
to the X axis, we have 

n:+n,t/4-n,n2 cos A m .  
tg = n1,+nZ2+2H,H2 cos A m .  tg '4. 

As a function of T,, the plane of polarization of the 
echo executes quantum beats analagous to the quantum 
beats of the amplitude (20). By measuring the oscil- 
lations of the plane of polarization (30) and of the 
amplitude (20) we can determine not only the energy 
difference, E, - El, but also the dipole moments of the 
atomic transitions. 

In the case of the broad spectral  line in the regions 
(22) and (24) the polarization plane of the echo at t '  
= T, oscillates a s  a function of T, and the oscillations 
a r e  likewise described by formula (30). In the region 
of (25), the obtained effect can be calculated by num- 
erical methods. 

The polarization properties of the light echo in a 
three-level system with Jo= $ and Jl = J,= 4 are the same 
as in a two-level system with atomic transition $-2. 
Putting nl = 0 o r  n, = 0 in (29) we obtain the amplitude 
of the photon echo for two-level systems with atomic 
transitions 2-$ o r  $ -4,  respectively. 

If the close levels El and E, a r e  formed as a result 
of hyperfine interaction, then according to (26) the ratio 
(30) takes the simple form 

from which it follows that the amplitude of the oscil- 
lations of the plane of polarization of the echo i s  large 
enough for  experimental observation of the obtained 
effect. 

Radiative decay and atomic collisions cause the 
amplitude of the photon echo to attenuate with time t, 

mainly in accord with the exponential law a: exp ( -  t/2t$, 
where t, i s  the time of irreversible relaxation. If 
7,- t,, then the echo-amplitude ascillations determined 
above will be superimposed on this damped component. 
This amplitude damping, however, does not affect the 
oscillations (30) of the echo-polarization plane. 
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The cobions of metastable oriented He(23~) atoms, accompanied by elastic scattering and by Penning 
ionization, is analyzed. The amplitude collision matrices are obtained. The cross sections and polarizations 
of all the particles are calculated, and schemes are proposed for a complete experiment, i.e., for a set of 
experiments that determine the amplitud? that characterize the scattering process. The obtained formulas 
are used for numerical estimates of the effects of polarization in the Penning ionization process. 

PACS numbers: 34.50.Hc, 34.40. +n 

Spin-polarization phenomena in electron and atom of matter and of analyzing physico-chemical processes. 
collisions have been experimentally investigated in re- Even the very f i rs t  experiments with polarized elec- 
cent years. The reasons for the noticeable interest in t r ~ n s ~ ' - ~ '  have confirmed that investigations of polar- 
polarization phenomena a re  in all cases  of interference ization effects a re  promising. It has immediately be- 
origin, and therefore provide a subtle and most sensit- come clear that polarization phenomena constitute a new 
ive means of investigating the structure and properties means of collision spectroscopy of atoms and molecules, 
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of diagnostics of optically pumped plasma, of investi- 
gations of metastable states and of structures of large 
molecules, of surfaces, etc. As a brief formulation of 
the significance of the polarization experiments i t  can 
be states that any complete experiment aimed a t  ac- 
counting for all the amplitudes that characterize the 
scattering process i s  unthinkable without experiments 
with polarized electrons. 

At f irst  the experiments in a plasma of oriented 
metastable helium atoms He(23S) were essentially aimed 
at practical applications, namely obtaining polarized- 
electron beams suitable for further 
The detachment of the polarized atomic electron in the 
metastable state occurs most effectively in the Penning 
ionization process. In particular, by specially selec- 
ting the partners i t  i s  possible to attain complete trans- 
fer of the produced atomic polarization to the continuous 
spectrum. The influence of the initial orientation of the 
metastable helium on the electron density and on the 
emission in the plasma was subsequently e ~ t a b l i s h e d ~ ~ ' ~ ]  
in experiment. 

