
l em,  which i s  of in te res t  to the physics  of the S ta rk  ef- 
fect ,  can s e r v e  as the object of independent study. 

"Formulas of this type, but different from (4,6), were pro- 
posed without sufficient corroboration in Refs. 7 and 9. 

'L. D. Landau and E. M. Lifshitz. Kvantovaya Mekhanika 
(Quantum Mechanics), Nauka (1974) [Pergamon]. 

'H. A. Bethe and E. E. Salpeter, Quantum Mechanics of One- 
and Two-electron systems, Springer, 1958. 

3 ~ .  H. Rice and R. H. Good, J. Opt. Soc. Am. 52, 239 (1962). 
4 ~ .  Ya. Damburg and V. V. Kolosov, Asimptoticheskii podkhod 

k zadache Shtarka dlya atoma vodoroda (Asymptotic Approach 
to the Stark Problem for the Hydrogen Atom), Zinatne, Riga, 
1977; J. Phys. B 9, 3149 (1976); 11, 1921 (1978); 12, 2637 
(1979); Opt. Commun. 24, 21 (1978). 

' G .  F. hukarev ,  Zh. Eksp. Teor. Fiz. 75, 473 (1978) [SQV. 

Phys. JETP 48, 237 (1978)) 

6 ~ .  Feneuille, S. Liberman, J. Pinard, and P. Jacquinot, 
Compt. Rend. B238, 291 (1977); S. Liberman and J. Pinard, 
Phys. Rev. A 20, 507 (1979). 

'R. R. Freeman, N. P. Economou, G. C. Bjorklund, and K. T. 
Lu, Phys. Rev. Lett. 41, 1463 (1978). 

's. Feneuille and P. Jcquinot, Proc. 6th Conf. on Ateomic 
Physics, 1978, p. 636. 

'A. R. P. Rau, J. Phys. B 12, L193 (1979). 
'OL. D. Landau and E. M. Lifshitz, Mekhanika (Mechanics), 

Nauka, 1973 [ ~ e r ~ a m o n ] .  
H ~ .  Clementi and C. Roetti, Atomic Data and Nuclear Data 

Tables 14, Nos. 3 4 ,  1974. 
'%I. V. Beletskii, Kosmicheskie issledovaniya 2, 408 (1964). 
'=v. V. Beletskii, Proc. Conf. on Gen. and Appl. Problems of 

Celestial Mechanics, Nauka, 1972, p. 213. 
V. Beletskii, Ocherki o dvizhenii kosmicheskikh tel 

(Studies of the Motion of Cosmic Bodies), Nauka, 1977. 

Translated by J. G. Adashko 

Alignment of hydrogenlike atoms produced by electron 
capture in collisions of heavy charged particles with target 
atoms 

E. G. Berezhko and N. M. Kabachnik 

Nuclear Physics Research Institute of the Moscow State University 
(Submitted 3 1 January 1980) 
Zh. Eksp. Teor. Fiz. 79,409-421 (August 1980) 

We investigate the alignment of excited states of hydrogenlike atoms produced by electron capture in 
collisions of heavy charged particles with target atoms. The degree of alignment, as well as the degree of 
polarization of the photons emitted upon decay of the excited states, is calculated in the Oppenheimer- 
Brinkman-Kramers approximation for a number of concrete cases. The dependence of these quantities on the 
velocity of the incident particle is investigated for various charge ratios of the particle and of the target-atom 
nucleus. The effect of cascade population of the excited state on the polarization of the radiation is 
investigated. The calculation results are compared with the available experimental data. 

PACS numbers: 34.70. + e 

1. This  paper  i s  devoted to a theoret ical  study of the 
alignment of the excited s t a t e s  of a single-electron 
B"'-", which are produced as a resu l t  of capture of a n  
electron when nuclei B t Z  collide with t a rge t  a toms:  

B+z+A-.B+ ( z - t ~ + A  t (1 ) 

The ion B "-"* tu r n s  out to  be  in a n  aligned s t a t e  be-  
cause  of the differences between the probabilities of 
populating the sublevels with different values of thepro-  
jection Im I of the electron angular  momentum on the 
direction of the incident beam. The degree of align- 
ment of the excited s t a t e  de te rmines  the polarization 
and the anisotropy of the angular distribution of the r a -  
diation produced in the  success ive  t ransi t ions of the 
electrons to lower-lying states. ' 

