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1. Inlroduc:lJ.on 

Study of atom-atom interactions at high velocities has a long_ 

history. An interest to theoretical study of this problem resumes after 

p.lbllshing the papers where production of Coulomb bound states of 

elementary particles· (elementary'' atoms) is predicted for decays 

n·- ~e + r [1], 1(- ,Ani-J + v [2] and for inclusive ,Processes 

p + p ""-+. Aab + X [3]. Here A28 denotes. a positroniUIII atom, A7TI-J denotes·an 

atom consisting of n and 1-J mesons' (with the opposite ·sign), Aab denotes. 
+- +-'dimeson atoms consisting of meson pairs n n , rrK,. K K . The-· relativistic 

atoms. ~e [4-6] and Arr~J [7-9] have already been observed. 

Knowledge of cross~ sections. is very important for observation of 

dimeson atome. bec~use of a meth~d of its 'reca'~ing based on ionization 

(breaking up) .while passing through a .target. ?o it is necessary to 

calculate a total . .ionization probability in !fUbsequent acts of. 

interaction' Therefore one must: know total, ionization and excitation 

cross sections for ~ifferent initial states of elementary atoms. 

A detailed analysis of ·previous cross section calculations· for 

atom-atom interaction can be, fo~d in ;Ref. [1Q-13]. So I briefly recoimt 

the main results obtained In the recent papers [10-13]~ In these papers' 
'. ' . ' -

the total and excitation cross sections .were calculated .in the first Born 

approximation for the. ground' state of el~mentary ato~s. 
In Ref. [10-12] formulas for the cross secti~ns of. elementary atoms 

. - ' 

with arbitrary masses of particles were given~ For description-of target 

atoms. the Thomas-Fermi-Holier parameterization [14] was·used. -The authors 

allowed for only elastic . interactions of target atoms (coherent 

scattering of projectile atoms). 

The more accurate parameter-ization of ta~get atom form factors based 

on ~he self-:consistent field .method of Hartree-Fock [15] (H.F.) was 

applied in· Ref.[13]. Moreover the cross sections involving inelastic 

interaction of target atoms (incoherent cross sections) were calculated.· 

The relativistic c~r~tions to a·cross section of elementary atoms 

were obtained in Ref.[11-12]. These values are equal to or less than 1%. 

In the paper .[16] the eikonal approximation was applied . to eros,; 

section calculations instead of the Born one. This approach gives a 

~ssib1Hty of corisid~ring the 'ccintribution. of all ~~ltl-~~ton exc~es 
·, 

,.\ 2 ... "··-. .~. ' ... ',; ' . ~ 
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for an atom.:..atom interaction. The accuracy of this' appr~xililati~n f~r 
heavy ~toms is about 0.2%, c~m~ed with 10% for the Born one. The_total, . . - . ,., . 

elastic and inelastic coherent cross sections were obtained for' the 

interaction of A2rr with Ta (2=73) .. 

In the pr~sent paper the total, excitation and ionization cross 

sections are calculated in first Born approximation with the most 

possible accuracy. 

2.Formulas 

The well- known formulas of the first Born approximation were used 

for cross section calculations (see Ref.,(13,17]). :These formulas were 

changed to consider elementary atoms with arbitrary masses of components 

according to Ref.(10]. Then the cross section of atom-atom interaction is 

given by 

al_·k 
i 

qmax 

Cl.2 I 
Bn {32 I F{(l)q) 

qm.in 

(1) F{({q)l2·1 Fk(q)l2 ~ 
.. q 

Here i and I are the initial and final state of the elementary atom, k is 
, ' ' / .. ·, 

the final state of the target atom (initially target atoms are in .the 

ground state), q is the transfer momentum, a is the fine structure 

constant, {3 is the velocity' of a proj'ectile element6.ry atom. 'The first 

factor under integral describes an elementary 'atom. and the second ; one 

relates to a target atom~ . . 

The form factor of the elementary at~m F{(q) is exPressed as 

F{ (q) = < f lexp(iqit) I i > .' (2) 

The variables { and l) depend on the masses of elementary· atom 

components: 

{ = m.1 I < m.1 + m:2 ) ' Yl = -m.2 I < m.1 +; m.2 ) • 

The target atom form factor F k (q) is written as 

z 
F k(q) = < k IZ - '~ exp(iqitz.·) I 0 >. · .·; 

: Z.=1 • 

Here summation is done over all atom electrons~ If JQo!O, the term Z has no 

roz:- .. . :;,.;.ill K}iC'lKrJT' 
~ t:~~ ~'f.·:·;','!_:t ~u.,~ .. JOUIII 
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contribution because of orthogonality of wave functions. If k=O, the 

expression of the elastic form factor F ( q) in terms of the atomic ·form 
0 

factor F(q,Z). is ,obtained 

z 
F

0
(q) =o Z- < 0 I 2 exp(iqi\>1 0 > 

t=l 

Z - F(q,Z). 

At high velocity of a projectile atom the limits of integration in 

Eq.(l) approach their bound values [10,17]: qmin- O,qm.ax- oo : 

After summation of Eq.(1) over all excited states of the target atom 
. .J 

~0 the incoherent cross section (inc~ is 

00 

c/,inc = 8rr _5!.2 J I ~~(nq)- F~(l;q)I2·S. (q) 
t 

11
2 . t. t. t.nc 

0 

Here Sinc(q) is the incoherent scattering ~unction 

- " 2 sinc(q)- L. I Fk(q) I · 
~0. 

dq 
3 q 

The coherent cross section (elastic for a target atom) is 

00 

c/,coh = 8rr ct22 s· I F~(nq)- F~({q)l2·v (q)l2 dq3. 
:. t. (1 . l. . . t. 0 q 

0 

(3) 

(4) 

To obtain the. total cro.ss sectio~ the sum ., rule for a: complete set of 

elementary atom final' states _is used in the form [10] 

2 I ... I -+ 2 i. .... 
I F.(Y'/q)- F.({q)l = 2- 2·F.(q) 

-t. ·. t. t. 