In this paper we consider polarization phenomena in a 
system of oriented metastable He(23S) atoms. A uni- 
fied description of the different types of processes (el- 
astic scattering and Penning ionization) i s  attained by 
using the formalism of the amplitude collision matrix 
and the spin density matrix. A detailed analysis is pre- 
sented of elastic scattering of metastable helium atoms 
in a state with vector orientation. The choice of pre- 
cisely these He(23S) states i s  dictated by two consider- 
ations. First ,  i t  i s  known that such states can be pro- 
duced in experiment, for example by the scattering of 
polarized electrons from non-oriented helium 
atoms.c8p91 Second, a s  shown in the present paper, in 
this case an experiment i s  possible in which the moduli 
of all the amplitudes of the process and their relative 
phase shifts can be determined. An analysis of this 
type i s  of fundamental significance for the theory, since 
i t  can yield unambiguous correspondence with experi- 
ment. To complete the picture, we consider also some 
relativistic aspects of this problem. In the Penning ion- 
ization, we calculate the spin dependence of the reac- 
tion cross  section, the polarization of the electrons and 
their pair correlations corresponding to alignment. It 
follows from the results that the polarization pheno- 
mena are  due to interference of amplitudes correspond- 
ing to different values of the total spin of the system. 
The obtained formulas and the known experimental data 
on Penning ionization in a helium plasma are  used for 
numerical estimates of the polarization effects. These 
estimates can be used for plasma diagnostics and for 
the investigation of oriented metastable atomic states. 

1. ELASTIC SCATTERING I N  A SYSTEM OF PARTICLE 
WITH SPIN S = 1 

1A. Amplitude matrix 

The scattering amplitudes describing all the possible 
processes for any combination of spins in the initial and 
final states make up a matrix of dimension (2S1+ 1)'(2S2 
+ 1)' (S1 and S2 are the spins of the two particles). It 

follows from symmetry principles that the amplitude 
matrix M i s  invariant to spatial rotations, to inversion 
of the coordinate system, and to time reversal. In the 
considered He(23S) system the total spin S = 1 i s  made up 
by two electrons in the triplet state. It can be shown 
that in the absence of triplet-singlet transitions the spin 
state of the two-electron system i s  exactly equivalent 
to the state of a single particle with spin S = 1. The el- 
astic scattering of the He(23S) atoms i s  then described 
by a wave function that has the following asymptotic be- 
havior: 

exp (ik.r) Y+Qo~irr( l ,  2)Xi~x(3,4)e"' f 2 Q,M~,,,.,.~,,,,, (1 .2 )~ , , .  (3.4) - 
'PI'III' 

Here 9 a r e  the atomic functions and x,, a re  the spin 
functions of the pair of electrons, and correspond to 
S = 1 and to i t s  projection F .  

The elements Mu1u2Lljuj of the amplitude matrix M 
can be expressed in terms of the elements of the scat- 
tering T-matrix, using the standard partial analysis 
corresponding to the asymptotic form (1). We present 
the result: 

Here L and L' a r e  the angular momenta of the system, 
S and S' a re  the values of the total spin, and J and M ,  
a r e  the total angular momentum and i ts  projection. The 
elements Mu form a 9 x 9 matrix that provides a 

1 2 . 1  ,!2 
complete description of all the processes in a system of 
two particles with unity spin. Taking into account the 
species of the discussed problem (low collision ener- 
gies), we separate f i rs t  from the total matrix M(2) the 
amplitudes corresponding to the nonrelativistic col- 
lision conditions (the conservation of L2,S2, and their 
projections separately). It is known that these ampli- 
tudes a re  determined by the expansion of (2) at M; = 0. 
Taking this remark, into account, we find that the non- 
relativistic M-matrix can be written in operator form 
a s  follows: 

a, b ,  and c are  known functions of the collision energy 
and of the scattering angle. 

We note that the algebraic structure of expression (3) 
follows from the requirement that the M-matrix be in- 
variant. This expression can be rewritten differently, 
by using the projection spin operators 

and by introducing the amplitudes 
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which describe the scattering at total spin values S = 0, 
1, and 2. We than obtain from (3) ultimately 

Some results f o r  a relativistic M-matrix a re  given in 
Sec. ID. 