The electron-capture c r o s s  sect ions in react ions (1) 
has recently been the subject of a t remendous number of 
theoret ical  as well as experimental  s tudies  (see,  e .g . ,  
Ref. 2 and the l i t e ra ture there in) ,  s ince  these react ions 
play a n  important role  in astrophysics ,  a tmosphere 
physics ,  and p lasma physics. Of part icular  in te res t ,  
in connection with the problem of impuri t ies  in thermo- 

nuclear  p lasma,  are investigations of the capture into 
excited s ta tes .  Since the c r o s s  sect ions for  capture 
into the excited s t a t e s  are determined in pract ice f rom 
the intensity of the radiation emit ted a t  a definite angle 
as a resu l t  of the decay of these s t a t e s ,  i t  i s  essent ial  
to know the angular  distribution of this  radiation. In 

addition, investigations of the excitation1 and ionization' 
of a t o m s  in collisions have shown that the study of the 
angular  distribution and of the polarization of the radia-  
tion can  yield additional information on the charge-ex- 
change p r o c e s s  itself,  and i s  therefore of independent 
theoret ical  interest .  

T h e r e  a r e  a t  p resen t  no published systematic  data on 
the alignment of the excited s t a t e s  produced in the elec-  
t ron-capture p rocess .  Measurements  of the degree of 

polarization of the L, emission of the hydrogen atom 
following capture of a n  electron by a proton in cer tain 
iner t  g a s e s  a r e  reported in Refs. 5 and 6. These data, 

however, a r e  not in agreement  and a r e  even contra-  
dictory.  Measurement  of the angular  distribution of 
the charac te r i s t i c  x radiation produced when a n  elec- 
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tron i s  captured by multiply charged fluorine ions in 
argon and helium have been recently reported. 

The polarization of the radiation was considered the- 
oretically only for electron capture by protons. In Ref. 
8 they calculated the radiation polarization of several 
hydrogen-atom lines in the process 

Using the first Born approximation and the impact-pa- 
rameter method, the authors of Ref. 8 have shown that 
the radiation is quite strongly polarized, and that the 
degree of polarization depends little on the energy of 
the incident proton. Close results were obtained in 
Ref. 9 for the same process by the method of strong 
coupling of the channels. Mapleton et al.1° investigated 
the polarization of the radiation of several hydrogen- 
atom Balmer-series lines excited upon electron capture 
in the reaction 

It turned out that in this case,  too, the polarization 
changes little with energy. 

The main purpose of the present study was an inves- 
tigation of the alignment of the excited states produced 
in the process ( I ) ,  a s  well a s  of the anisotropy and po- 
larization of the radiation a s  functions of the energy of 
the incident particles, of their charge, and of the prop- 
ert ies of the target atoms at sufficiently high velocities 
of the colliding particles. In addition, we investigated 
the influence of the cascade transitions on the polariza- 
tion of the radiation. This influence can be substantial 
when an electron is captured by a multiply charged ion 
in a collision with a complex atom. We describe the 
electron-capture process by the simplest Oppenheimer- 
Brinkman-Kramers (OBK) approximation. '1'12 Al- 
though the absolute values of the cross  sections obtained 
in this approximation a re  several times larger than 
those obtained in experiment, the OBK approximation 
yields the correct dependence of the cross  sections on 
the energy and the correct ratio for capture on various 
subs hell^.^ Moreover, introduction of simple correc - 
tions within the framework of this approximation leads 
to satisfactory agreement with experiment also with r e -  
spect to the magnitudes of the cross sections in a wide 
range of e n e r g i e ~ . ' ~ . ' ~  The OBK approximation is  
therefore still extensively used to interpret the experi- 
mental data. Our first calculations of the radiationpo- 
larization in the OBK approximation15 were in satisfac - 
tory agreement with experiment. Taking a l l  thefore- 
going into account, we hope to obtain, using the OBK 
approximation, the correct principal regularities of the 
alignment of the state and of the polarization of the r a -  
diation. 