I 
Here F~ (q) is the <ltomic form fantor of the initial state. So after 

summation of Eqs. (3) and { 4) over all I the total cross section is 

.written as 
00 

16rr ~2 J· (1 - F~ (q)). (IF o(q) 12 + si~c (q)) d~-
(1 . q 

(5) 0
tot 

0 

Therefore the a tot· and other cross sections discussed below consist of 

two parts: the coherent cross'section acoh and:the incoherent one Cline· 

In this approach the cross sections of elastic scattering of 

elementary atoms -(aet> are- calculated· as any ·transition .(excitation)' 

) 

. ! 

! .. 

cross sections. Inelastic cross sections· (a 'r , ) and ionization ones 
. t te < • 

I a. ) are calculated by subtracting the _a , and the sum· of- excitation ton . · . . · e<. · 
cross sections (a ' ) from the corra"sponderit total orie [l3,18].· ex , .. · 

a . = a - o· 
,inel · tot · el 

(6} 
0

ion 
0 tot- 0 et- 0 ex • 

Direct calculation of· the o. · is difficult because the exact Coulomb . ton 
wave functions of continuum are'expressed through infinite series. 

In the Born approximation all cross sections depend'on.a projectile 

atom velocity as 11112 . In this paper the· asymptotic cross sections at(1,;1 

are calculated. 

3.Form factors of elementary atoms 

Exact wave functions of elementary (hydroge~-like) atoms 'are well 

known. Nevertheless form factors of these atoms for various initial 'and 

final states are , not available (for the author) . Therefore the exact 

analytic calculations of the form factors of interest were done usins the 

algebraic programming system REDUCE (see Ref.[19]). 

The form factor of the elementary atom.Eq,(2) may be Written 

1-+ J ........... *... ... 
. Fi(q) =. di- <!XP(t.qr):PI(r) ~i(r). 

Here ~i (;) and ~~(;) are the wave functions. Choosing the quantization 

axis along the transfer momentum and denoting the initial· and' final 

states by the sets of quantum numbers (n, t ,m) and (n', t' ,m') respectively 

one has 

00 rr 2rr 
Fn' l'm' ... 

nlm (q) rdr r
2 

rde Sine exp(iq;)rd~ ~*., , (;) ~ , ~;) (7) J' J' J' n < m n<m : 
0 0 0 

The integration over ~ leads to the selection rule of permitted. 

transfers in the first Born approximation m - m' = · 0. The integration' over. 

e reduces :to integrals of functions Sin and Cos in integer Pc>wers. The 

improper· integral over r is evaluated using· the ·formula (see, e·.g.~ 

Ref. [20]) 

4 i . 5 
., 
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<» [ (n+1-6 )/2] 2k+6 

I n -ax.{St."n(bx_>} dx = 1 (__L )n+
1 

\(-1 )k (n+l). (_!:?__) 
x e Cos(bx) n. 2 .... 2 L 2k+6' a · 

· a -r-u k=O 
0 

Here 6 = { ~ } corresponds to {~~;~~~n- This integration was done with 

the help of substitution rules. 
In this way the e~ct analytic expressions of elementary atom form 

factors for any discrete~discrete transition from initial s-states were 

obtained. This method can be easy applied to an arbitrary initial state. . . . . ~ 

Some of the form factors are given in.the Appendix. 

4.Form factors and incoherent scattering functions of target atoms. 

The hydrogen atom is described by·exact formulas as elementary atom. 

For other atoms parameterization of H_F. was applied. There are tables 

of F(q,Z) and S. (q,Z) [15] obtained in this way practically for all . . . tnc 
chemical elements. 

The transfer momentum q in Ref.[15] is expressed in terms of 
i-1 . 

frequently used parameter x: q=4rrx [A ] • To compute the -cross section 

the interpolation of the F(x,Z) and Sinc(x,Z) tables over x was done. In 

the range O<x<0.005 A-1 the square interpolation was applied. In the 

range x:>10 A-1 the asymptotic Bethe-Levinger formula for F(x,Z) was used 

as in Ref.[15]. The S. (x,Z) also has theasymptotic value (Z) when the . . .. tnc _
1 

_1 
value of_ x is higher than Z A • In the interval of x from 0. 005 . A to 

'the. corresponding asymptotic boundary the F(x,Z) and S. (x,Z) • tables · tnc 
were interpolated using the log-log cubic spline. Additional requirement 

for spline was smoothness of the first derivatives at the edges of the 

interpolation intervals taking into account the function behavior 
' : 't 

outside. 

5.-Numerical calculations and discussion 

. Numerical integration of Eqs.(3)-(5). gives coherent and incoherent 

parts. of· excitation and total cross sections. The accuracy· of the 

computation was 10-4 .. The finite upper limit of integration qma.x was 

used, for atoms containing mesons it was 2·104 A-1 (~9MeV/c) and 1.5:10
3 

A-1 C~3MeV/c) for ~e· This value defines the range of the transfer 

momenta significant for the interaction. 
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Table 1. Cross sections of Aze in the 1s state. Explanaii~~ are given in 
the text 

1 B ' 6 c . 7 H 18 Ar 73 Ta •' 

tot 8.01-20 5.91-19 6.59-19 2.36-18 1.57-17 

f cob . inc· ·cob inc cob inc cob ' .. inc cob inc 

tot 2.15-01 7.85-01 6.43-01 3.5H1 '6.56-01 3.44-01 8.23-01 1.77-01 9.37-01 . 6.32-02 
ex 2.57;02 '2.61-01 7.51-02 1.08-01 6.23-02 ' 9.99-02 7.55-02 5.08-02 6.98-02 2.03-02 
ion 1.89701 5.24-01 5.68-01 2.49-01 5.94-01 2.44-01 7.48-01 1.26-01 8.67-01 4.29-02 