1B. Scattering cross section and particle polarization 

Inasmuch as under conditions of scattering experi- 
ments the initial spin state i s  mixed, i t  is described by 
a density matrix p. The spin state after the collision 
has a density matrix p' = MpM, which is normalized to 
the differential cross  section du/dS2= a =Spp '. We 
choose a s  the basis matrices in the expansion of p the 
matrices S, with unity spin and the components of sec- 
ond-rank symmetrical tensor: 

with the condition CIS,, = 0. The density matrix of each 
particle then takes the form 

where Pi = (SS a re  the polarization-vector components 
that describe the orientation, and Qi j  = (Sij) are  the po- 
larization-tensor components that describe the align- 
ment. The state parameters Pi and Qi j  vary in the 
ranges - lcP,s  1, - l c Q i j s  l ( i # j )  , -2 /3aQ, , s  1/3. In 
the general case, the state of a target with unity spin i s  
described by eight real parameters, a s  against three 
for a particle with spin 1/2. 

For further applications, we take notice of the fact 
that when a polarized electron collides with an initially 
unoriented target the latter acquires only vector orien- 
tation (Pi* 0, Q ,j = o ) . ~ ~ . ~ ~  Such states are  singled out 
because they can be obtained experimentally and i t  i s  
possible to indicate for them a complete-experiment 
scheme. Therefore, avoiding a formal generalization, 
we present results f o r  only such states (with vector 
orientation). 

Recognizing that the density matrix of the entire sys- 
tem prior to the collision is p =p18p2, we obtain for the 
cross  section 

Pa and P, a re  the vectors of the initial polarization of 
the atoms. The polarization Pa of the atom a after scat- 
tering i s  equal to 

oP.'='I,z{[ I GI 1 '+5 1 Gz 1 '+'Is (GoGl+GoG,) +V: (GlG2+GlG,) ]Pa 
+I  IG* Iz+5 1 Gz lZ-'I:(GoGl+GoC1)-LI~ (GIG2+GtG2) ]Pt 

+i[ (GoGI-GoGI) +'IZ(G1G2-GIG2) ] [P. x PJ) ;  (10) 

the polarization P; i s  obtained by interchanging the sub- 
scripts, a =  b. Using (9) and (lo), we can propose an 
experiment for the determination of [Go 1, I G ,  1, IG,  I and 
the two relative phases. 

1C. Complete experiment in elastic scattering 

periments a r e  sufficient. One i s  traditional and entails 
the determination of the cross  section oo=A of the unpo- 
larized particles. In the two others, the c ross  section 
a is obtained for collision of oriented atoms and depo- 
larization of the particles having initially the same po- 
larization P. Let us verify this. We have for the depo- 
larization D =P1/P, according to (lo), 

Combining this expression with expression (9) for o and 
for a, = A ,  introducing the notation Daa u,, and noting 
that B = (a - ao)/P2, we obtain after algebraic transform- 
ations the sought results: 

From this we can obtain the moduli of all three arnpli- 
tudes I G ,  1. We note that the suggested scheme for 
finding I G ,  I i s  not the only one, but it i s  optimal when 
account i s  taken of the experimental capabilities. The 
determination of the relative phases 6, and 6,, between 
the amplitude pairs Go, G I  and GI, G2 calls, as  expec- 
ted, fo r  three additional independent experiments. We 
present the final results: 

21 Go I s in6,,+5 1 GI 1 sin G~z=-12D~0ol I GI 1, 

41 Go] cos 601+51 Gzl cos 6,z=9doall G, 1 .  (13) 

D, i s  defined here as  the depolarization of the particles 
in a direction normal to the plane in which the initial 
vectors P a l P b  are  located, subject to the additional 
condition I Pa [ =  I P, I = P .  The value of d i s  obtained from 
two experiments on the scattering of the polarized atom 
(a) by the unpolarized one (b). The former i s  depolar- 
ized here to dl =Pi/Pa, while the latter acquires a po- 
larization d, =P;/P,. Then d = d, +d2. The described 
program i s  a development of the idea of a perfect ex- 
periment in a system of particles with spin 1/2, where 
the scattering i s  characterized by two amplitudes (see, 
e.g.,C'O1). 

