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The cross section for K-electron loss by fast helium-like H~ He 0 , Li +, and Be 2 + ions and also by Be 
atoms colliding with hydrogen or helium atoms is calculated in the nonrelativistic Born approxima
tion for particle velocities lying between 0.6 x 108 and 60 x 108 em/ sec. Simple approximate for
mulas are derived for the cross section for K-electron loss by arbitrary particles. The results 
are compared with similar ones for hydrogen-like particles. A theoretical explanation is given of 
the experimentally observed identity of the mean cross section for electron loss on the external K
and L-shells for ions with equal ionization potentials. 

1. INTRODUCTION 

UNTIL recently, the cross section for electron loss by 
fast ions with an arbitrary nuclear charge z colliding 
with neutral atoms were calculated for a wide range of 
relative velocities v of the colliding particles only for 
the hydrogen-like atoms colliding with hydrogen and 
helium atoms [IJ. In the present paper are given results 
of similar calculations of the cross section for the elec
tron loss by the helium-like particles H-, He0 , Li+, and 
Be 2 +. 

The computations were done using the Born approxi
mation. The hydrogen-like wave functions for electrons 
in a Coulomb field of an effective charge Z*e 
= ( Z - 0.312 )e C2J were used as the wave functions for 
the initial and final states of the electron. The differ
ence between the actual binding energy I of the elec
tron and the binding energy mv~ Z *2/ 2 in a Coulomb 
field of a charge Z*e was taken into account, as usual, 
by introducing a parameter of external screening 
8 = 2I/mv~Z*2,c 2, 3 J where m is the electron mass and 
vo = e2/ n is the atomic unit of velocity. 

The possibility of using the Born approximation in 
the calculations of the cross section for the electron 
loss by ions colliding with neutral atoms was discussed 
in [IJ. In the case of electron loss by helium-like parti
cles colliding with neutral atoms having a nuclear 
charge Z * e, the Born approximation is correct only 
for particTes with an effective charge Z* :s Zm and 
with v > Zmv0 , and for ions with Z* >> Zm and 
v 2 (0.1 to 0.2) Zvo. 

2. GENERAL FORMULAS THE K-ELECTRON LOSS 
CROSS SECTIONS 

In a manner similar to that used in [I], we shall ap
ply to the electron loss processes the known expression 
for the inelastic -scattering cross sections in the Born 
approximation using the sum rule for the total cross 
section for K-electron loss by ions with two K-elec
trons,C4J and obtain the following expression: 
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( 1) 

where ao = n2/ me2 is the atomic unit of length; 
q = Qao/Z*, Q is the change of the ion wave vector as 
result of the collision; k = Kao/Z*, where K is the 
wave vector of the final-state electron at a large dis
tance from the ion; F is the atomic form factor. For 
hydrogen and helium atoms F = [ 1 + (Qa0 /2Zrii) 2 ] - 2 , 

where Zfu.e is the effective nuclear charge (for hydro
gen atoms Zrii = 1, and for helium atoms Zrii = 1.688 ). 

An equation for Ekq was derived in [s,aJ in a de
scription of the unbound (final) electron state by means 
of a non-relativistic Coulomb function 

Bkldk = 

25Gq2 (q2 -j- 1/:,k'-J- 1/ 3) [ 2 2/c J 
= (i --e_,;;/,-)T(y~c2+ 1)' + 4k']:l exp - karctg q'- k' + 1 kdk. 

(2) 
The limits of the integration over q and k in ( 1) 

are determined by the laws of the energy and the mo
mentum conservation. The change of the relative 
particle velocity in the considered collisions is much 
smaller then its absolute value ( Av « v), and, there
fore we have for the limits of the integration 

D.Eao 
qmin = z•vfi I 

(3) 

where AE is the change of the internal energy of the 
colliding particles and M is the reduced mass of the 
system. The cross section for the electron loss is 
practically independent of q, and therefore one can 
assume that qmax = ""· 

According to Arthurs and BatesC 7 , 3 J one should 
assume for the ionization of any atomic particle that 
kmin = 0. Therefore kmax can be determined from the 
equation 

(4) 

where <lEm is the internal energy change of the atoms 
of the medium. 
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The first of the two terms in ( 1) corresponds to 
pseudoelastic collisions that leave the atoms of the 
medium unchanged, and the second corresponds to 
pseudoinelastic collisions that excite or ionize the 
atoms of the medium. Hence for the pseudoelastic part 
of the cross section aez, for which LlEm = 0, we have 

Z 2 Q;l d f2qs-e/lz 

Gel= 16;tao2 ( --,--;;m_) \ ( 1- F) 2 -~ \ cko" elk, ( 5) ' z 2s e)~s rr . 
where s = v/Z*vo. 