2p 1.65-02 ., 1.82-01 . 4.85-02 7.49-02 4.00-02 . 6.92-02 4.65-02 3.53-02 4.53-02 1.43-02 
3p 4.46-03 4.06-02 1.31-02 1.69-02 1.09-02 1.57-02 1.32-02 . 7.96-03 1.21-02 3.11-03 
4p 1.82-03 1.57-02 5.33-03 6.51-03 4.48-03 6.06-03 5.42-03 ' 3.08-03 4.90-03 1.19-03 
- -

Table 2. Cross sections of A2e in.the 2s state 
-

1 B 6 c 7 H 18 Ar · ·· ··· 73 ra · 
tot 1.80-19 9.67-19 1.03-18 ' 3.23-18 . •.• . 1.97-17. 

' 

f ,cob,._. inc cob inc cob . ilic cob inc 
' . 
cob , inc 

tot 1.18~01' 8.82-01 4.8H1 5.16-01 4.98-01 5.02-01 7.06-01 2.94-01 8.66-01 1.34-01 
ex 1.23-02 4.73-01 4.9F02 2.64-01 3.94-02 2.48-01 '5.4F02 1.46-01 6;80~02 7.67-02 
ion 1.06-01 4.08-01 4.3~-01 2.53-01 U8-01 · 2.54-01. . 6._b2-01 . 1.48-~1 ' 7.9a:or 5.75~o2 

2p 9.17-03 3.68~01 3.66-02 2.05-01 2.92-02 1.93-01 4.0H2 1.13-01 5;11-02 5.97-02 
3p 8.83-04 4.41-02. 3.52-03 2.46-02 2.9H3 2.29-02 3.9H3 1.3H2 . 4. 77:03 . 7.41-03 
4p 3.1H4 1.32-02 1.25-03 . 7 .39~03 1.03-03 6.91-03 1.41-03 4.07-03 , J.67-:-03. 2.20-03 

u 4.89~04 1.1b~02 1.9b~03 6.(3-03 '1.56-03 -. 6.12-03 2.14-03 3.58~03 2.65-or 1.7 4-03 

Table 3. Cross sections of A2e in the 3s state 
-

1 B 6 c 7B 18 Ar --· - "13 Ta , : 

tot 2.41-19 1.16-18 1.21-18 ... - 3;60-18 2;11-17 -_ -: 

f coh Inc -coh Inc cob Inc coh be cob inc 

tot 9.01-02 9.10-01 4.11-01 5.89-01 4:29~01 5.71-0L 6.4(-01 3.5B701 8.20-:-01 : 1.80-:-01 
ex 5.22-03 5.11-01 2.32-02 -·3.14-01 1.90~02 -2.93-01 2. 72-02 · 1.8HL 3.88-02 1.08-01 
ion 8.48-02. 3.99-01 3.88-01 . 2. 75-01 4.10-01 ' 2. 78~01 '6.17-01 1.72~01 7.81701 7.2H2. 

2p 9.80-04.' U4-02" 4.36-03 . 9.66:03 3.62-03. 9.41-03 5.29-03 5.81-03 6.37-03 2.74-03' 
3p 1.61-03 3.29-01 7.13-03 , 2.06~01 6.04-03 . '1.91-01 8.25-03 '1.21-01' 1.33-02 '7 .24-02 
4p 2.27-04. 3.78-02 1.0H3 1.84-02 8. 70-04' 1:67-02 1.19-03 1. 06-02 1.8o-03 .. 6.29-03 

- '. 

(f 1. 33-03 7. 95-02 5.93~03 4.92-02 4.69~03 4. 70-02 . 6.84:03 .. 2.93-02 9. 75-03 '1.65-02 
5f 3.66-04 . 1.34702 1.63-03' . 8.30~03 1.30-03. 7.98~03 1.89-03. 4.96-03 2.59-03 2.65-03 
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Table 4. Cross sections of A_ . in the ls state .. ··r- 4 

Table 7. Cross sections of A2~ in the ls state 
-·· ... .. . ·'' ..... .. '.· .:c . ; ''] ,, ' ; 

1 H 6 c 7 H 16 Ar 73 Ta ··n 6 c . 7 II . ; .. ·· 18 Ar · . .. ··• 73 Ta"' 
tot 2.72-23 4.57-22 5.98-22 • 3.28-21 4.47-20 tot 2.08-23 : 

.... 
; 3.52-22 ~ . -uo:2r ... ······· .. 2.'54-2l: ,.-:-. .. 

3.48-20 
f . ·COb inc cob inc cob inc cob inc cob inc f cob inc cob . ' cob inc ··cob inc cob .• inc. , 1nc · 

tot 4.58-01 5.42-01 . 8.33-01 1.67-01 8.53-01 1.47-01 :9.38-01 6.23-02 9.85-01 .1.52-02 
el 7.59-04 7.59-04 1.62-03 2. 70-04 1.69-03 . 2.41-04 . 2.02-03 . 1.13-04 2.40-03 3.33-05 
inel 4.58-01 5.41-01 8.31-01 1.67-01 8.51-01 1.47-01 9.36-01 6.22-02 9.82-01 1.52-02 
ex 2.98-01 3.58-01 . 5.32-01 1.09-01 5.(3-01 . 9.58-02. 5.97-01 4.01-02 6.09-01 . 9.56-03 
ion 1.60-01 1.83-01 2. 99-0L 5. 80-02 3.08-01 5.12-02 3.39-01 2.21-02 3. 73-01. 5.61-03 

