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The dependence of the cross section for ionization in Penning collisions of atoms with zero orbital 
momenta on both diagonal and otT-diagonal elements of the density matrix of the colliding atoms is found 
under the assumption that the total spin and its projection are conserved. An expression is obtained for the 
signals of the variation of the electron density in a plasma at magnetic resonance in the 23S1 metastable 
state of He4 atoms under optical pumping conditions. Comparison of the theory with the available 
experimental data yields results that agree with the assumption that total spin is conserved in Penning 
collisions. 

PACS numbers: 34.S0.Hc, 52.20.Hv 

There have been obtained in recent years experimen
tal data which indicate that the probability of Penning 
ionization essentially depends on the relative spin ori
entation of the colliding atoms_ (1-61. It is precisely the 
existence of such a dependence that made it possible to 
explain the experimentally observed influence of the op
tical orientation of metastable orthohelim atoms on the 
electron density in a plasma,t1-3, 5,61 as well as on the 
polarization of the electrons in a plasma.[41 The spin 
dependence of the Penning collisions also explained the 
experimentally observed influence of the relative spin 
orientation of Rb and metastable orthohelium atoms on 
the electron density in a plasma. [7] 

The spin dependence of Penning collisions is explained 
by the conservation of total spin in such collisions. [8,41 
Thus, it was shown, in particular[8, 41, that in collisions 
of metastable orthohelium atoms with each other or with 
alkali-metal atoms total-spin conservation should lead 
to the forbidding of the Penning-ionization reaction if 
the spins of the colliding atoms have the same orienta
tion, since the total spin of the initial atoms in this 
case exceeds the largest possible value of the total spin 
of the reaction products. 

The verification of the assumption that total spin is 
conserved, as well as the extraction of quantitative in
formation about the spin dependence of Penning colli
sions from experimental data requires a detailed theo
ry. The previously employed[4,51 approach to the solu
tion of this problem cannot be considered to be satis
factory, since it is based on the arbitrary assumption 
that all the allowed channels of the Penning reaction are 
equally probable. Furthermore, there (Le., in[4.51) 
the authors allowed for the dependence of the Penning
ionization cross section on only the populations of the 
magnetic sublevels of the colliding atoms, whereas a 
full interpretation of experimental data requires allow
ance for the dependence of the cross section on coher
ence. 

The aim of the present paper is to consider the spin 
dependence of the Penning collisions of atoms in 5 
states with allowance for the diagonal elements of the 
density matrices (i. e., for the populations) of the col
liding atoms, as well as for the off-diagonal elements 
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(i. e., for coherence). The analysis is based on the as
sumption that total spin and its projection are conserved 
in Penning collisions. 

1. DEPENDENCE OF THE PENNING-IONIZATION 
PROBABILITY ON THE SPIN STATE OF THE 
COLLIDING ATOMS 

The Penning reaction during the collision of a meta
stable atom A* with the atom B (the ionization potential 
of the atom B is smaller than the excitation energy of 
the atom A*) can be written in the form 

(1) 

The produets of this reaction are the atom A in the 
ground state, the ion B, and an electron. In the pres
ent paper we assume that the initial atoms, as well as 
the products of the reaction (1), possess only spin angu
lar momenta (the orbital angular momenta are equal to 
zero): 51 is the spin of the atom A *; 52 is the spin of the 
atom B; 512 is the total spin of the initial atoms A * and 
B (512 = 51 + 52' '" , 1 51 - 521); 5 is the total spin of the 
products of the reaction (1); m 1, m 2 , m 12 , and mare 
the corresponding components of these spins along the 
z axis of the laboratory system of coordinates. 