2. To describe the polarization properties of the ex- 
cited states of an atom B+"-", which a r e  produced in 
the reaction ( I ) ,  we use the polarization-tensor formal- 
ism (see, e. g. , Ref. 16), which i s  widely used in nu- 
clear physics. The polarization tensors pkx( j , j t )  a r e  
constructed on the basis of the density matrix (jnz lp I 
x j'm ') in the representation of the total angular momen- 
tum j of the system: 

where ( j , m j  ,m, Ij,m3) a r e  Clebsch-Gordan coefficients; ' 

the summation in (2) i s  over a l l  the values of the pro- 
jection of the angular momentum m on the quantization 
axis z .  

The symmetry properties of the system determine the 
number of independent nonzero components of the ten- 
so r s  p ( , j  If unpolarized particles take part  in the 
process (1) and the atoms in the final state a r e  not 
registered, the excited state of the hydrogenlike atom 
B + ( Z - ~ )  turns out to be aligned relative to the direction of 
the incident beam. (We choose this direction to be the 
quantization axis). In an aligned system, only the com- 
ponents of the polarization tensors of even rank with 
n= 0 differ from zero. l6 

The polarization tensors determine completely a l l  the 
polarization and correlation characteristics of the sys- 
tem decay products. Thus, the angular distribution of 
the dipole photons emitted in the decay of an aligned 
system i s  defined by the expression4 

where W,, i s  the total probability of decay per unit 
time, 4, = ~ , , ( j ,  j)/poo(j, j) is  the degree of alignment 
of the initial state with angular momentum j ,  and 
P,(cosB) i s  a Legendre polynomial. The coefficient a, 
depends only on the values of angular momenta j and j ,  
of the initial and final states,  respectively4: 

Here {:I:} is the Wigner 6j-symbol and =- (2j + 1)"'. 
The same sole parameter dz0 determines also the de- 
gree of linear polarization of the photons: 

In the OBK approximationchosen by us ,  the electron 
capture is  due to the spin-independent Coulomb inter- 
action. We neglect therefore the spins of theparticles 
in the first  stage of the calculation. The question of 
the influenceof the fine and hyperfine splitting will be 
considered specially later on. In the absence of spins, 
the polarization state of a single-electron atom will be 
described by a set of polarization tensors p,,(l,l) that 
a r e  connected with the density matrix (Inz lp I Irn ') in the 
representation of the orbital momentum 1 of the elec- 
tron by an equation similar to (2). We normalize the 
density matrix to the cross  section for the capture of 
the electron in an excited state, and then we have for 
the density -matrix elements" 

where Fn,m(nolomok,kf) i s  the amplitude of the process of 
electron capture from the state nolorno to the state nlnz 
on scattering of an incident particle with momentum 
ki into a state with momentum kf by the target atoms. 
The summation in (6) means that we take into account 
the contributions of all  the target-atom shells. 

In the OBK approximation, in which ,account i s  taken 
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of only the Coulomb interaction of the incident nucleus 
with the captured electron, and in the single-particle 
model of the atom, the amplitude of the process can 
be expressed in the form 

~ n l m ( n o ~ o m o k , k t )  = - 2 n Z ~ t ( B Z + W . 1 )  'l'.,z.,(A) Y , , , (B) .  (7) 

Here llf i s  the reduced mass of the system in the final 
state, gnl is the binding energy of the electron in the 
hydrogenlike atom B+"-", @nlm(Q) is the wave function 
of the electron in the momentum representation, and the 
vectors A and B a r e  connected with the vectors of the 
incident-particle momenta in the initial and final states 
by the relations 

A=MAki/(M,+l) -kt,  (8) 
B=k,-M,k,/ (MB+l), (9) 

where ME and M A  a r e  the mass of the incident particle 
and the mass of the ion A+ (the electron mass isunity ). 
Substituting (7) in (6) and in (2) and summing over the 
projections of the angular momenta, we obtain 

Here vi i s  the velocity of the incident particle, P,(cos@) 
is a Legendre polynomial, 0, is  the angle between the 
direction of the vector Band the z axis, and Rn,(Q) i s  
the Fourier transform of the radial wave function: 

where j , ( x )  i s  a spherical Bessel function and Rn,(r)  
i s  the radial part of the single-particle wave function 
of the electron. 