2p 2.27-01 2.73-01 4.03-01 8.29-02 4.11-01_./7.28-02 .4.46-01 3.04-02 4.59-01 7.22-03 
3p 3.87-02 4.60-02 6.95-02 l.U-02 7.11-02 1.24-02 8.10-02 5.23-03 8. 08-02 . 1. 26-03 
4p .1.37-02 1.63-02 2.47-02 5.00-03 2.53-02 4.40-03 2.89~02 1.86-03 2.89-02 4.49-04 

tot 4.60-01 5.40-01. 8.34-01 1.66-01 8.54-01 .1.46-01 9. aa~o1 6.19-02 . 9. 85-01 ; 1. 51-02 ex 3.01-01 3.59-01' 5:37-01 1.09-01 5.48-01 9.58-02 6.22-01 4.02-02 6.16-01 9.61-03 . ion 1.59-01 1.82-01. 2.9'1-01 5."13-02 3.05-01 5.05-02 3.16-01_ . 2:18-02 3.69-01 . .5.52-03 .. 

2p 2.2ii-01 '· 2. '14-01 '4. O'f-01 8.31-02 4.16-01 7.30-02 4.72-01· 3.05-02 4:65-01 • '(21-03 3p 3.90-02 ··4.62-02 'I .01-02 1.41-02 'I .1'1-02 1.24-02 8.16-02 5.23-03 8.15-02 U'l-03 4p 1. 38-02 : L63-02 2.49-02 5.00-03 2.55-02 4:40-03 .2.90-02 1.85-03 2.91-02 4.51-04 5p 6. 54-03 : 7.'11-03 1.18-02 2.37-03 1.21-02 2.08-03 L38-02 ; 8. 79-04 1.39-02 2.14-04 
5p .6.49-03 7.69-03 1.17-02 2.37-03 1.20-02 2.08-03 1.3'1-02 8.80-04 1.3'1-02 . 2.13-04 

Table 5. Cross sections of A in the 2s state ...... 

... 
'!'able 8. Cross sections of ~rr in the 2s state _ .. 

1 H 6 c . ;'I II 18 Ar '/3 ra 
1 H 6 c 7 II 18 Ar , 73 Ta » tot 2.24-22 3.b2-21 U8-21 . 2.42-20 .. 3.13-19 

tot 2.90-22 4.51-21 5.85-21 . 3.08-20 3.93-19 
- .. f cob inc cob inc coh inc cob inc · cob inc 

,_ <~ 

f cob inc cob inc cob inc · cob inc cob inc 
.. 

tot 4.46-01 UH1 ·11.2H1..· 1.77-01 8.44-01 U6-01 9.33-01 6.6'/:02 9.84-01 1.61-02 
el 1.28-03 1.29-03 2.92-03 U4-04 3.05-03 4.44-04' 3.73-03 2.14-04 4.5H3 6.43-05 
inel 4. 44-01 . 5.S3-01 8. 20-01 1. 77-01 8.41-01 1.56-01 9.30-01 6.6b-02 9. '/9-01 1.60-02 
ex 4.05-01 5.07-01 7.40-01. . 1;61-01 u5~o1 1.42-01 8. 70-01 6.03-02 8.70-01 U4-02 
ion 3.98-02 4.61-02 7.96-02 U6:02 8.24-02 1.39-02 5.99~02 6.22-03 1. 09~01 1.66-03 . 
2p 2.86-01 3.56-01 5.28·01 . 1.14-01 5.41-01 1.00-01 6.34~01 4.28-02 6.29-01 . 1.03-02 
3p 8.22-02 1.07-01 1.44-01 3.29-02 1.47-01 2.89-02 U8-01 1.20~02 us-or 2. 72-03 

tot 4.48-01 U2-01 8.24-01 1. 76-01. 8.45-01 1.55-01 9.34-01 6.60-02 9.84-01 .U9-02 ex 4.08-01 5.0'1-01 7;46-01 1.60-01 .'/.64-01 1.41-01 8.41-01 • 6.00-02 8.'/8-01 '> 1.43-02 ion 3;93-02 4.M-02 :t .80-02 U3-02 8.08-02 1.3S-02 9.2'1-02 6.03-03 1.06-01 '· 1.60-.03 
2p 2.89-01 3.b6-01 h:33-o1 • 1.13-01 h.46-01 1.00-01 6.03-01 '4.26-02 6.3h-01 1.03-02 ; 3p 8.40-02 1.07-01 1.48-01 3.31-02 1.51-01 . 2.91-02 1.63-01 1.21-02. 1.63-01 2. 77-03 . 4p. 1.64~02 2.0h-02 2.98-02 6.46-03 3.0b-02 5.69-03 3.33-02 2.40-03 . 3.44-02 . 5.66-04 5p &;23-03 7. 73-03 1.14-02 2.4b-03 1.17-02 2.16-03 1.36-02 9.16-04 1.34-02 2.18-04 

4p ·1.62-02 2.04-02 2.93-02 6.4b-03 2.99-02 b.68-03 3. 2'l-02 2.40-03 3.37-02 5.62-04 
5p 6;14-03 7. 70-03 1.12-02 2.4b-03 L1b-02 2.16-03 1:26-02 9.1h-04 1;31-02 .. 2.1'1-04 Table 9. Cross sections of A

2
rr in the 3s state _ .. 