The wave function, 'l'12' of the system consisting of 
the atoms A * and B before the collision can be expanded 
in a series in terms of the eigenf1pctions, IjJ s12 m12' of 
the total spin angular momentum 512: 

After a collision with ionization of the atom B, the wave 
function, 'l' of the products of the reaction (1) can be 
expanded in terms of the eigenf!lnctions, IjJ Sm, of the 
total spin angular momentum, 5, of the products of the 
reac tion (1): 

The connection between the 20efficients a s12 m12 and b Sm 

gives the transition matrix T: 

(2) 
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Under the assumption that the total spin and its compo
nent along the z axis are conserved the T matrix is 
diagonal. Furthermore, the T mat~ix cannot depend on 
the magnitude of m 12 (owing to the isotropy of space). 
Thus, 

(3) 

The formulas (2) and (3) allow us to express the den
sity matrix, p = '6'6+, of the products of the reaction (1) 
in terms of the density matrix, p(12) =aa+, of the initial 
atoms. The total probability, w, for ionization during 
a collision is equal to the density matrix p averaged 
over all the spin states of the products of the reaction: 

8m 
(4) 

where As = 1 T s IZ is the ionization probability for the 
channel of the reaction (1) with total spin 5. 

Using the formulas for the wave function of coupled 
momenta, [9] we can express the density matrix p<1Z) in 
the formula (4) in _terms of the product of the density 
matrices jj Sl and pSz of the atoms A* and B: 

(5a) 

m,m, ~ (8,8, 8 )(8, 8, 8) 
Wm, ... = ~A8(28+1) ,,' 

8m m 1 m2 -m m1 m:. -m 
(5b) 

In the formula (5b) the summation index 5 assumes all 
the possible values of the total spin of the products of 
the reaction (1). Into the formula (5a) enter the diago
nal, as well as the off-diagonal, elements of the density 
matrices of the colliding atoms. Thus, the expression 
(5) completely determines the dependence of the Penning 
ionization probability on the spin state of the colliding 
atoms. 

To find the dependence of the ionization probability on 
the relative spin orientation of the colliding particles, 
it is convenient to go over in the expression (5) from the 
density matrices in the mm' -representation to density 
matrices in the lotq-representation with the aid of the 
formulas given by D'yakonov in[10]. As a result of such 
a transition the expression (5) assumes the form 

(6a) 

D.,= ~ As (_1)8,+s,+s (28+1) (2x,+1) 'I {8 8, 8,} ""7 [(28,H) (28,H)]' X, 8, 8, . (6b) 

(The values of 5 here are the same as in the formula 
(5b). ) 

The elements of the density matrix p~ in the xq-repre
sentation that figure in the formula (6a) (the polariza
tion moments of the density matrix) are connected by 
Simple relations with the mean values of the circular 
components of the spin operator S: 

p.'=(-1)Q(8:)[8(8H) ]-'1,; 

p~ is equal to a linear combination of the quantities 
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(S.Sb) (a+b=q), etcY·l0] The quantity pg=Spp= 1. (For 
the first- and second-rank polarization moments (lot = 1 
and 2) we shall use below the frequently employed desig
nations: orientation and alignment. ) 

It can be seen from the formula (6a) that the ioniza
tion probability w is expressible in terms of a sum of 
polarization-moment products, the cofactors in these 
products being moments of the same rank lot. The sum 
over qlqZ in the formula (6a) is a scalar product of mo
ments of order lot l =xz (the components of the moments 
are circular). It follows from the properties of the 6j 
symbols that the quantity Xl entering into the formula 
(6) can assume values from zero to 25 I where 5 l'S . m ru min 

the smaller of the quantities 51 and 5z• 

With allowance for the coupling of the quantities pX 
with the spin components, the formulas (6) give the de
pendence of the Penning ionization probability on the 
relative spin orientation of the colliding atoms. 

Above we did not take into account the fact that the 
nuclei of the atoms involved in the Penning collisions 
have spins. The effect of the nuclear spin can be ne
glected if the coupling of the nuclear and electron spins 
is weak, so that the nuclear-spin component does not 
have time to change over the period of interaction as 
the atoms approach each other. In this case the Penn
ing ionization probability can be computed from the 
formulas (5) or (6), in which under the density matrices 
we should understand spin density matrices averaged 
over the nuclear states. Inverting the formula for the 
wave function of the coupled moments[9] and summing 
over all possible values of the nuclear-spin component, 
we can express the averaged-over the nuclear states
spin density matrix in terms of the density matrix in 
the (F, m F ) representation (F=I+S, where I is the nu
clear spin): 

PIIIF 

F' TII l'" 

x(~ 
(7) 