Using (8) and (9) and the energy conservation law, we 
easily obtain an expression for the cosine of the angle 
8, : 

Iit2+B'-MBLk,'/ (:MU+ 1)' 
cos 0s = 

2k,B 
(12) 

and readily establish the connection between iA i and 
IBi: 

The integration limits in (10) a r e  determined from the 
relation (8): 

Using (10)-(14) we can calculate the polarization ten- 
so r s  for capture of an electron by any shell nl of the 
incident ion. 

3. To clarify the qualitative features of the behavior 
of the alignment of the ion a s  a function of the param- 
eters of the problem (the velocity of the incident par- 
ticle and the ratio of the particle charges), we consider 
the following simple problem. Let a particle with 
charge Z capture in the 2p state an electron from a 
filled shell of the target atom with principal quantum 
number no, which we describe by hydrogenlike functions 
with effective charge Z,,,. Then, using the relation17 
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where a =  Z,,,/n,, we can integrate (10) analytically and 
obtain the following expression for the degree of align- 
ment: 

'I p = -  ZL', 
, us-- Z l  S =  (Ze+,/Z)' n2/n0'-1 + u,. 

4 ~ 1 4 ~  U ,  
(17) 

In the range of velocities zli where the capture cross  
section is large  enough (ui-l) ,  we have p<< 1 and there- 
fore, neglecting the terms -P and P2, we obtain a sim- 
ple expression for 4,,: 

We note that the numerical comparison has shown that 
Eq. (18) approximates expression (16) with goodac- 
curacy in the region of applicability of the OBK approxi- 
mation. 

If Z -CZ,,,/n,, then s2 i s  always larger than unity and, 
accordingto (181, the degree of alignment, and hence 
also the polarization of the radiation, i s  a slowly vary- 
ing single-sign function of the velocity. At high velo- 
cities, ui >> 1, 

At Z Z,,, the alignment can change considerably with 
velocity, and can even reverse sign. An estimate with 
the aid of (18) shows that the reversal of the sign of the 
alignment and of the polarization can occur under the 
condition 

FIG.  1. Degrees of alignment of the 2p (a), 3p (b, solid lines), 
and 3d (b, dashed) s ta tes  vs. the reduced velocity of the inci- 
dent particle for different values of the ratio z / ( Z , ~ ~ / ~ ~ ) :  a) 1- 
1.0; 2-1.667; 3-2.0; 4-2.5; 5 4 . 0 ;  b) 1-1.0; 2-2.0; 
3 4 . 0 .  
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Figure l a  shows the dependence of the degree of align- 
ment of the state 2 p  on the velocity of the incident par-  
ticle for different ratios of 2 and ~,,,/n,. The case 
Z/(Zeff/no) = 1 corresponds to that considered in Ref. 
8. It i s  seen that in all  cases the alignment reaches 
large values and can reverse sign a t  large 2. 

We can similarly obtain simple expressions for the 
alignment of the states 3p and 3d: 

The corresponding curves for three different values of 
2/(Ze,,/n,) a r e  shown in Fig. lb. 

4. We consider now the influence of the fine and hy- 
perfine level splittings of a hydrogenlike ion on the 
alignment of the ion and on the polarization of the ra- 
diation. This question was first  considered in Ref. 18 
for a case when the radiation registration time is much 
longer than the lifetime of the state. A generalization 
of this theory to the case of an arbitrary ratio of these 
times was carried out in Ref. 19, and i s  directly ap- 
plicable to the charge-exchange processes considered 
here. A survey of the entire problem a s  awhole can be 
found in Ref. 1. 

The excited state of the ion becomes oriented on ac- 
count of the alignment of the orbital angular momentum 
of the electron during the course of its Coulomb inter- 
action with the incident nucleus. The spin orbit (SO) 
and hyperfine (HF) interactions lead to a certaindepol- 
arization of the state. The physical cause i s  the pre- 
cession of the orbital angular momentum under the in- 
fluence of the interaction. We note that the principal 
results of the theory of depolarization a r e  common with 
those of the theory of perturbed angular correlations 
in nuclear spect ros~opy,2~ since the physical gist of 
these phenomena i s  the same. 

It can be shown that allowance for the SO interaction 
makes it necessary to multiply the polarization tensors 
p,,(l,Z) contained in the quantity d2(, in Eqs. (3) and (5) 

This means precisely that the splitting of the energy le- 
vels on account of theSO interaction leads in fact to de- 
polarization of the excited state. We shall therefore 
name D, the depolarization coefficients. 