Table·s. Cross sections of A in the 3s state 
1 H 6 c 'I II 18 Ar 73 Ta 

"I-' 

' 1 H . 6 c 'I B ; 18 Ar 73ra 1 ..•. 1:03.:18 .. 
I tot 8.89-22 1.30-20 1.68-20 ·- 8.53-20 .. 

tot .. . . 1.14-21 . - . 1.64-20 .2.11-20 1.06-19 1.2'1-18 ... f coh inc cob inc cob inc coh inc. cob inc ' 

f. 1 .. cob .. inc cob inc cob inc cob inc cob inc . 

tot 4.32-01 5.68-01 8.12-01 1.88~01 8.34-01 1.66~01 9.28-01 7.17-02 9.83-01' ' 1. 72-02 
el 1.71-03 . 1.71-03 4.00~03 7.05-04 . 4.17-03 6.36-04· 5.18-03 . 3.12-04 6.45-03 9.24-05 
inel . 4.30-01 5.66-01 8.08-01 1.88-01 8.29-01 • 1.66-01 9.23-01 7.14-02 9. 76-01 1.71~02 
ex . 4.11-01 · 5.44-0L 7.65-01 1.79-01 7 .84-01'. 1.58-01 8.69-01 6.82-02 9.17~01 1.62~02 
ion 1.96-02 . 2.24-02 4.29-02 .. 8.29-03 4.49-02 7.45:03 5.45-02 3.16-03 5.93-02 8.95:04 . 
2p 1.95-03 2.53-03 3. 74-03 8.48-04 3.85~03 . 7. 5F04 4.37-03' 3.27-04 4. 76~03 8.12-05 . 3p . 3.32:01···.· 4.38-01 6.19-01" 1. 45-01 6.34-01 1.28-01 . 7. 03-01 5. 48-02 7.36-01 ·1.30-02 
4p 4.70-02 6.6H2 8.10-02 2.08-02 8.2h~02 1.83-02 8.70:02. '(. 89-03 9.09-02 •. 1.76-03 
5p 9.93-03 :1_.3~02_ 1.82-02 4.34-03 1.86"02 3.83~03 2.04:02 1.61-03 2.07-02 3.79-04 

tot 4.35-01 5.6b-01 8.14-01 1.86-01 8.36-01 1.64-01 9.29-01 7.0b-02 9.83-01 . -1.70~02 ex 4.18-01 , 5.4b-01 7.'/8-01 l; 79-01 'I .98-01 UB-01 8.84-01 6.7h-02 9.33-01 1.62-02 ion 1.70-02 . 1.97-02 3.62-02 '/.1h~03 3.'/9-02 6.36-03 . 4.!!5-02 3.02-03 4.9'1-02 . 8.37~04 .. 
2p 2.00-03 .. ~ 2.hb~03 3.82-03 8.50~04 3.93-03 7 .h2-04 4.46-03' 3.27-04 4.89-03 8.19-0h 3p 3.37-01 4.38-0f 6.27-01 : 1.44701· . 6.43-01 1.2'1~01: 7.13-01 ·).4H2 7.53-01 1.30-02 4p 5.05-02 6.92-02 8.89-02 2.18~02 9.07-02 1.92702. 9. 71-02. 7.93-03 9.64-02 . · U0-03 5p 1.02-02 1.34-02 "1.87-02 4.35-03 1.91-02 3.84:03 2;10-02 . 1. 63-03 2.19-02 3. 85-04 . . ...... . ......... -'· I· ... .. " .... . ' ~" ... ~.·~-
H 6. 72-03 . 6. 73-03 1.65-02 2. 76~03 L73-02 2.49~03 2;19-02 1.25-03 2.88-02 .4.03-04 .. < '~ ;. • 

l 

r 
J1 

u 6.8~03 6.8~03 1.69-02 2.84-03 1.78-02 2.h7-03 2.2h-02 1.30-03 2.96-02 U6-04 
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T.B:?le 10. Cross s_ections of A~K .. !!!the 18 .~tat~ 

1 H 6 C ..•.. 1. 7 H __ ... 18 Ar 73 Ta 

tot 9.28-24 ·1.60-22 2.10-22 ' '• 1.17-21 1.63-20 

f cob inc cob inc coh ·inc coh ··inc ·coh inc 

tot 4.63-01 5.37-01 8.36-01 1.64-01. 8.56-01 ·· 1.44-01 9.39-01 6.10-02 9.85-01 1.50-02 
el 1.03-02 .1.03-02 2.15-02 3.58-03 2.23-02 3.18-03 2.64-02 1.41-03 3.10-02 4.2'1-04 
inel 4.53-01 5.27-01 8.14-01 LSl-01 8;33-01 · 1:41-01 9.13-01 5.95-02 9.54-01 L45-02 
ex . 2.92-01 3.45-01 5.16-01 1.04-01 5.27-01- 9.11-02 5.94-01 3.80-02 5.87-01 9.08-03 
ion 1.61-01 1.82-01 2.98-01 5.68-02 3.06-01 5.00-02 3;18-01 . 2.15-02 3.67-01 · 5.45-03 

2p 2.20-01 2.61-01 3.86-01 7.82-02 3.94-01 · 6.86-02 U4-01 2.85-02 4.35-01 6. 76-03 
3p 3.12-02 · 4.38-02 6.61-02 1.32-02 6. 76-021 1.16-02 7;63-02 U6-o3 1.58-02 u7-o3 
4p 1.32-02 1.55-02 2.35-o2 4.68-03 2.40-02 4.11-03 2.71-02 1.72:03 2.70:02 4.16-04 
5p 6.23-03 7.31-03 'L1F02 2.21-03 1.14-02 1.94-03 1.28-02 8.15-04 1.28-02 1.97-04 

Table 11. Cross sections of A_K in the 2s state .. 

