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Abstract increases, the contribution tends rapidly t o  zero and umod(vi) 

In the independent electron approximation, an expression has been 
obtained for the probability of excitation of parity-unfavored autoioniz- 
ing states of He atoms bombarded by protons as a function of impact 
parameter. It is shown that substates wi thML = 0 (ML being the projec- 
tion of the total orbital angular momentum of the final-state electrons) 
remain unexcited in proton-induced excitation of parity-unfavored auto- 
ionizing states of helium. Calculations have been made of the  cross sec- 
tions for excitation of the 2p3p 'P, 2p3d ID, and 3p3d ID autoionizing 
states of He atoms for proton energies E p  varying from 0.01 to 2.0 MeV. 
The results of the calculations show that :  

(1) the dipole-dipole transitions resulting in the 2p3p 'P state are 
strongly suppressed due to interference: 

( 2 )  the  main contribution to the  cross sections for excitation of the 

approaches uq(vi). 
The independent electron approximation permits one to take 

into account only one of the possible mechanisms of  formation 
of doubly excited states when electron transitions occur as the 
result of the  direct interaction between the  incident particle and 
the atomic electrons. In this approximation, the formation of 
states rzllln212 ' L  is due to  transitions through two intermediate 
levels: 

2p3d ID and 3 p 3 d  ID autoionizing states comes from states with ; M L ;  = 
1; this is explained by the predominant role of single-electron transitions 
Is - rilm to  states with nz = ~ I ,  - ( I  - 2 ) ,  . . . , + ( I  - 2) ,  + 1. 

H~~~ L~ = iI ,  ,r2 = zz. The formation of doubly excited states 
due to  electron correlations is not described within the above 
approximation. 

It is known [3-51 that the use of  the  independent electron 
approximation in collisions between atoms and heavy charged 
particles leads to a satisfactory description of cross sections for 
many-electron ionization from inner shells of atoms in the 
collision energy region corresponding to  the maximum cross 
section value. Moreover, from a comparison of the cross sections 
for the proton-induced double ionization of helium and for 
proton-induced ionization of helium with a simultaneous 
excitation of the atomic residual which have been obtained in 
the independent electron approximation [6, 71 and in the first 
Born approximation [8. 91, it follows that, at collision energies 
from 10 t o  300 keV, the contribution of  the intermediate-level 
transitions is dominant. The results of [ l o ]  show that in the 
electron excitation of the autoionizing states of He atoms 
intermediate-level transitions are essential up  to incident elec- 
tron energies of about 1 keV. It has been shown [ 113 that in the 
electron excitation of the lowest-lying 'S and 'D autoionizing 
states of He atoms a t  E, < 500 eV the intermediate level tran- 
sitions play the dominant role. 

Thus, one is entirely justified in believing that in the proton 
excitation of autoionizing states of He atoms intermediate level 

1. Introduction 

In the He atom, the simplest two-electron system, all doubly 
excited states lie above the ionization threshold. Most of  doubly 
excited states decay by Coulomb autoionization with the emis- 
sion of Auger electrons. Yet, there exist some long-lived states 
for which autoionization is forbidden and which decay, mainly, 
as a result of radiative transition. There are the so-called parity- 
unfavored autoionizing states [ l ]  nll ln212 l V 3 L  with odd Z l  + 
l2  --L (n l ,  n2 and 11, l2  are the principal quantum numbers and 
the orbital angular momenta of  excited electrons; L is the total 
electron orbital angular momentum of a doubly excited state). 

In the present study. we have examined cross sections for 
excitation of the parity-unfavored autoionizing states in colli- 
sions between He atoms and protons. To solve the problem, we 
have used the independent electron approximation within the 
framework of the impact parameter method. The expediency of 
the impact parameter method for the present calculations 
follows, for example. from the results of [ 2 ] .  It was shown in 
[ 2 ]  that the formula 

transitions should also be significant u p  t o  high collision energies 
and for proton energies frotn several tens of keV to several 
hundreds of  keV they will dominate. ( l )  

in the first-order perturbation theory for the 1s-2s excitation 
of H atoms by electrons provides an expression that is identical 
with the Born quantum-mechanical expression. Here uq(v)  is 
the scattering cross section in the  standard formulation of the 
impact-parameter method; vi: = (vi * ~ , ) / 2 ;  vi and vf are the 
initial and final velocities of  the projectile. It follows from the 
results of  the calculation that at electron energies E - 1.210 (IO 
is the ionization potential of hydrogen) the contribution of the 
second term (1)  is not in excess of 5% of the cross section. As E 