In the limiting case when the interaction is  weak and 
the level splitting i s  much less  than their width, w j j .  
<< y,, c,, ,, - O,D, - 1 -exp(-y, At), the depolarization 
coefficient i s  independent of k and consequently neither 
the angular distribution nor the polarization changes 
when account i s  takenof the SO interaction. 

In the other limiting case,  when the level widths a r e  
much less  than the distances between them: 

only t e rms  with j = j ' a r e  left in the sum over j and j ', 
i. e., the fine-structure levels a r e  incoherently excited, 
and their emission i s  simply the sum of the emissions 
from each of the sublevels. In this case,  if the experi- 
mental resolution permits separation of individual fine- 
structure lines, it is  convenient to use the polarization 
tensors for each sublevel of the fine structure pkx(j,j), 
which a r e  connected with the orbital-momentum polar- 
izationtensors by the relation (see,  e.g. ,  Ref. 16) 

The depolarization coefficients depend on the photon 
registration time t ,  i. e . ,  on the construction of the con- 
crete experimental setup. In concrete calculations we 
shall hereafter always assume that this time i s  long 
enough, At >> l /y ,  , and then obtain D, the simpler ex- 
pression 

We point out finally that if the HF interaction must be 
taken into account, this can be done by replacing the 
depolarization coefficient by 

by the additional factors D,(l): 

1 1  
, (26) 

[ I-e+p(-yrAt) 
where F is the total angular momentum of the ion, in- 

~ ( c o i  (,), . l t - ~ ,  sinc4),,.At)], (23) cluding the spin I of the nucleus: F =  I + j .  
where wj, ,  = (E, - E,,) i s  the distance between the fine- 
structure levels, y, is  the decay width of the excited 
state, cj j ,= wj j , / y1 ,  and At i s  the time during which the 
photons a r e  registered, starting with the instant of for- 
mation of the excited state, i. e . ,  the time during which 
the excited atom moves in the field of view of the r e -  
cording apparatus. 

Equation (23) i s  derived in Ref. 26 in a rather simple 
manner, using the polarization-tensor formalism. 
Equations analogous in meaning and close in form 
a r e  obtained also in Refs. 19 and 20, but by other 
more cumbersome procedures. 

It is  easily seen that the factor ~ ~ ( 1 )  lies in the range 
0 D, 1 (we recall that 

5. Before we proceed to discuss the results of the 
calculation for concrete cases and to compare them with 
experiment, we examine the role of two-stage cascade 
processes. The investigated state can be populated not 
only by direct capture of an electron, but also by cap- 
ture f roma  higher state followed by decay with transi- 
tion to the investigated state. Naturally, the alignment 
of the latter will differ considerably from the case of 
direct population. In the particular case, a two-step 
process via an intermediate state with 1 = 0 produces 
no anisotropy whatever, and the contribution of this 
process leads to a decrease of the totalalignment. The 
degree of the influence of a two-stage process is  deter- 
mined by the ratio of the lifetime ri of the intermediate 
state and the observation time At, i. e . ,  it depends on 
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the p a r a m e t e r s  of the concrete  experimental setup. 

Since we do not know the p a r a m e t e r s  of the experi-  
mental  setups used in the experiments  of in te res t  to 
u s ,  the calculations p resen ted  below w e r e  performed 
f o r  the following two limiting cases :  In the  f i r s t  c a s e  
the cascade population of the considered s t a t e  was  d i s -  
regarded.  In p rac t ice  th i s  corresponds t o  a n  experi-  
ment in  which &/T ,  >> 1 f o r  a l l  s t a t e s  nili located above 
the considered s tate .  In the second calculation variant  
it  was  assumed that the t i m e  At i s  long enough, s o  that 
& / T ,  >> 1 a t  l eas t  f o r  a number of closely lying levels .  
In this  c a s e  the  polarization t e n s o r s  of the investigated 
s t a t e  can be  approximately calculated f r o m  the formula 

where y,. , and yli  a r e  the par t i a l  and total  widths of the 
i-th levei.  (In the derivation of this  formula we have 
assumed that the distance between the f ine-structure 
levels i s  much l a r g e r  than t h e i r  widths, ojj. >> y, a n  
assumption valid in the c a s e s  considered below. ) Un- 
derstandably, these two var ian t s  a r e  two limiting cases .  
Their  comparison p e r m i t s  a n  es t imate  of the influence 
of the cascade population on the alignment of a n  ex-  
cited s ta te  of a hydrogenlike a tom,  a s  well as on  the  
angular distribution and polarization of the emit ted 
photons. 

