of a 
piston field HI and an opposite quasistationary field Ho 
frozen into the plasma. In this c~nfiguration,'~' mea- 
surements of the energy distribution in the electron 
component of the plasma show that the neutral current 
sheet is a source of electrons accelerated to energies 
of about 15 keV. The same configuration has been used 
to  examine the dynamics of the ion components by mea- 
suring the Doppler broadening and emission line shift,[' 
which indicate the presence of nonthermal particles 
whose origin is associated with the elastic reflection of 
a fraction of the ions from the magnetic piston. 

In this paper, we report measurements of the energy 
distribution of the ion component of plasma using the 
fast charge-transfer atoms leaving the neutral current 
sheet in longitudinal and transverse directions. 

APPARATUS AND DIAGNOSTICS 
The experiments were carri6ToiiTon the @-pinch in- 

stallation  hoenix, nix,'" a diagram of which is shown 
in Fig. 1. Hydrogen plasma with concentration no= 2 
x lox2-2x loi3 cm-3 and frozen-in quasistationary field 
- Ho= 150-600 Qe was produced in the cylindrical glass 
chamber 1 (diameter 16 cm, length 100 cm). The plas- 
ma was compressed by the growing magnetic piston 
whose field H1 was opposite in direction to Ho (HI+.) Ho) 
and was produced by discharging a low-inductance ca- 
pacitor through the shock coil 4 (length 30 cm) surround- 
ing the central part of the vacuum chamber. The am- 
plitude of the magnetic field of the piston was typically 
1200 Oe and the r ise  time was T / 4 =  400 nsec. For 
I HI I > I Ho 1 after the piston was switched on, a cylindri- 
cal current sheet with a zero field line separating the 
regions of oppositely directed magnetic fields was pro- 
duced in the plasma and traveled in the radial direction 
toward the chamber axis. Depending on the initial den- 
sity no of the plasma and the quasistationary field H,, 
a rarefaction or  compression wave propagated ahead 
of the neutral sheet. 

The main parameters of the current sheet in the 
plasma (width 4 velocity U, amplitude of magnetic field 
discontinuity AH) were measured with two magnetic 
probes with an open loop, 3 mm in diameter. The 
probes were placed successively along the radius of the 
system at distances r1 = 30 mm and r,= 42 mm from the 
axis. The operational control of the initial plasma den- 
sity no during the measurement process was achieved 
with the aid of a microwave interferometer ( X =  4 mm). 

The initial electron temperature T:, estimated from 
microwave absorption in plasma, C71 was 0.-5-1.0 eV. 
The ion temperature T; was not measured directly, but 
it was expected that T;=  T:  since the lifetime of the 
plasma (approximately 50 psec) prior to the introduction 
of the piston was greater than the temperature relaxa- 
tion time. 

1108 Sov. Phys. JETP 45(6), June 1977 00385646/77/4506-1108$02.40 O 1978 American Institute of Physics 1108 