2. Amplitudes and probabilities for the single electron 

Here we shall obtain expressions for the amplitude and prob- 
ability of  1s +nlm excitation of a hydrogen-like ion due to  
scattering from it of a heavy charged particle. We shall need the 
expression for amplitude when considering the excitation of 
autoionizing states of He atoms. The probability amplitude for 
the 1s -+ nlm excitation is 

excitations 
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anlm(p)  = ($nrm(ZIr)IS(+ w> -w)l$ls(Zlr)) (2 )  

where Z is the nuclear charge of the hydrogen-like ion and 
S(+ 03, - -), the matrix that describes the scattering of the pro- 
jectile by an ionic electron; qbl,(Zlr) and $nlm(Zlr) are the 
Coulomb wave functions for an electron in the field of nuclear 
charge Z in the initial and final states; pis the impact vector to 
be found from the relation R(t) = p + vt; v the velocity of 
relative motion of the colliding partners; n, 1 and m are the 
principal, orbital and magnetic quantum numbers of the final- 
state electron. In the first-order perturbation theory for anlm( p) 
we have 

aifh(p)  = - Z l i  g J dZqleiqlP(Onlm(ZIr)/eiqri 61,(~1r)) (3) 

where Z1 is the charge of the projectile; q the momentum trans- 
fer vector; q l1  and q1 are the components of the vector q, which 
are parallel and orthogonal to the vector v. The former of them 
is found from the electron excitation energy AE and is equal to 
AE/v. All the quantities are expressed in Coulomb units. It will 
further be convenient to introduce, instead of the coordinate 
system OXY2 with the OZ-axis along v, the coordinate system 
O'X'Y'Z' with the 0Z'-axis along the vector q. The change 
from one system to the other may be broughtabout by two 
successive turns (see Fig. 1 ) :  one turn through an angle about 
the OY-axis and the other through an angle y about the OZ- 
axis. Let us denote by $nlm(Z I r) the electron wave functions in 
the coordinate system O'X'Y'Z'. Using the matrix for three- 
dimensional rotations R(a, 0,~) one can write the matrix ele- 
ment ($nlm(Zlr)leiqrl$ls(21r))in the form [12] 

(6nlm(Zlr)leiqrl$ls(Zlr)) = RAm(0, P, Y) 

w2 

- 

x R%(o, P,  Y)(6nlo(ZIr)leiqrI &,(Zlr)) (4) 

The quantization axis in the matrix element (gnlo(ZI r)l x 
eiqrl $l,(Zl r)) is directed along the vector q. Let us introduce 
the symbol 

M&(q) = ( 6 n l o ( ~  I r> I eiqr/ (2 I r)) (5) 
One can readily demonstrate that M,$(q) = M&(4) is a func- 
tion of the vector q module. Bearing in mind that [12] 

X 1  

z " 
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/ 
/ 

/ 
/ 

/ 

Fig. 1. Scheme of change from the coordinate system with the Z-axis 
directed along v ( O X Y Z )  to  that with the Z-axis along q ( O ' X ' Y ' Z ' ) .  

x Jlml(P4dPlm'(cos P ) M 2 0 ( 4 )  (7) 

Here Ylm(P, y) are normalized spherical functions; J , ( p q l )  is 
the Bessel function of order 1.1; Pf(cosp) are the associated 
Legendre polynomials; cos /3 = qll/dqt + 41. From the expres- 
sion (7)  it can be seen that the amplitude ahi)m(p) is indepen- 
dent of the azimuthal angle of the vector p. 

From eq. (7),  the probability of the I s  -+ nlm excitation of 
the hydrogen-like ion by a heavy charged particle, wnlm(p) as a 
function of impact parameter in the first order perturbation 
theory is given by 

2 

x J , m , ( P d  Pl"l(C0S P)M20tq)l ' (8) 

From formulae (7) and (8) and the general expression for the 
associated Legendre polynomials [ 131 

T ( X )  = ( 1  -x2)"2 (2n)!  (X"-m 
2'n!(n - m)! 

- tn -m>(n - m  - 1) X n - m - 2  

2(2n - 1 )  

(n - m)(n - rn - l ) (n  - m - 2)(n - m - 3 )  
2.4(2n - 1)(2n - 3 )  

+-  

(9 )  X n - m - 4  - 

it follows that at high collision energies when 411 is small, the 
single-electron states with m = - I ,  - ( 1  - 2),  . . . , + ( I  - 2), 
+ 1 should be the most excited states. This statement is invalid 
for odd 1 at p = 0, because at p = 0 the states with m = 0 only 
are excited. From the expression for w$L(p)  it follows that at 
high collision energies E the probabilities of the transitions from 
1s to nlm states decrease with increasing E identically for all n.  

3. Excitation of parity-unfavored autoionizing states of helium 
by protons 

The electron wave function of the atom in the LSMLMs repre- 
sentation, QLSM can be recorded as a product of the coordi- 
nate aLML and spin Q S M S  parts of the wave function [14].  L . S  

Q L S M ~ M ~  = Q L M ~ Q S M ~  ( 1  0 )  

where the functions Q L M L  and QSMS are antisymmetrized and 
orthonormalized separately. The nuclear interaction potential 
is independent of spin variables and, hence, the spin parts of the 
wave function can be disregarded in the calculations of the 
matrix elements for the two electron transitions, because their 
product is unit. We shall not record them here. In the indepen- 
dent-electron approximation the coordinate parts of the elec- 
tron wave function of the Is2 ' S  initial and the nllln212 'L final 
states appear as 
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Here L ,  S, M L  and M s  are the total orbital angular and spin 
momenta of the final-state electrons and their projections upon 
the direction of the relative motion velocity v; (llm112mzl L M L )  
are the Clebsch-Gordan coefficients; N$~~~(Z*I  r) is the Coulomb 
wave function for the nlm state in the field of a nucleus with 
effective charge Z * .  The symbol int at the wave functions for 
the initial and final states indicates that the problem is treated 
in the interaction representation. 