8 F [8 F' 
) ( ) pFm ,F'm' .• 

m. -nl p n m' -m/ F Jo 

A quantitative condition of applicability of the approxi
mation used is the fulfillment of the inequality t:..EHFslli 

«v/al/Z, where t:..EHFS is the hyperfine interaction en
ergy, a is the Penning ionization cross section, and v 
is the mean relative velocity of the colliding atoms. 
Since the quantity (] is usually of the order of 10-14_10-15 
cmZ [11l and v'" 105 cm/sec, this inequality is fulfilled 
for all the specific participants, considered in the pres
ent paper, of the Penning collisions (for He3, the alkali
metal atoms, and hydrogen, t:..E HFS/Ii=(0.14-5.8)x1010 

sec-l). 

Thus, when at least one of the two colliding atoms 
has a nonzero nuclear spin, the dependence of the Penn
ing-ionization probability on the orbital state of the col
lision partners is determined by the relation (5), in 
which the spin density matrices should be expressed in 
terms of the density matrices in the (F, m F ) representa
tion with the aid of the formula (7). 
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2. SPIN DEPENDENCE OF THE CROSS SECTION FOR 
PENNING IONIZATION IN COLLISIONS OF 
METASTABLE HELIUM ATOMS WITH EACH OTHER 
AND WITH ALKALI-METAL ATOMS 

The expression for the total Penning-ionization cross 
section a can be obtained as a result of the integration 
of the ionization probability w (the formulas (5) and (6)) 
over the impact parameter and the averaging over the 
relative velocities of the colliding atoms. Actually, 
only the quantities A s in the formulas (5) and (6) get 
transformed in the process. Furthermore, averaging 
over the A * - and B-atom ensembles, which leads to the 
replacement of the atomic density matrices in the formu· 
las (5) and (6) by the density matrices averaged over 
the ensembles of the corresponding atoms, is necessary. 
Thus, the formulas (5) and (6) with the substitution 

(8) 

(and the replacement of the atomic density matrices by 
the averaged matrices) give the dependence of the total 
Penning-ionization cross section a on the spin state of 
the collision partners (as is the cross section for ioniza
tion in the channel of the reaction (1) with total spin 5). 
The terms in the formula (5) then acquire the meaning 
of ionization cross sections for different combinations 
of the mm' states of the colliding atoms. It is signifi
cant that all these cross sections are expressible in 
terms of the quantities a s, of which there are a small 
number. 

Below we give expressions for the total cross sec
tion a, obtained with the aid of the formula (6) and the 
substitution (8). We retain for the averaged-over the 
atomic ensembles-density matrices the notation 
adopted for the atomic density matrices. 

1. Collisions of helium atoms in the metastable 2351 
state: 

HeU'.),) +Hc(2'S,) ~ Hc(1'5o) -t-Hc" ( 1'5".) +e-. (9) 

In this case 51 = 52 = 1 and 5 = 0 or 1, 

a=ij [1-C, ~ (-1) 'p,'p_,'-C, ~ (_1)lpq'p_q']' (lOa) 

ij = ~(ao+3a,), 
\J 

3 (31',,+2 ) 
C'=2 3rlO +1 ' 

(lOb) 

(In the formula (lOa) the density matrices do not have 
the signs - and::::, since the colliding atoms in the case 
under consideration are identical. ) 

It can be seen from the formula (lOa) that the cross 
section for ionization in collisions of metastable ortho
helium atoms depends on both the orientation of the col
liding atoms and their alignment. The relative magni
tude of the contribution made by these polarization mo
ments is determined by the quantities C1 and C2 , which, 
according to the formulas (lOb), depend on the cross 
sections ao and a1 for the channels of the reaction (9) 
with total spin 5 = 0 and 5 = 1 (the singlet and triplet chan
nels). It is interesting that, depending on the magnitude 
of the ratio, r 10, of these cross sections, the contribu-
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The values of 6 W :::~:::V 0-0 for Penning colli
sions of He atoms in the metastable 23S1 

state. 

ml 

m2 1 0 -1 

1 0 3r10 2 + 3rlo 
0 3rlo 2 3rlO 

-1 2 + 3rlo 3rlo 0 

tion of the alignment to the total cross section a can be 
positive (rlO < h negative (r10 > h or equal to zero 
(when r 10 = ~), whereas the contribution of the orienta
tion is always negative. 