6. We have calculated the alignment and polarization 
of the radiation for  the  2p - 1s transi t ion in the hydro- 
gen atom and in the hydrogenlike ion F'8, which a r e  
produced a s  a resu l t  of charge exchange in the collisions 
p + N e ,  p + A r ,  F f g + H e ,  and F f + A r .  T h e t e n s o r s  
pko( l ,  1) and p,:(l, 1) w e r e  calculated f r o m  formulas  (10) 
and (27). Wave functions in the Hartree-Slater  approxi- 
mationZ1 for  the Ne and A r  a toms  were  used  and Har-  
t ree-Fock wave functions w e r e  used  for  the He atom. 

The dis tances between the levels  of the fine and hy- 
perf ine s t ruc tures  fo r  the  hydrogen atom, and the 
transition r a t e s ,  which a r e  needed f o r  the calculation 
of the depolarization coefficients D, and the tensors  
p, E, w e r e  taken f r o m  ~ o b e l ' m a n ' s  book." We presen t  
the values of the coefficients 6, f o r  the investigated 
c a s e  of the 2p s ta te  of hydrogen. Allowance f o r  the 
fine splitting f s e e  (25)] yields qO= 0.3333. Allowance 
for  the hyperfine splitting f o r  this  c a s e  produces only 
a s m a l l  change in 6 , ,  V ~ Z .  , 8,HF = 0.3364. Since both 
the magnitude of t h e  fine splitting and the decay r a t e  
a r e  proportional to  Z\ the coefficient 2' will have the 
s a m e  value for  any Z [i. e .  , a l s o  for  F'8(2p)] . On the 
other  hand, s ince the hyperfine s t ruc ture  i s  -ZS, i t s  
influence will d e c r e a s e  with increasing 2. In the c a s e  
of Ff8(2p), it i s  negligibly s m a l l  (< lo+) .  

F igure  2a shows the r e s u l t s  of the calculation of the 
t ensors  dzo and d& f o r  the 2p s t a t e  of the hydrogen atom 
produced in the  reaction p + Ne, a s  a function of the 
energy Ei of the incident proton. Our  calculation, 
based on the OBK approximation, can c la im to descr ibe  
the phenomenon cor rec t ly  only if the proton velocity 
exceeds that of the captured electron,  i. e .  , a t  Ei > 20 
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FIG. 2 .  Degree of alignment of the ?p state of the hydrogen 
atom (a) and degree of polarization of the La line (b) in p +Ne 
collisions, a s  functions of the incident-proton energy. The 
letter Z marks curves calculated with allowance for cascade 
population of the 2p state via 3s, 3d, and 4s states (0-data of 
Ref. 5, a-data of Ref. 6). 

keV. To i l lustrate  the method, however, we present  
the calculation resul t  a l s o  f o r  lower energies .  The 
tensor  was  calculated without allowance f o r  cascade 
population, while dFo w a s  calculated with account taken 
of cascade  population f rom the 3 s ,  3d, and 4 s  s ta tes .  
T h e  contributions of the o ther  s t a t e s  were  neglected. 
It i s  seen  that the tensor  4, has  the s a m e  sign in a 
wide energy range,  in  agreement  with the conclusion 
of Sec. 3, and i ts  value var ies  lit t le and deviates no- 
where great ly f rom the maximum (absolute) value. 
(Using expressions (2) and (6), it i s  easy to  establ ish 
the following relat ion between the degree of alignment 
d,,, f o r  the 2p s t a t e  and the c r o s s  sect ion 0(2p?n) fo r  
cap ture  into a s t a t e  with a definite projection nz of the 
orb i ta langula r  momentum on the z axis:  

It is s e e n  f r o m  th i s  equation, in par t i cu la r ,  that .d,, 
can vary  in  the range f rom -J2 to  ljfl.) 