ID. Relativistic aspects of the elastic-scattering problem 

If spin-orbit interaction u,(Y)($,+ $,)i, takes place in 
the system in addition to the central interaction U(r) 
then, a s  can be seen from (2), the matrix M becomes 
equal to 

Here M takes the form (6) with amplitudes 

To complete the minimal program-the determination It follows therefore that the spin-orbit interaction alters 
of the moduli of all the scattering amplitudes-three ex- the initial state in such a way that one can speak of spin 
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rotation (the projection of the spin in the atom changes 
by unity, i.e., M, = 0 = Mi = *I). Spin-orbit interaction 
leads to spin flip (M, = *l -Mi = r l )  in higher orders  of 
perturbation theory. It can be shown, by using (2), that 
an interaction that leads to spin flip even in f i rs t  order 
is described by amplitudes of the type H = C L h L ~ y ' ,  
while interaction that leads to flipping of the spins of 
both particles is described by amplitudes of the type 
R =CLYLpp'. 

2. PENNING IONIZATION IN AN ORIENTED HELIUM 
PLASMA 

In this part we consider the Penning-ionization pro- 
cess 

where one of the atoms undergoes a triplet-singlet tran- 
sition. For  this reason, the problem cannot be reduced 
to a two-particle one, and must be  treated a s  a four- 
electron problem, i.e., with maximum detail. It fol- 
lows therefore that a consistent description of the po- 
larization phenomena in this process call for 16 x 16 
matrices. Let us find these matrices. 

2A. Partial analysis and amplitude matrix 

We write the solution corresponding to the inelastic 
reaction channel in the form 

It i s  assumed here that the interaction conserves the 
total angular momenta and their projections, x&: i s  the 
eigenfunction of SZ and M s  after scattering. We intro- 
duce next the amplitude matrix of the transition with 
change of spin, in accordance with the definition (y 
=S,m,S,m,) 

exp (ik.r) 
Y - z M;.X::', 'Dm 
,-.- r 

where XI;,, i s  the initial eigenfunction of Sz and Ms. 
This function can differ from dgs if the spins and the 
spin projections of the individual particles change in 
the course of the collision. 

.. 
We denote by ASMs the operator that converts the in- 

itial spin state into the final state: 

Then, writing (17) in the form 

and comparing this expression with (16) as Y - *, we 
obtain 

spin, then 

where the amplitudes Gs correspond to the total spin of 
the system, at which a process with redistribution of 
the spins of the individual particles takes place. In the 
process discussed here we have in the initial state 

PI- 
. , 

whereas in the final state the two electrons (1,2) pro- 
duce zero  spin, and the two others (3,4) a re  described 
by the spin wave function 

a t  the values S = 0 and 1. At S = 0 we find that the oper- 
ator A,,, defined by (18), i s  equal to 

~t s = l 'we  have 

From this we obtain, according to (21), the sought 
transition operator 

M=G~A~,+G,A,,. .  (26) 

It i s  implied here that 6, a r e  specified in  the space of 
the four electrons, i-e., a,, for  example, i s  Z,@u,€4Z, 
@I, ,  etc. 

2B. Cross section and polarization of electrons in Penning 
ionization 

The density matrix pa, which takes explicit account 
of the two-electron structure of the helium atom, will 
be chosen in the form 

~ ~ ( 1 ,  2) = 11. [I' + pa'('?,' + 62‘) + z q';l16~], 
(27) 

(i = x ,  y ,  z, a, are  Pauli matrices) with the following nor- 
malization of the coefficients 

The coefficient q i j  and Q i j  a re  related by q i j = Q i ,  
+ 1/36,,, from which follow the restrictions 

Calculating the complete density matrices of the en- 
t i re  system after the reaction, in accordance with the 
formula 

p'=ixp.(l, 2) @pb(3, 4 )  M' 

[for a definition of M see (26)], we obtain the ionization 
cross  section 

~ = s P ~ ~ = ' ~ ~ [ I G ~ I ~ + ~ I G ~ ~ ~ - ~ ( I G ~ I ~ + ~ G ~ ~ ~  (papb) 

If the process i s  allowed for several values of the total 
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For  a state with initial vector polarization qij  = 1/3&iij 
we obtain 

For  the polarization of the polaron electrons (3,4) we 
get 

Ph1=o-' Sp pr(d3,+d4,) 
=(3/40) (121 GI 12(1-qaab)+ (GBi+GoGt) (l+qamb) ]Pam 

+ [2  16, I'(1-qsaa)- (GoGt+GoGi) (l+qama) l P a + f  (GoCI-GlCo) [PaxPbI,). 