For s « e, the main contribution to aez is made by 
the collisions with q ""' 8/2s and k ""' 0, for which 
Ekg = 28/kg- 8 • Therefore for s « 0 and s < ez*/ 4Zrii, 
wlien the values of ( 1 - F) 2 are close to unity for 
q""' 8/2s, the limiting expression obtained for aez 
agrees with the limiting equation for the cross section 
for the knockout of the K-electron by the nucleus C2J: 

220 

GeJ= 45 Jtao2ZJ s 8/Z''89• ( 6) 

Taking into account the properties of the quantity 
Ekq' in analogy with the procedure used in['J, we get 

for the value of aez in the high velocity region s 2- 3 

( z \'r'r dq '· aq, 
rret= 16nao2 -z·~ It .1 (1- F) 2 -, + 0,28 ~ (1- F) 2 - J (7) 

1 q (1/ 4+8)/2s q 

For Z* = Z and e = 1, formula (7) agrees with the 
corresponding expression in [lJ for the doubled 
cross section for K-electron loss by hydrogen-like 
ions. 

From (7), recognizing that ( 1 - F) 2 is close to 
Z*2q2/2Z*2 when q < Zrii/Z and is almost unity, when 
q > 2Z~ /z, we get that for s > 3 the following rela
tions hold with an accuracy of 15%: for ions with 
Z* :s 2/3Z~ 

zz 
at= 4na02--m- (1- Z ' 2/2s2Z'2) · 

e z~~Z*2s:!. m ' 

for ions with Z* = ( %-%)Zrii 
zz 

O"e!= 3nao2Z~ ;,382 (1- 2Z~ /3s'Z'); 

for ions with Z* ~% Z* m 

cre1 = 8nao2 (-Zm ) 2
{ 1--1- + 0,56lnA }. 

\ Z* 2s 4s2 

where A is equal to the smaller of two quantities 
Z*/2Zrii or Ss/( 1 + 48 ). 

For the pseudoinelastic part of the cross section 
we have: 

k 

Zm 'f dq mt" 
Gmel= 16:rtao2 (Z'' )Z J (1- F2) 3 .I ekq2 dk, 

' S qmtn q 0 

(Sa) 

(Sb) 

(Se) 

(B) 

where kmax = ( 2qs - e - 2~Em/Z*mv~)'12, and qmin 
is determined from the equation kmax = 0. At the same 
time ~Em = Im + ti~-:U/2m, where Im is the electron 
binding energy in the atoms of the medium, and k is 
the wave number of an electron emitted by the atom of 
the medium. For tiQ > Z!riv0 , i.e., for q > Z~/Z*, 
we have according toC 1J kfu_ = Q2 = (qZ*/ao) 2 and qmir. 

= s - ( s2 - e - Im/Z*2Io)'12, where Io = mvU2. 
Equation (9) holds for s 2": [3(8- Im/Z*2I0 )] 112, 

when according to [l] kmax exceeds q in a wide range 
of q, from q1 to q2, such that q2/ q1 2- 3. At lower 
velocities, Eq. (9) with kfu. = Q2 gives too low values of 
aineb as shown in [ 1J. For s < 1, the contribution of 

ainel to the total cross section for electron loss aez 
+ ainel is negligible, since in tha~ velocity region 
ainel « ael· In the same way as (7) results from (5), 
we get from ( 9) for s 2": 3 

Zm { ·~ dq 'r = dq } ( ) a1·net= 16nao2--- (1- F2)-:- + 0.28\ (1- r-)- , 10 
(Z''s) z ' q' ~· q 

where q' = ( Y4 + e + Im/Z*2Io)/2s. 
Taking it into account that for q > Z rii / Z * quantity 

( 1 - F2) is close to unity and for q « Z~/Z* it is 
close to (Z~q/Zrii) 2, Eq. (10) yields for s > 3, with 
an accuracy 15%, for ions with Z* = ( 0.1-0.6) · 2Z!ri 

Zm { 5 z,; } ( lla) 
<JineF 6.4:rtao' z•a Zm'ii 1 - 4 z• s2 ' 

and for ions with Z* 2- 0.6 · 2Z~ 

Zm } c- t= 8nao2 -- {1 - s-2 + 0.56ln B me (Z'2s)2 ' 
(llb) 

where B is the smaller of the quantities Z*/Z~ and 
2s/( e + Y4 + Im/Z*2Io). 