The cross sections for the triplet and singlet ioniza
tion channels can be computed from the formulas (18) of 
the paper[12] by Garrison et al., using the potential 
curves for the 3L:_ and 1L;-terms of the He2 molecule 
formed during the collision of helium atoms in the 2351 
state. The potential curves computed in the same pa
per[12] for these terms virtually coinCide, and the same 
values are obtained for the cross sections a1 and a2, so 
that r 10 = 1. Similar potential curves tabulated in the 
paper[13] by Klein differ somewhat, and for the ratio r 10 

is obtained the value r 10 :::: 1. The magnitude of r10 is 
estimated from the available experimental data in the 
following paragraph. 

In the table we give the matrix 6W!ao computed from 
the formula (5b) (with the substitution (8)) for the case 
when only the diagonal elements of the density matrix 
of the colliding metastable orthohelium atoms are dif
ferent from zero. The 6W!ao matrix elements in the 
table give the relative magnitude of the ionization cross 
sections corresponding to different combinations of the 
m states of the colliding atoms. It can be seen from 
the table that the ionization cross section is equal to 
zero (the reaction (9) is forbidden) if the colliding meta
stable atoms are in states with m 1 = m2 = ± 1. The ex
istence of such a prohibition follows directly from the 
assumption that total spin is conserved in the colli
sions. [5] It can also be seen from the table that the 
ionization cross sections for all the remaining (allowed) 
combinations of the m states of the colliding atoms are 
not, in the general case, equal to each other, and de
pend on the quantity r lO • And what is more, it follows 
from the table that there does not exist a value of r 10 at 
which all these cross sections would be equal to each 
other. Thus, the assumption that the cross sections 
for all the allowed combinations of the m states of the 
colliding atoms have the same value is not fulfilled. 

2. Collisions of helium atoms in the metastable 2351 
state with atoms X of an alkali metal or hydrogen in the 
ground 25112 state: 

He (2'Sl) +X('S'0 -+He( 1'So) +X-'-CSo) +e-. (11) 

In this case: 51 = 1, 52 = t 5 = t, 

(12) 
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It follows from the formula (12) that the spin dependence 
of the cross section for ioni:z;ation in the reaction (11) is 
determined by the scalar product of the mean values of 
the spin angular momenta of the collision partners. 
This result is corroborated by previously-obtained ex
perimental data for aRb-He mixture.(7) As can be seen 
from the formula (12), the cross section a in the pres
ent case does not depend on the alignment of the helium 
atoms. 

Experimentally, the spin dependence of the Penning
ionization cross section is usually detected by observ
ing the variation of the electron density in a plasma as 
the spin state of the Penning-collision partners is 
variedP·3.5-7J It can be seen from the formulas (10) 
and (12) that the total ioni:z;ation cross section a can be 
represented in the form of a sum 

(13) 

in which only the term oa depends on the spin state of 
the colliding atoms. The experimentally attainable 
polari:z;ation of atoms is usually small (it does not ex
ceed a few percent), so that the quantities p! and p! in 
the formulas (10) and (12) are much smaller than unity 
and, consequently, oa« a. The fulfillmen t of this in
equality allows us to represent the electron density ne 
in a plasma also in the form of a sum ne = ne + on. in 
which only the term one depends on the spin state of the 
Penning-COllision partners, it being necessary that the 
magnitude of this term be directly proportional to the 
quantity oa: 

Bn,-Ba. (14) 

The relations (14) and (13) and the formulas (10) and 
(12) (or (5)-(7) with the substitution (8)) allow us to 
compute (up to a constant factor) the signals of electron
density variation in a plasma that are observed when the 
spin state of the Penning-collision partners is varied. 
An example of such a computation for metastable ortho
helium is given pelow. 