-~--
. 1 H 6 c 7H 18 Ar n Ta 

1 

tot 1.02-22 1.66-21 .. 2.17-21. - 1.17-20 1.55-19 . . 1 

f cob inc cob inc cob inc cob inc cob inc ! 

tot 4.53-01 5.47-01 8.28-01 1.72-01 8.49-01 1.51-01 9:36-01 '6.42-02 9.84-01 ; t:56-02! 
el 1. 64-02 . . 1. 64-02 . 3.61-02 6.04-03 3;76-02 ' 5.41-03 4.56-02 2.57-03 5.48-02 7:66-04 : 
inel 4.36-01 5.31-01 7.92-01 1.66-01 8.11-01 L46-01 8.90-01 . 6:16-02 9.30-01 1.48-02 i 

ex· 3.97-01' . 4;86-01 7.15-01 1.51-01 7;31"01 1.33-01 8. 09-01 . 5.58-02 . 8.28-01 1.3H2 
ion 3.96-02 4.51-02 7.72-02 1.49-02 7. 99-02 1. 31-02 8.15-02 5.81-03 1.02-01 1.53-03 

2p 2.72-01 3.33-01 4.91-01 1.03-01 5.02-01 ' 9.09-02 5.48-01 3.83-02 5.69-01 9;11-03 
3p 7.89-02 . ' 1.00-01 1.36-01 3.01-02 1.39-01 ' 2.64-02 1.58-01 1.09-02 . 1.4'1-01 2:45-03 
4p 1.53-02 1.90-02 2. 71-02 5.82-03 2. 76-02 5.11-03 2.98-02 2.13-03 3.03-02 4.94-04 
5p 5. 78-03 7.12-03 1.03-02 2.20-03 1.05-02 1.93-03 1.14-02 8.08-04 1.17-02 1.89-04 

3d 7.93-03 7.94-03 1.73-02 2.92-03 . 1.80-02 ' 2.61-03 2.15-02 1.23-03 2.55-02 3.58-04 

Table 12. Cross sections of ArcK in the 3s state 
-- ·-

1 H.· 6 c 7H .. 18 Ar 73Ta 
' 

tot ._ .. -4.16-22 6.38-21 8J7-21 . 4.31-20 5.43-19 

f. cob;.inci. cob . inc . cob inc coh ·.inc cob··inc · 
' 

tot 4.43-01. 5.57-01 8.21-01 1.79~01 8.42-01 1.58-01 . 9.32-01 6. 77-02 9.84-01 1.63-02 
el· 2.08-02 .. 2:08~02 4. 76~02 8.11703 4.96-02 7 .29~03 . 6.08-02 .. 3.53-03 1.48-02 1.05-03 
inel . 4.22-01 '5.3~01 7. 73-01 1. 71-01 7.92-01 ·.1.51-01 8. 71-01' '6.41-02 9.09-01 1.52-02 
ex U4-01 .. 5.15-01 7.34-01 A.64-0l. ,7.51-01 · .. 1.44-01 '8.23-01· .• 6.10-02 8.51-01 1.44-02 
ion 1.87-02 ·2.1H2 3.92-02 7 .45~03 . 4.08-02 ;6.65-03 . 4.83702 '3.10-03 5.82-02 . 8.43-04 . 

2p 1.68-03 2.17-03 3.04-03 6.85-04 3.10~03 6.03:04 3.39-03 2.54:04 3. 48-03 ' 5:93-05 
3p' 3.14-01 4.03-01 5.66-01 1.27-01 5. 79-01 1.12-01 6.32-01 4. 73-02 6.48-01 1.10~02 
4p 4.66-02 6.30-02 7.93-02 1.92-02 8.07-02 ' 1.68-02 8.49-02 .. 6.82-03 8.09-02 1.51-03 

3d 5.80-03 5.81-03 1.32-02 2.26-03 1.37-02 2.03-03 1.67-02 9.78-04 2.04-02 2.88-04 
4d 5.66-03 5.68-03 1.25-02 2.20-03 1.30-02 1.97-03 1.56-02 9.35-04 1.86-02 2.65-04 

4f 4.42-03 4.42-03 1.03-02 1. 73-03 1.08-02 1.56-03 1.34-02 7.65-04 1.69-02 2.36-04 
'--'-- ----
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Table 13 .. Coefficients of atomic form factors given: iri Eq. (8). -~ 

Initial state is 1s, I is the final state 
·-· 

f 1s 2s · 3s ;, 4s 5s• · 6s . f: 78: .: .... 

c ' 24 21/2 28 31/2'24 33 213 51/22454 61122833 71/2:24 74 . 
j 0 2 ·• 2 2 2 2 2 

do 22 32 24 5 
2 ' 22 32 72 26 

dl 1 22 32 . 24 52 22 32 ···.·. 72 

k 2 3 4 5 6 - 7 8 

bo 1 1 24 ;3 28 33 53 '7b :. 2:.!2 ;3 

b1 33 25 11 24325·37 24347323 21632.,2 23 

b2 28 23 54 ., 2537271 2107311·409 

b3 56 28365· 1'{ 24 761009 

b4 28 39 23 52 '78 

b5 71o 
··-·------

f 2p 3p 4p 
••••• 

5p 6p .. 7p 

c 21/2273 21/22533 51/22113 io112253· 53 701/22733 71/2263·73 

j 1 1 , .. 1 .. 1 1 ... 1 

do 32' 24 . ' 52 2232 72 : 26 
' 

d1 
22: 32 ' 24 52· 2232 72 

',' 
k 3 4 ... :. 5 6 . 7 8 

b0 1 24 . ' 
5 
3 • ' 2833 5375 : . 22233 

b1 33 '' i 2511 24325· 37 24347323 216327223 

b2 
. 28 . 23547 2537271 210731i·409 

b3 : 56 28365;17 24761009 

b4 
2839 . 2352.,£!: 

b5 
710 . 
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Table 14. Coefficie~ts of atomic form factor~ given in Eq.(8). 