Since e :s 1, and since decreasing e widens the 
range of the possible values for k and q, which are 
the variables of the integration in the general expres
sion for the K-electron loss cross section, it follows 
that for any velocity the K-electron loss cross section 
(a( m, Z*, e, v) for ions with two K electrons ( m = 2) 
is not smaller than the doubled cross section for elec
tron loss by hydrogen-like atoms ( m = 1, e = 1) with 
a nuclear charge equal to the effective charge of the 
considered ions, i.e., a(2, Z*, e, v) 2- 2a( 1, Z*, e, v). 
For high velocities, as follows from (S) and (10), the 
quantity a(2, Z*, e, v) practically coincides with the 
doubledvalueof a(1, Z*, 1,v). Thereforeforhigh 
velocities we have 

cr(2,Z',8,v) < 2cr(1,Z'Y9. 1, >'), 

i.e., the considered cross sections are smaller than 
the doubled cross sections a( 1, Z*fi, 1, v) for hydro
gen-like particles with charge Z* fe, the electron 
binding energy of which agrees with the electron bind
ing energy of the considered ions. From the approxi
mate relation for the ionization cross section in the 
collisions with the unscreened nucleus with s < 1, 
given in the review article by Merzbacher and LewisC2J, 
it follows that in the velocity range where aez is pro
portional to vk, we have aez(2, Z*, e, v) 
= 280!a(1, Z*/8, 1, v), where a= 1- k/2. Therefore 
for very small velocities, when k = S, just as it was 
obtained from (6), we get 0! = -3. In the high-velocity 
region the inverse dependence of cross sections on e 
is observed at fixed values of the binding energies of 
the lost electron: for ions with large charges Z *, ac
cording to (Sc) and ( llb), the exponent 0! is close to 
unity, and for ions with small charges Z*, according 
to Eqs. (Sa) and (lla), we have 0 <a< 0.5, i.e., 
0 < 0! < 1 for all ions. 

3. DISCUSSION OF THE RESULTS 

Using (5) and (9), we calculated the cross sections 
for K-eleetron loss by helium-like ions H-, He 0 , Li +, 
Be2+ in collisions with the atoms of hydrogen and 
helium, and the K-electron loss cross section for atoms 
of beryllium scattered by helium atoms. In these cases 
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FIG. I. UeJ (2,Z*, 0; v) vs. v/v0 in hydrogen and helium. The 
ions are indicated next to the curves. The dashed line shows the 
values of 2ae!O ,Z*, I, v). Shown are also the results of the calculations 
by Sida [8] and McDowell and Peach [9 ]. 

Z* = Z - 0.312, and the values of () were correspond
ingly 0.117, 0.64, 0.78, 0.85, and 0.61. The obtained 
results for aet are shown in the Fig. 1. For compari
son, the doubled cross section for the hydrogen-like 
ions with the nuclear charge equal to Z * and Z * -./8 
are also shown there. The latter were obtained by in
terpolation of the results for the cross section of ions 
with even nuclear charge Z, given in [lJ. 

In the region v ::::: 1. 5Z *vo, as it is evident from the 
Fig. 1, the obtained values of ael ( 2, Z *, (), v) prac
tically agree with the values of 2aez ( 1, Z*, 1, v ). For 
ions with Z * ;<; 1. 5 and v ~ 0.4Z *vo the cross sections 
aez(2, Z*, e, v) are close to 2aez(l, Z*, le, 1, v) and 
in the low-velocity region they approach 2()0!a( 1, Z*, 
l8, 1, v) with a = 1 - k/2, where k = d log a( 1, 
Z*fi, 1, v)/d log v. 