(32) 
For  the polarization of the f i rs t  pair (1,2), which 

makes up the He(%) atom, we obtain P; = 0, thus pro- 
viding an independent confirmation of the correctness 
of the form of the matrix M (26) and of the calculation 
scheme. A change in the spin of one of the atoms 
changes the initial electron-pair correlation corres- 
ponding to alignment. For  the correlation of the f i rs t  
pair the calculations yield 

Summing (qt,)' over to (Y, we obta inC,(q~, , )~= -3, 
which corresponds to the electron correlation a t  S = 0. 
For  the other pair we get 

-(lG1lz-lGo12) ( q a ~ a + q ~ ~ b ) 1 6 ~ ~ - ( l G , l z - l G o l ' )  ~ q , : q , ~ e a , , e o b  
1,s 

+ P S b 6 ( 2 I G , I 2 +  G . ~ o + C 1 G o ) + P ~ ~ b ~ ( 2 ! G 1 ~ ' -  G,CI - G,G.)]. 
- 

(34) 
It follows from (34) that the sum C (q:,)' =-3, if the 
electron and ion a r e  produced in the singlet state, and 
C(qi,) l  = 1, i f  this pair has a spin S = 1. Both results 
a re  obtained if correct  account i s  taken of the pair cor- 
relations in the discussed process. In the last  section 
we shall use the obtained formulas for numerical calcu- 
lations. 

2C. Complete experiment for the Penning-ionization 
process, and numerical estimates 

Just  as in Sec. lC,  we confine ourselves first  to a 
discussion of the experimental setup for the determin- 
ation of the moduli [Go I and I G, I -the minimum pro- 
gram in the complete experiment, since such a pro- 
gram is already within the scope of the experimental 
capabilities. We assume that the states have a vector 
orientation (qij = 1/36ij), and note, to be more specific, 
that i t  follows from the general relations between Pi 
and q,, that the condition q,, = 1/36ij restricts the maxi- 
mum value of P to 2/3, which incidentally exceeds the 
polarizations presently attainable in experiment. To 
find [Go / and G, I we need two experiments-to deter- 
mine the ionization cross  section o, of the unpolarized 
atoms and the cross  section o for atoms with identical 
initial polarization P. We then obtain from (31) (B = (a 
- uo)/P2) 

from which we get the moduli of the amplitudes. To 
find the relative phases p, - p, = p of the amplitudes G,  
and G, we must determine the polarization of the pro- 
duced electron (or ion) under the initial conditions Pa 
= P, = P (the value of P;/P =D) and the polarizations of 
the electron in the direction N= Pa X P,/ 1 Pa X P, I under 
the initial conditions Pa I P,, I Pa I = I P, [ = P (the value of 
Ph/P = D,). We then obtain from (32) 

cos T'=Do/4 1 Go 1 I GI 1, sin cp=-2D,o,/3 1 Go I I GI 1. (36) 

We proceed to estimate the amplitudes and the polar- 
izations of the produced electron under typical con- 
ditions of experiments on Penning ionization in an 
aligned helium plasmaclll  

We introduce the ratio r = oi/o,, of the triplet and 
singlet ionization cross  sections. According toC1l1 r 
=0.7-1.0 at a,= 10-14cm2. Inasmuch as in terms of a,  
and o, the total cross  section i s  o, = 1/4(o, + 30,), we 
obtain by comparison with (31) 

It follows therefore that in the indicated interval of r 
we have I G ,  / - /Go I ,  and at r = 2/3 this quality i s  satis- 
fied exactly, with I G ,  1 ~ 0 . 6  x 10" cm. For  the polar- 
ization of the produced electron o r  ion under the initial 
conditions Pa = Pb = P, 4, = qi, = q we obtain from (32) 