Initial state is 1s, f is the final state 

. f. 3d 4d 5d 6d '/d 

c 61/22833 216 141/228547-1 :21112213337-1 211/2293-174 
j 2 2 2 2 2 
do 24 52 2232. 72 26 

d1 32 24 52 2232 72 

k 4 5 6 
,-ft/1 

7 8 I 

ho 1 52 24337 5275 21734 

b1 2b 253252 26337217 212337·61 

b 2 547 243611·13 255-~1451 

b3 27367 . 223·7513·23 

b4 3·78 

f 4f 5f 6f 7f 

c 51/2218 101/22954 51/221436 61/2293-175 

j 3 3 3 3 

do 52 2232 72 26 

d1 24 52 2232 72 
,.. 

k 5 6 7 8 

ho 1 2233 3·73 21434 

b1 53 237·41 2972173 

~2 
. 4 4 . 
2 3 ' 227571 

b3 3·!?·76 
-.. 

12 

'l'able 15. Coefficients of atomic form factors given in Eq. (8). 
';..._,·< 

·Initial state is 2s, f is the final state 

f· 2s 3s 4s 

c 1 61/22833 2112211 

j 0 2 2 

do 
1. 52 32 

d1 1 2232 24 

k 4. 5 6 

bo 1 5323 3311 

-b1 -3 -233297 243219 

b2 2 2435 -2829 

b3 212 

b4 

b5 

b6 

f 2p 3p . 4p 

-C 3 21033 ' 10112z93 

j 1 1 1 

do 1 52 32 

d1 1 2232 24 

k 4 5 6 . 
bo -1 54 y 34 

b1 1 -24325:7 2433 

b2 2435 -283·7 

b3 212 

b4 

b5 

b6 
------

5s - 6s 

101/22854 31/233 

2 2 

72 22· 

2252 32 

7 8 

7571 2613 

245·73631 2432109 

255311239 223631 

-285643 3683 

2858 -385· 17 

2·311 

5p 6p 

7s : 

14112z87 

2 .. 

34 

2272 

9 

3135311· 

2331072i 

24367359 

28753833 

-283·781 

-2117101 

212712 

7p 

3 

7·1663 

. 23027 

087 

571 

37 

51/22103·53 351/233 141/22103· 73 

1 1 1 

72 22 34 

2252 32 2272 

7 8 9.' 

3·76 27 31554 

235·7441 25327 253125. 72 43 

-2632537: 11 2336 1
24387367·439 

' 
-275661 -2·3631 -29327511·13· 73 

2858 -:3829 -287817551 
' . 311 =-21471011 

-
212712· 
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Table 16. Coefficients of atomic form factors given in ~q.(8). Table 1'/ .' CoeffiCients of atomic form • factors given in Hq; (8).:. 

Initial state is 2s, I is the final state 
Initial state _is 3s,. I is the. final state • .. . : 

f 3d 4d 5d 6d '/d J 
c 31/221633 21/2214 7-1/221654 421/221337-1 421/22163-1741 
j 2· 2 2 2 2 

do 52 32 72 22 34 

d1 2232 24 2252 . 32 2272 ... 
k 5 6 7 8 9 

bo 
2' . 3 -75 -257 -31352 -5 -3 

b1 2·32 -24325 -2·5272317 ~2 7 3213 -2· 3107· 61· 71 

b2 29 -265523 -2·357·47 -2635741427 

b3 25567 -3619'31 -2675263597 

b4 23387 -283277227 

b5 293· 710 

f 3s 4s 5s : 6s 

G 24 31/221333 1o11224:Po 4 21'1/23-11 

' j 0 2 2 2 ~--

do 22 .,2 26 1 

d1 32 2432 3252 22 

k 6 'I 8 9 

bo '28 ·t52161 2221'1, 23 3·523 

b1 -283·7 -2833'!3235 216325. 14519 23~2537 

b2 2735 293520117. -21036538603 2~3217·71 

b3 -2636 -21536139 24365597289 '-2843387 

b4 39 21639 -233858223 283443·61 

b5 .. 311510 -21135143 
1 

b6 21238 

f 2p 3p 4p 5p 6p 
f 4f 5f 6f 7f 

c 101/2216 51/221854 101122136 31/22183-175 
c 61/22733 6112253 151/221133 3011~253353 2101122 7 3-11 

j' 1 1 1 1 1 '' 
j 3 3 3 3 

32 72 22 34 
.. 

do 

d1 24 2252 32 22'12 

do 52 22 72 26 1 ; 

d1 2232 32 2432 3252 .. 22 : .. 

k 5 6 7 8. 9 
; 

k 6 7 8 9 

bo -33 -7329 -243 -3125·53 

b1 24 -233·527·19 -2383 -243673659 

b2 2455 2 -253374.11· 19· 37 -3 5·47 

~3 2·36 -2876937 

b4 283·5·78 

bo 54 -27 5· 7617 22437 . 3·?2 

b1· .. -233365 243· 29' -28327485 2183~5;37 233252' 

b2 2436 -2435 293484443 221235535563 :::.2~32 1'7·19 

b' 37 -21537107 26365535123 ~28~12 
3 

b4 216310 -233958173 8 . ' 2 3·.5·2251 

b5 • 312510 -21l~5~7 . 

b6 ; 
21237, 
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Table 18. Coefficients of. atomic form factor~ given in Eq.(8). 

f 

c 
j 

do 

d1 
k 

bo 

b1 

b2 

b3 

b4 

b5 

b6 

Initial state is 3s, f is the final state 

3d 4d 5d 6d 7d 

2112283~ 31/221635 421/22835547-1 7-1/22133-11 71/2293674 

2 2 2 2 2 

22 72 26 1 2252 

32 2432 3252 22 3272 

6 7 8 ,,J 9 10 

245 -7543 -2197·13 -3·72 
-2135819 

-2433 263272383 -2143252727 -2332167 -211325621007 

35 -2835571 2734545717 5 -2 3· 1129 -29365573319 

21337 -25375 6101 289091 26365375677 . 