It i s  seen  f rom Fig. 2a that allowance f o r  the cascade 
population changes quite strongly the c o u r s e  of the de- 
g r e e  of alignment. The tensor  d& i s  s m a l l e r  inab-  
solute  value than dFo in the en t i re  energy range,  and 
when the  energy 1s increased  to Ei  ,- 100 keV the value 
of d fo  tends rapidly to z e r o .  The reason  i s  that in this 
energy region the 2p s t a t e  i s  populated mainly via the 
3s  and 4 s  s ta tes .  This  i s  easily understood by s tar t ing 
f r o m  Eqs.  (8)-(14): when the energy i s  high and in- 
c r e a s e s ,  A,,,,, and the associated quantity B,,, increase.  
And s ince ,  with increasing B, the Four ie r t rans form 
in expression (10) which i s  the slowest to decrease  with 
increasing B i s  R , , ( B )  a t  I =  0 ,  the resul t  i s  that a t  very 
high energ ies  Ei the capture into the 12s s ta tes  predom- 
inates. In this  c a s e  &go tends to z e r o ,  s ince thepop- 
ulation of the 2p s t a t e s  via the s s ta tes  makes  no con- 
tribution to the alignment tensor  pfo. 

F igure  2b shows the values of the degree of polariza- 
tionof theL,  line. The two theoret ical  curves were  
obtained f r o m  Eq. (5) using the tensors  a!:, and d& 
( a z  = 1jJZ) .  The experimental  values were  taken from 
Refs. 5 and 6. 
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FIG. 3. The same a s  in Fig. 2, but for p + A r  collisions. 

Similar results a r e  shown in Fig. 3 for the case p 
+Ar.  The character of the energy dependence of the 
tensors d2" and eo i s  here the same a s  in the preceding 
case. 

As seen from the figures, in both considered cases 
the degree of polarization of the emission of the hydro- 
gen La line is  quite appreciable (about 30%) and varies 
little with energy. Allowance for the cascade popula- 
tion decreases the polarization somewhat, and within- 
creasing energy the influence of the cascade transi- 
tions increases and the polarization decreases. Un- 
fortunately, the available experimental data5r6 were ob- 
tained mainly a t  energies for which the approximation 
used by us  is not valid. We note that the data of these 
two papers5v6 differ greatly from one another, and in , 
the region of the highest measured energies E,  > 10 keV 
the experimental datadiffer even in sign. Our cal- 
culation confirms more readily the results of Ref. 5. 

At low energies (E i  < 10 keV) an additional maximum 
is observed in the cross  section of electron capture 
from Ne and Ar into the 2p state. 23 In Ref. 24 was con- 
sidered a stepwise electron-capture mechanism, con- 
sisting of capture in the 1s state followed by excitation 
of the 2p state. This mechanism explained the pre- 
sence of the additional maximum. It i s  useful to esti- 
mate the alignment of the 2p state for this mechanism. 
It i s  clear that alignment can occur only during the sec- 
ond stage, in the 1s-2p excitation. On the other hand, 
a s  shown in Ref. 25,  at low velocities only transitions 
at Anz = O  a re  possible in the excitation process. In 
our case this means that at low energies of the incident 
proton only the sublevel with projection m = 0 will be 
populated in the 2p state. This, a s  follows from (28), 
yields an alignment limit d,, =-a. The same value, 
a s  seen from Eq. ( lo) ,  i s  obtained in the OBK approxi- 
mation. This coincidence i s  apparently accidental, but 
it does give grounds for hoping that the curves calculat- 
ed by us show correctly the dependences of the align- 
ment and of the polarization on the energy. 

Figure 4a shows the calculated degree of alignment 
of the 2p state of the F" ion produced in collision of 
F+' nuclei with He atoms. The curves labeled by the 
letter C corresponds in this figure to the value of the 
alignment tensor calculated with allowance for popula- 
tionvia the 3s, 3d, and 4s states. The same, but for 
the case of F+' + Ar, is shown in Fig. 4b. 

FIG. 4. Degree of alignment of @ state of F+' ion produced in 
F+ +He (a) and F+ +Ar (b) collisions. The letter Z marks the 
curve calculated with allowance for  population via 3s, 3d, and 
4s states. The experimental point (4) was obtained from the 
data of Ref. 7. 