From the results of [7]  we obtain the probability amplitude 
ALML(p)  of the proton-induced excitation of the nl l ln212 'LM,  
state as a function of impact vector p 

where ~ ~ . ~ . ~ . ( p )  is the probability amplitude for the I s +  
nj l jmj  transition of the j t h  electron of a He atom given by the 
relation ( 2 ) .  

If anlm( p) is determined in the first-order perturbation 
theory, the probability of the proton-induced excitation of the 
nlZ1nzlz ' L  autoionizing state of helium, as a function of impact 
parameter p will have the form 

I 1  I 

From the expression (14) and the property of the Clebsch- 
Gordan coefficients regarding the sign reversal of the projections 
mi, mz and M ,  it follows that in the excitation of the parity- 
unfavored autoionizing states nllln212 'L  of He atoms by protons 
the substates with M ,  = 0 remain unexcited. Moreover, the 
excitation probabilities of substates with M ,  = k K are the 
same, that is, the probability value depends solely on the 
modulus of the projection of the total electron orbital angular 
momentum. 

4. Results and discussion 

Using formula (14), we have computed the cross sections for 
the excitation of the autoionizing states 2p3p 'P, 2 p 3 d  ' D  and 
3p3d 'D of He atoms by protons in the collision energy region 
from 0.01 to 2 MeV. The excitation energy of one electron has 
been found from the effective charge Z *  of the He atomic 
nucleus, which, for all single-electron states under consider- 
ation, was set equal to  1.69. 

Figure 2 presents the results of the calculations of the cross 
sections for excitation of the autoionizing states 2 p 3 p  'P, 2p3d 
'D and 3p3d  ' D  as a function of proton energy. The calculation 
results show that in the excitation of the autoionizing states the 
dipole-quadrupole transitions prove to be stronger than the 
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Fig. 2. Cross sections for excitation of the 2 p 3 p  'P, 2 p 3 d  ' D .  and 3 p 3 d  
' D  autoionizing states of He atoms as a function of proton energy. 

dipole-dipole transitions over' the entire collision energies in 
question. This is accounted for by the fact that the dipole- 
dipole transitions 1s -+ 2pO - Is + 3p(i 1) and 1s + 2 p ( t  1) - 
1s -+ 3pO leading to  the 2 p 3 p  'P state are strongly suppressed 
due to interference since the amplitude phases of these tran- 
sitions differ by n. 

Figure 3 illustrates the energy dependences of the cross sec- 
tions for formation of substates with various ML for the auto- 
ionizing states 2p3d 'D and 3p3d 'D. Since in the excitation of 
parity-unfavored autoionizing states, substates with M ,  = 0 
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Fig. 3. Cross sections for excitation of substates with ML = 1 and 2 for 
the 2 p 3 d  'D and 3 p 3 d  'D autoionizing states of He atonis a s  a function 
of proton energy. 
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remain unexcited, the substate with I M L  I = 1 for the autoioniz- Acknowledgements 
ing state 2p3p 'P is the only excited state. As can be seen from 
Fig. 3 ,  the magnitude of the cross section for excitation of the 
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substate with M L  = 1 for the 2p3d ' D  and 3p3d ' D  states 
exceeds that for the substate with ML = 2, at E > 25 keV this References 
excess being as high as an order of magnitude and more. This 
behaviour of the excitation cross sections of the substates with 
M L  = 1 and 2 for the noted terms is accounted for by the pre- 
dominant role of one-electron transitions to the states with 
m = - I, - ( I  - 2), . . . , + (I - 2 ) ,  + 1. We demonstrate it using 
the excitation of the 2p3d ' D  state as an example. The excit- 
ation of substates with M L  = 2 proceeds via two dipole-quadru- 
pole transitions with the amplitudes whose phases differ by 71. 

The substates with ML = 1 result from three dipole-quadrupole 
transitions. The amplitudes of two of them, namely, I s +  
2 p ( -  1) - 1s -+ 3d2 and 1s -+ 2p l  - 1s + 3d0, for which the 
transitions of single electrons occur to the states with m = - I ,  
- ( I  - 2), , . . , + ( I  - 2), + I, are in phase. Therefore, in the 
case of the excitation of the subshells with ML = 2 the inter- 
ference leads to a stronger decrease in the cross sections as com- 
pared with the excitation of the substates with M L  = 1. The 
interference minima in the excitation cross sections of substates 
with ML = 2 for the 2p3d 'D  and 3p3d ' D  terms are pronounced 
in Fig. 3.  
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