3. DEPENDENCE OF THE ELECTRON DENSITY IN 
A PLASMA ON THE SPIN STATE OF METASTABLE 
23 S) HELIUM ATOMS 

Such a dependence was observed in[I.3.5.6). Of great
est interest from the point of view of a comparison with 
theory are the experiments performed by Sevast'yanov 
and Zhitnikov(1) and Hill etal.m 

In particular, the variation of the electron density in 
a plasma was observed(1) at magnetic resonance in the 
metastable 23S1 state of He4 atoms under conditions of 
optical pumping by Circularly polarized and unpolarized 
light. 

To compute the resonance electron-density-variation 
signals in this case, we can use the expressions for the 
polarization moments p! and p! from D'yakonov's pa
per PO) The use of the results of this paper is justified. 
since in the case of 23S1 He4 atoms the general equations 
for the density matrix(14) under conditions of optical 
pumping by low-intensity light (after going over to the 
}{q-representation) coincide with the equations, obtained 
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by D'yakanov, (10) for the polarization moments p~. The 
difference lies only in the expression for the function of 
F~ (describing the excitati0n by the light), whose expli
cit form for 23S1 He4 atoms is not given below. 

The change, t.ne, in the electron density at magnetic 
resonance can be found by substituting the expressions 
for p! and p~ (the formulas (21) and (23) from(10)) into 
the formulas (10), (13), and (14), and subtracting the 
"backing" -the value of one for t.w - 00. As a result, 
we obtain for t.ne the expression 

Here WI = J.LogH l/n, t.w = W - Wo (wo = J.LogH alii, J.Lo is the 
Bohr magneton, g is the g-factor, Ho is a constant mag
netic field, and 2Hl is the amplitude of a resonance 
radio-frequency magnetic field oscillating with a fre
quency w); 'Y1 and 1'2 are the decay rates of the polariza
tion moments p! and p! (of orientation and alignment) 
due to depolarizing collisions. The functions F~ and 
F ~ are determined by the relations 

(16) 

The quantities <I>~ and <I>~ are equal respectively to 1/ v'6 
and -1 v'3O for clockwise-polarized pumping light, 0 and 
- 1 v'3O for unpolarized pumping light. 

The formulas (16) for the quantities F~ and ~ were 
derived under the asumption that the pumping is done 
by light from a helium lamp. The spectrum of such a 
lamp in the X = 1. 08 - J.L region consists of two lines: 
the Do line, corresponding to the 23S1-23P 0 transition, 
and the D3 line, corresponding to the forbidden 2351-
23Pl and 2351-23P 2 transitions.(15) The coefficient kin 
the formula (16) is equal to the ratio of the spectral 
densities of the emissions at the maxima of the D3 and 
Do lines: k=ID/IDo' The quantity q is propor
tional to the intensity of the pumping light (rb = l/T~ is 
the rate of pumping by the light of the Do line). The 
formula (15) is valid for low pumping-light intensities. 
when the inequality rb«')'l,h is fulfilled. Moreover, 
in deriving the formula (15), we assumed that the opti
cal thickness of the plasma for the pumping light was 
small. 

At exact resonance (t.w = 0) the maximum value, 
(t.ne)max, of the electron-density-variation signal is, in 
accordance with the formula (15), obtained when there 
is radio-frequency saturation (WI »')'1' ')'2)' The ratio, 
Q = (t.ne)cmax/(t.ne)~, of the maximum signal values ob
tained with circularly-polarized and unpolarized pump
ing light depends, when (lOb) is taken into account, on 
the quantity rIO' Consequently, the quantity rio can be 
computed from the experimentally measured ratio Q. 
The formulas for the computation of rio have the form 

2 (C+1) 1 (7k-2)'("(')' (ro'): 
rlO= 3' c-1 ' c= 4(Q-1) 7k+2 1.' Q=' (r.')e' Q. 

(17) 

Here (rb)u/(rb)c is equal to the ratio of the intensity of 
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the unpolarized pumping light to that of the circularly
polarized pumping light. 

For the estimation of riO we can use the results ob
tained by Sevast'yanov and Zhitnikov.[ll It follows from 
the graph given in their paper that the ratio of the am
plitude of the electron-density-variation signal obtained 
with circularly-polarized pumping light to the amplitude 
of the signal obtained with unpolarized pumping light 
virtually did not depend on the discharge strength, and 
was equal to 24 (in a strong discharge this ratio de
creased to 20). The intensity of the unpolarized pump
ing light was roughly three times higher than the in
tensity of the circularly-polarized pumping light, since 
there was, in the case of pumping by unpolarized light, 
no polarizer to absorb about 70% of the light. 