In contrast to the case of capture by a proton, for  
electron capture by F'9 nucleus one could expect a re-  
versal  of the signs of the alignment and of the polariza- 
tionof the radiation with change of energy. Indeed, in 
the case of F i g  + He the inequality (20) is  satisfied with 
some margin. In the case F+ '+Ar it does not holdonly 
for the K shell. Therefore in the energy region where 
the main contribution to the ~' '(2p) production i s  made 
by the higher shells of the Ar atom one should expect a 
reversal of the sign of 4,. Calculation by formula (10) 
(see Fig. 4) has confirmed our expectations. In the 
case F" + He the alignment i s  positive at energies close 
to 10 MeV and negative at lower and higher energies. 
In the F f  ' + Ar case,  positive value of the alignment 
a r e  obtained at energies 300 keV-5 MeV. 

The 4, and dgo curves of Fig. 4b differ little in the 
entire represented energy region. The picture is  dif- 
ferent in the case of He atoms (Fig. 4a). The d2,, and 
d;- curves differ greatly in the entire represented ener- 
gy region, owing to the substantial contribution of the 
cascade population at all energies. 

In both figures, the points at energy Ei = 33 MeV mark 
the values of d,, obtained by recalculation, with the aid 
of Eq. (51, from the experimental values of the degree 
of polarization of the 2p - 1s line of Ft8, taken from 
Ref. 7 .  In both cases, the theory and experiment agree 
very well. 

7. Investigations of the alignment of excited states 
yield additional information on the capture of electrons 
by fast ions. Simple calculations reveal qualitatively 
different dependences of the degree of alignment on the 
velocity for different pairs of colliding atoms. In some 
cases,  a substantial influence of cascade transitions is  
predicted. An experimental investigation of the align- 
ment of the excited stateby measuring the polarization 
o r  the angular distribution of the subsequent radiation 
can be a useful means of studying the electron capture 
process. 
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silicon subjected to a magnetic field 
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An investigation was made of the luminescence spectra of excitons bound to phosphorus atoms in silicon. A 
magnetic field of 18-55 kOe intensity directed along the [001] and [ I l l ]  crystallographic axes was applied to 
the samples in the Faraday and Voigt configurations. The values of the electron (g, = 2.0) and hole (g , = 0.83, 
g ,  = 0.22) g factors and the diamagnetic shifts were determined; these were found to depend on the initial 
state of holes in bound excitons. The amplitudes of the Zeeman components in these spectra were in 
satisfactory agreement with the calculations carried out using the shell model approximation for bound 
excitons. 

PACS numbers: 7 1.35. + 2, 78.55.Hx, 78.20.Ls, 7 1.70.Ej 

1. INTRODUCTION 

Recent progress in the understanding of the structure 
of many -particle exciton-impurity (EI) complexes' has 
largely been due to the application of the shell model 
proposed in Refs. 2 and 3. In particular, this model has 
made it possible to interpret satisfactorily the main 
features of the luminescence spectra of EI complexes in 
silicon subjected to magnetic However, we 
must bear in mind that the luminescence bands of EI 
complexes formed a s  a result of binding m excitons to 
neutral group 111 o r  V atoms in silicon have a fine 
structure if rn > 1 even if there a re  no external pertur- 
b a t i o n ~ . ~  Separations between the individual components 
of a luminescence band can reach 200 peV, i.e., they 
a r e  comparable with the separations between the Zee- 

man components in magnetic fields H S  50 kOe. The 
Zeeman spectra of EI complexes can be interpreted 
simply if we know exactly the constants (in particular, 
the electron and hole g factors) representing the initial 
and final states of bound carr iers  in magnetic fields. 

We must bear in mind that, in the case of EI com- 
plexes bound to donors in silicon, the @-series lumi- 
nescence lines2v3 appear on recombination of electrons 
from the state TI  in which there cannot be more than 
two electrons and which is  filled even for a bound exci- 
ton if m = 1. We shall assume that the necessary con- 
stants can be determined sufficiently accurately by 
analyzing the Zeeman spectra of excitons bound to neu- 
t r a l  donors in silicon (i.e., by analysing the spectra of 
EI complexes with wr = I ) ,  which can then be used to 
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