39587 -283317·61 243853771199 

2P351 -223115·79313 

; 313712 

. f 4f 5f 6f 7f 

c 151122183 301/2293 7 54 151/22143-12 21/22 93875 

j 3 3 

do 72 26 

d1 2432 3252 

k 7 8 

bo 73101 -214131 

b1 -25s21·s1 29335217. 19 

b2 2835 -22345431. 61 

b3 3757 

b4 

b5 •c' 

16 

3 

1 

22 

9 

-3219 ' .. 

275 

253·1231 

-29327·13 

2836 

3 

2252 

3272 

10 

-2105 

-2832 

21037 

26365 

-2238 

3115· 

61109 

s572863. 

5
3

7413 

. 7613· 383 

7819· 193 

710 

To calculate. the sum of excitation cross sections' it was taken into 

account that expr~ssion . ( F-! Cnq) - F! ((q) 12 de~rea~es as' n' - 3 for the 
. . .L . . . , .. L · . 

fixed l' [17,18]. The cross sections were ~ompt}ted up to n'!:10 and l'!:4. 

Then the infinite series were approximated. 

The cross sections calculated using Eqs.(3)-(6) and F(x,Z), 

Sinc(x,Z) function tables [15] are presented in Tables 1-12. The total 

cross sections are given in cm2 , others are given as the ratio to the 

corresPonding total cross aect'ion: Tiie initial state and the t~ of 

elementary atoms are mentioned in 'table header~, f~al '~tate~·/ .are 

denoted by common symbols 1s, 2p;. 3d etc. For all targets (H, C, N, AJ..; 
Ta) there is a coherent. (coli.) part of the cross se:ction in a l.eft. column 

and an incoherent (inc) one in a right column .. Th~ tables ~ontain cross 

sections of only those transitions whose contribution to.the 'total cross 
. ' .... '-2 .. ' . . ' . : . . : .. 

section is not smaller than 10 at least for one of .the targets. The ·.· .. . . . ' . . ··: . . 2 . 
numbers in the tables' should be read as for instance: 1.32-2.=1.32: 10- .. 

For symmetric atoms A2e ~d ~rr in the first Born approximaHon the . 

transitions with the even l-l • number are inhibited [ 10' 18]. Therefore 

elastic scattering is also lnhibit~d ·an:ci .0' i~~·l =O'tot. 
,. . ' ' ' . 

The total cross section of A2e interacting with carbon .~eaaurt;id in· 

Ref.[5] O'tot=(16~~6 )·10-l9 .cm2;atom ~s cons~stent ~ith the value given in 

Table '1 0' tot =5.91·10-19cm2 .' Fo~ more detailed discuasi()n see Ref. [5] . 
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Appendix· 

Th~ transition form factors· of el~ment~~ atoms F!(q) ~valuated for 
.L 

Eq.(7) can be written as 

C· j N 2n = . q . k ·.E.·bn·q . 
(d

0 
+ d

1
·q2) n=O 

F{(q) (8) 

Here q is given in atomic units i.e. q=q[HeV jc ]/otJ-1, J.1 is the atomic 

reduced mass. For various initial and final states the constants C, i, 
d

0
, d 1 , k, bn .are presented in Tables 13-18. Initial states i are 

notified in table headers, final states 'f 'are given' in ·a. 'common way as 

1s, 2p, 3d etc. Numbers }n the tables should be read as products of prime 
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number powers, thougll not all numbers are complet~ly factorized to get , . ' . 

shorter records. The ·hydrogen wave functions given in Ref.[21] were used 

for the calculations, another choice of the wave function phases might 

lead to an .insignificant common f~ctor -1 or i: 
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AtjlaHacbes Il.r. 

83aHMOAeiiiCTBHe !<YflOHOBCKH CBR3aHHbiX_ COCTORI1 

ABYX aneMeHTapHbiX 'facTHLl c aToMaMH 

Pacc'fHTaHbl _nonHble ce'feHHR, a TaK>Ke _Ce'fl 

i-f B036y)I<AeHHR KynOHOBCKH CBR3aHHbiX COCTORHI 

TapHbl~ 'facTHI.l (aneMeHTapHbiX aTOMOB) npH 1 

c aToMaMH H, C, N, Ar, Ta. PaccMoTpeHbl 3neMe 

. COCTOR~He 113 nap 'faCTHI.l: e + e-, 7T +IT:- 7TP, H 11K 
B COCTORHHRX 1s, 2s 'H 3s. npHBeAeHbl TO'fHble Bb 

¢aKTopos aneMeHTapHbiX aToMos AnA 60nbworo • 

M8>KAY AHCKpeTHbiMH ypOBHRMH. · 

Pa60Ta BblnonHeHa a Ila6opaTOpHH RAepHbiX 1 

j' 

flpenpHHT 06'be.IUfHEHHoro HHCTHTyTa .R,ll;epHbiX HCCn• 

·' 

Afanasyev L.G. 

Interaction of the Coulomb Bou,nd State 

· of Two Elementary Particles with Atoms 

Total, excitation and Jonization cross section 

• bound state of two elementary particles (elementar• 

ting with atoms of H, C, N, Ar and Ta are calcula 

atoms In the initial states 1 s, 2s and 3s consisting o 

nK and e + e- are studied. Exact analytic formulas 

. ber of elementary atom form factors for discret1 

tions are given.- · 

, The investigation has been performed at the 

Nuclear Problems, JINR •. 
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