The values of ainel( 1, Z*, e, v) obtained using Eq. 
(9) for v > 3Z *v 0 practically coincide, in accordance 
with Eqs. (lla) and (llb), with the values of 

o.cm2 /atom 

He 

4 6 8 10 20 40 50 
v.ro' cm/"'c 

FIG. 2. The total cross section forK-electron loss vs. velocity for 
ions with two K-electrons colliding with hydrogen and helium atoms. 
The ions are indicated next to curves. The dot-dash line indicates the 
lower limit for the possible values of. The dotted curve shows the 
values of 2a(l, Z*y'O, I, v). Shown also are the results of the calcula
tion by Sida [8] and McDowell and Peach [9 ]. The experimental re
sults for a are indicated by: + and X for H-and He in Hz and He 
(from the review article [10]); T and .1 are for Win Hz and He ([ 11 ] 

and [1 z]); 0 is for H- in H [13]; e is for Li+ in Hz and He [14]; <I> is for 
Li+ and Bez+ in He [1 5]. 

2ained 1, Z*, 1, v ). For v ::s 3Z*vo, where (9) gives 
too low a value for aineb the cross sections ainel 
were calculated assuming that 

• • <Yy(2,Z',8,u/2) 
<YineJ(2,Z ,8,u)=2<YineJ(1,Z ,1,v) Zcr,-(i,Z',i,u/Z) 

The values of ainel ( 1, Z*, 1, v) were obtained by 
interpolating the results given in [lJ for ainel ( 1, Z, 
1, v), with Z = 1, 2, 3, 5 and 10. 

The obtained cross sections for K-electron loss 
a= aet + aineb are shown in Fig. 2 (continuous lines). 
The dash-dot line marks the lower limit of the possible 
values of a, corresponding to the cross sections 
ainel(2, Z*, (), v) = 2ained1, Z*, 1, v). The difference 
between the values of a shown by the continuous and 
dash-dot curves gives an idea of the possible error in 
the value of a. This difference, as is clear from Fig. 2, 
is limited by the velocity region where the cross sec
tion is close to the maximum value and, and in general, 
does not exceed 15%; only for He atoms in b.ydrogen 
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with v = ( 3-5) x 108 em/ sec and H- ions in hydrogen 
with v = ( 1.5-2.0) x 108 em/sec does it amount to 25 
and 40% correspondingly. 

In Figs. 1 and 2 are shown the results for the cross 
sections for H- ions calculated in the Born approxima
tion by Sida [aJ and McDowell and Peach [9J. The for:mer 
calculated the cross section for electron loss by H 
ions in the collisions with helium atoms as a result of 
which the hydrogen and helium atoms were left in the 
ground states. This cross section is the main com
ponent of aez; the expression for it differs from the 
general equation only by the presence of !he fac~or 
26 ( Z*) 3 ( z )3/( z + Z*) 6 , which for the H ions 1s equal 
to 0.904. In [9 J were calculated the partial cross sec
tions for electron loss by the H- ions scattered from 
the hydrogen atoms, as a result of which the fast and 
slow atoms in states ls and 2p were produced. Figure 
1 shows the sum of two cross sections calculated in [9], 

which correspond to the production of fast hydrogen 
atoms in states 1s and 1p when the atoms of the target 
were left in 1s state. This sum gives a value close to 
Oel· In Fig. 2, the sum of all four partial cross sections 
is presented. l 

The initial state of the H- ions was described in [8 ' 9 " 

by the same type of function as in the present work. To 
describe the electron with the continuous spectrum, 
they used a variational function with three parameters 
in [aJ and a plane wave in [9J. From Fig. 1 one can see 
that for v > 3v0 the value of aez obtained in the pres
ent work p;actically coincides with the results of [9 J. 
The use of different wave functions in the description 
of the final state of the electron leads to an appreciable 
difference in the value of Oe for v ;;; Vo, where the 
Born approximation is not quite adequate. The sum of 
two partial cross sections evaluated in [9 J, correspond
ing to collisions with the transition of the target atoms 
to the 2p state, happens to be considerably higher for 
v > 4v0 , than the value of aez obtained by us. There
fore for v > 10v0 as is evident from Fig. 2, the sum 
of the four partiai cross sections in [9 J is 2 to 2. 5 
times larger than the total cross section for electron 

d . th . t[ll,l2] loss obtained in our work an m e expenmen . 
The cross sections for K-electron loss calculated 

in the Born approximation for hydrogenlike ions, as 
mentioned in [l], agree with the experiment for 
v?: 2Z~v0 • In the same velocity region one should ob
serve agreement between the theoretical and experi
mental values of the cross sections also for the con
sidered particles. From Fig. 2 it is clear that for H 
ions the calculated values of the cross sections differ 
from the experimental ones [ll-!3] by no more than 20% 
when v 2 3 x 108 em/ sec'>. Comparing the calculated 
and the experimental results for other helium-like 
particles, one should keep in mind that the latter could 
be higher, owing to the presence in the ion beam of the 
excited particles in long-lived metastable states. The 