From this we can draw the following general conclu- 
sions: For  an oriented plasma we have 

At r = 2/3 we have 

which corresponds, for an initial value P2 = 1/3, to total 
transfer of the polarization of the atomic electrons to 
the continuous spectrum. At the other extreme value r 
= 1 we have 

Total transfer of the polarization is attained at P 
=0.517, and under typical experimental conditions P1 
= 3P/4, i.e., a high degree is likewise reached. An- 
other important feature of this mechanism of production 
of polarized electrons is the stable value of P', i.e., 
the practical independence of the quantities 0 and E at 
a high value of the cross  section. These circumstances 
allow us to regard Penning ionization of oriented hel- 
ium atoms a s  a promising source of polarized elec- 
trons. 

In conclusion we note that under the conditions 
(Pa. P,)= 1 andCiq~,q: ,=  1, which correspond to an in- 
itial pure state with spin S = 2, the transition cross  sec- 
tion o vanishes identically [see (30)]. This result 
agrees with the Wigner rule of conservation of the total 
spin, which was assumed to hold true from the very 
beginning. 
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The Faddeev equations have been used to calculate the total and differential cross sections for the 
dissociative attachment of an electron to Hz, HD, and D, molecules (e +AB+A-+B). The adiabatic 
approximation (at electron energies above the threshold for the dissociation of the molecule to the free 
atoms A+B) and the approximation of separable potentials (at electron energies below this threshold) are 
used to solve the Faddeev equations. Good agreement is achieved between theoretical calculations and 
experimental data on dissociative attachment. 

PACS numbers: 34.80.G~ 

1. INTRODUCTION proximation. The se t  of integral equations is then much 
simpler and has an exact analytic solution if we use the 

This paper is concerned with the process of disso- zero-range potentials for  the interaction between the 
ciative attachment of an electron to &, HD, and D, electron and each of the atoms forming the molecule.c21 
molecules (e +AB -A' + B ) .  The reaction threshold is 
equal to the difference between the dissociation energy 
of the molecule into f ree  atoms A +B (4.48 eV in this 
case) and the electron affinity of the atom (0.75 e ~ ) ,  
and amounts to 3.73 eV. 

The basic approximation is that the interaction be- 
tween the incident electron and the electrons and nuclei 
in the molecule i s  replaced by the interaction between 
the electron and each of the atoms forming the molecule. 
The complicated many-body problem is thus reduced to 
the three-body problem. This approximation is rea- 
sonable for incident electron energies below the energy 
corresponding to the electronic excitation of the mole- 
cule. Under these conditions, the incident electron 
energy can be both much greater than the dissociation 
energy of the molecule in i ts  electronic ground state 
(4.48 eV) o r  comparable with it. 

We shall use the Faddeev equation['] to solve this 
problem and will employ different approximations in 
different energy intervals. When the incident-electron 
energy is high enough (incident electron energy greater 
than the energy of dissociation of the molecule in i t s  
electronic ground state), we can use the adiabatic ap- 

The adiabatic approximation is not valid in the region 
near the dissociative attachment threshold, and the use 
of the zero-range potential outside the framework of the 
adiabatic approximation is invalid.C21 The solution for 
this region is, therefore, determined in the separable- 
potential approximation,[s1 which results  in a substan- 
tial simplification of the equations (Sec. 2). The advan- 
tages and disadvantages of the various approximate po- 
tentials can be estimated by comparing such calculations 
with experimental data. [ 4 *  51 

In this paper, we report the first  attempt a t  calcula- 
tions on the dissociative attachment process within the 
framework of the three-body problem and based on the 
Faddeev equations. 

2. COMPUTATIONAL PROCEDURE 

Let us f i rs t  consider the adiabatic approximation in 
which the two-body potentials for  the interaction of the 
electron and the atoms forming the molecule is taken 
to be the zero-range potential. 

The cross  section for  the dissociative attachment 
process then has the following formC2': 

1045 Sov. Phvs JETP 47(6), June 1978 0038-5646/78/061045-05$02.40 O 1979 American Instituteof Physics 1045 