The quantity k for helium pump lamps is usually equal 
to 2_3.[15] There are no published data on the quanti
ties "Ii and 'Yz for metastable orthohelium. Under the 
assumption that these quantities are equal at k", 3, 
(r~)u/(r~)c '" 3, and Q '" 24, we obtain from the formulas 
(17) for the quantity riO the value riO'" O. 7. This value 
does not differ very much from the above-obtained the
oretical value of riO'" 1. It should, however, be borne 
in mind that the computation of the quantity rlO from the 
experimental data[ll is of the nature of an estimate, 
since it is not known whether the assumptions made 
above in deriving the formulas (17) that the pumping
light intensity was low, that the plasma layer was op
tically thin, and that there obtained radio-frequency 
saturation were fulfilled in the experiment. Irrespec
tive of whether these assumptions were fulfilled or not, 
the experimental data[l] allow us, however, to establish 
for riO with the aid of the formulas (10) a lower bound
ary: rlO > ~. The fulfillment of this inequality is indi
cated by the fact that the electron-density-variation sig
nals obtained with circularly-polarized pumping light 
and those obtained with unpolarized pumping light have 
the same polarity. 

All the results of the present paper have been ob
tained under the assumption that total spin is conserved 
in Penning collisions. This assumption needs to be ex
perimentally verified in each specific case. With the 
object of accomplishing such a verification in the case 
of Penning collisions of metastable orthohelium atoms, 
Hill and his co-workers carried out in[S] a comparison 
of the experimentally obtained value for the electron
density change that arises upon the destruction of the 
orientation of metastable 2351 atoms of He3 with the cor
responding theoretical value. Theoretical curves were 
obtained for several values of the parameter f, which 
was defined in such a way that the value f'" 0 correspond
ed to the absence of spin dependence (i. e., to noncon
servation of spin), while the value f'" 1 corresponded to 
spin conservation. In the paper by Hill et al., [5] it was 
assumed that the ionization cross sections for all the 
allowed combinations of the m states of the colliding 
metastable atoms were equal. If the discrepancies be
tween the values of these cross sections are taken into 
account (in accordance with the data given in the table), 
then to the conservation of spin should correspond the 
theoretical curves in[S) with the value of f given by: 

471 Sov. Phys. JETP, Vol. 43, No.3, March 1976 

9rlO+6+ (3rlO-2)P' 
f = IOr,,+4+2r,oP' ' 

where P is the polarization of the He3 atoms in the 
ground state. 

(18) 

According to the formula (18), for P", 8% (such was 
the polarization in the experiment[S)) we obtain for the 
quan tity f the values: f = 1. 07 for riO = 1 and f = 1. 12 for 
riO'" O. 7. It can be seen from Fig. 2 in[S] that within 
the limits of experimental error the experimental data 
agree with such values of f, which indicates the con
servation of total spin in Penning collisions of metasta
ble orthohelium atoms. 

A comparison with the data obtained by Hill e tal. [5] 

shows that the total change in the electron density de
pends weakly on the relative value of the ionization 
cross sections corresponding to the various allowed 
combinations of the m states of the colliding atoms. 
For a more detailed comparison with the theoretical 
values (and, consequently, for a more exact verifica
tion of the conservation of total spin), a direct experi
mental determination of such cross sections is neces
sary. In the case of atoms with nuclear spin 1 * 0 in
formation about the relative value of these cross sec
tions could be given by a separate observation (in a suf
fiCiently strong magnetic field) of the resonance elec
tron-density-variation signals during the excitation of 
resonance transitions between different Zeeman (or 
HFS) sublevels of the Penning-collision partners. 

In conclusion, the author considers it his duty to 
thank V. 1. Perel' and R. A. Zhitnikov for useful con
sultations and for interest in the work, as well as B. N. 
Sevast'yanov for a discussion of the experiment data 
used in the present paper. 
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