l)The evaluated cross sections, according to [16], should be com
pared with the experimental values for a2 _2 ,z- 1 + 2a2 - 2 ,z (first index 
of a indicates the initial charge of the ion and the second one for fmal 
one). However, for most of the experimental cross sections shown in 
Fig. 2, the corresponding values of Oz-2 ,z are unknown, and the biggest 
ones of the known ones (for H- ions) do not exceed the value of 
Oz-2 , z-t by 5 to 9%. Accordingly, only the experimental results for 
Oz-2 , z-1 are shown in Fig. 2. 
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experimental values of the cross sections for He 
atoms with v < 5 x 108 em/ sec and Li + ions with 
v = (4-8) x 108 em/sec, shown in Fig. 3, were ob
tained by sending them through hydrogen and celluloid 
targets respectively. This is the reason why some of 
those particles were in a metastable excited state. The 
experimental values for v Z 3 x 108 em/ sec are there
fore higher than the calculated ones. For Li + ions with 
v < 4 x 108 em/ sec, the experimental results for a 
were obtained in the experiment with ion beams ob
tained directly from a thermo -ionic source, where 
probability for the creation of metastable states is low· 
For v < 4 x 108 em/sec these values of the cross sec
tion were close to the calculated ones. The experi
mental value of a for Be 2 • ions with v = 8 x 108 em/ sec 
was obtained from experiments the ion beams from an 
arc cyclotron source. These values exceeded the re
sults of the calculations by 30%. 

The results of the present work can also be used to 
estimate the cross section for electron loss from other 
atomic shells. Comparison of the square of the matrix 
element E2 for K-electrons with known values of kq 
E2 L17,1aJ for L-and M-shell electrons with principal 
q~~tum numbers n = 2 and 3 shows (Fig. 3) that in 
the range of values q = Qa0 /( Z*/n) and k = Kao/( Z*/n) 
that are sig~ificant for the calculations of the electr~n 
loss cross sections at v Z ( Z */ n) Vo, the value of Ekq 
for L-electrons differs, in general, by no more than 
20% from E:~ for K-electrons with the same values of 
q and k. Fo~the M-shell electrons a larger difference 
between values of "kq was observed. Hence, for the 
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same values of Z*/n and e (or I and e), the cross 
sections for the K- and L-electrons should not differ 
by more than 20%. 

According to the known experimental data [lGJ, the 
mean values for the electron loss cross sections for 
one of the electrons from the outer K- or L-shells of 
ions depend, with a precision of 20%, on one parameter 
that characterizes the initial states of electrons - the 
electron binding energy I. For ions with v ~ 8 
X 108 em/ sec for which the Born approximation gives 
cross sections that agree with the experimental result, 
there exist among the ions with close values of I some 
having 8 from 1 to 0.6. For these ions I~ 50 eV and 
Z*/n = (I/Bio) 112 ~ 2.5. In this case, according to the 
results of our work, for fixed values of I, the cross 
sections should be approximately proportional to get., 
with a "" 1, so that for ions with e = 0.6 the value of 
the cross section would be 40% lower than for the ions 
with 8 = 1 at the same binding energy I. In the region 
v ~ (2-4) X 108 em/sec where the Born approxima
tion yields cross sections 1.5 to 2 times the experi
mental values, the experimental results for the cross 
section are known for ions with e from 1 to 0.3-0. 5 
and I from 25 to 100 eV. The exponent a in this case 
is ~ 1/3, so that for ions with the same values of I the 
cross sections for electron loss should differ by 20 to 
40%. 

Therefore, there is a theoretical basis to the ob
served agreement between the average values of the 
cross sections for the electron loss from outer K- and 
L-shells by ions with the same ionization potential; in 
the region of small velocities it is qualitative, and in 
the high velocities region it is quantitative. 

Note added in proof (March 12, 1968). We have received a short 
time ago some new experimental data for the electron loss cross sec
tions for hydrogen and helium atoms, obtained by sending He+ ions 
through the helium target with v ~ (2 to 4) · 108 em/sec (A. B. Witt
kower, G. Levy, and H. B. Gilbody, Proc. Phys. Soc., 91, 862, 1967). 
These cross sections are 15 to 20% lower than the ones previously 
known, and they practically agree with the results of the present work. 
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