


1. Introdu:tion

Study of atom-atom interactions at high velocitiea has a long\

,history. ‘An - interest to theoretical study of this problem resumee after
publishing the papers’  where producﬁon of Coulomb bound ‘states of

. elmentary particles (elementary atoms) ie predicted for decaya‘
n —’ A2 +r [1], K,_—b A + v [2] and  for ‘ “inclusive ;\proceseee'

p+p—+ Aab + X [3] Here Az denotes a positronium atom,
: atom conaisting of m- and H mesons (with the: opposite sign),‘

: ‘dimeson . atoms consisting of meaon pairs ﬂ+rr N ﬂK, K K. The relativistic . ’

atoms Az [4-8] and [7—9] have already been obaerved. ) ;
Knowledge of cross' sections ia very. - important for obeervation of

'dimeson atoma because of a method of its recording baeed on ionization X

(breaking up) Hhile pasaing through a target So it is neceesary to

calculate a total ionization probability in ‘ subsequent acta ‘of
B interaction. 'I'herefore one : must lmow total ionization and excitation*a o

croes sections for different initial states of elementary atome.’, o

A detailed analysis of previoua croes section calculations for
atom-atom interaction. can be found in JRef [10—13] So I briefly recount o
the main reeulta obtained in the recent papera [10 13] In theee papers;
the total and excitation cross. sections were calculated in the firet Born‘ L

approximation for the ground atate of elementary atoms. "

- In Ref. [10-12] formulae for the crose sectione of elementary ‘atoma

Hith arbitrary masses of particles were given. For deecription of target
atoms the Thomas—Fermi—Holier parameterization [14] was ' used. . The authors

allowed for only elastic . interactions “of target ,atoms ,(coherent SR e

scattering of proJectile atoms).- - ; :
The more accurate parameterization of target atom form factore baeed

on the self-consistent ~field method of Hartree—Fock [15] (H F.) was '
applied in Ref.[13]. Horeover “the _cross sections involving inelastic °

interaction of target atoms ( incoherent croas eectione) were calculated
The relativistic corrections 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 croee" ;
section calculations instead of the Born one. Thie approach givea a

el

. poasibility of considering the contribution of all multi—photon exchanges

-

b denotes .-

denotes*an o

for an atom—atom 1nteract10n. The accuracy of this approximation for‘
heavy atoms is about 0.2%, compa.red with 10% for the Born one. The total

. elastic and melaetlc coherent cross sectlons were obtained for the "

interaction of A2 w1th Ta (2=73).. . -
In the present paper the" total ) excitation and ionlzation cross

sections are calculated in first Born approx:.matlon w1th the ‘most

possible accuracy. ! ' : '

2. Forniulas

The well known formulas of the first Born approxmatlon were used
for cross ‘section - calculations -(see Ref.[13,17]). These formulas were
changed to con81der elementary atorns with arbltrary masses of components
accordmg to Ref [10]. Then the cross section of atom—atom interactlon is
given by o : 1

qma_x

2 - .
CAREY —,J' | F’(nq) - rf(z:qn A R@IZE. @
e . @
T ,qmln s . :
Here © and f are the initial and f1na1 state of the elementary atom, k ig
the final state of the target atom ( 1nitia11y target atoms are in the
ground state), q is the transfer momentum, o is the fine structure
constant l? is the velocity of a proaectlle elementary 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 atom F' f (3 (q) is expressed as .

F{(Q) =< f |exp(igf)| ¢ > . : 2
The variables £ and m depend on the masses of elementary atom
components: . L . :
{ = my /S (mygFmy ), = om, /(g +i‘m.2 ).
The target atom form factor F‘ h(a) is written as Co Ci
N . . Z B E E ‘ "\ . . B ] - ’ R SE
Fp@) =<k |z— Y exp(idF, )l 0>
M N - - l 1 LA . o

Here summation is done over all atom electrons. If k#0; the térm Z has no
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‘contribution because of orthogonality of wave functiona. If: k‘O “the
xpreselon of the elaetic form factor F (q) in terms of the atomic form
' factor F'(C? Z) s obtained . l :
Fo@) =2 - < 0 | zexp(l.qr )| o > _vz':—"rgq.’Z).
, v t=1 \

At high veloc1ty of a proaectlle atom the limits of 1ntegrat10n 1n4
Eq. (1) approach their bound values [10, 17] Qin 0 qu—» © .

After eummatlon of Eq.(1) over all excited states of ‘the target atom _

k#0 the incoherent cross section (an) is

o{’”‘c g -3 J | rf(nq) - Ff«q)l @ ®
: ., fi Q T
: e . ) ] ‘ i
Here Sln c(Q) is the incoherent scattering ‘f\_mctlon
Sine(@ = 3 Fk(q) 12.
. ‘ k=0
- The coherent cross section (elaetic for a target atom) is
o ceh = J | rf(nq) - rf(z:q)l |F (q)|2 d2 |
P A . : q o
To obtaln the, total cross section the sum rule for a: complete eet of .
elementary atom final states is used 1n the form [10]
; MR Flab)®=2-2 F@
] 2 } | |
Here F (Q) is the atomic form factor of the 1n1t1al state. So after l
summatlon of : Eqs (3) and (4) over all f the total cross section is ;
.written as.: !
» a © ’ ‘ : Tl }
| of [ @ -[1F @12+ s, (@ (5 !
%1or = 167 pell| Q-F,@) [l RO} s * Sine(@ |
Therefore the ototland other cross sections discussed below consist of

two parts: the coherent cross section o , and;the incoherent one o, ..
In this approach the cross sections of elastic scattering of
elementary atome»(oél) -are: calculated as any. -transition -(excitation)”

.

cross- sections. Inelaetic cross sections (o m.el) and ionization ones

L. and the ‘sum: of exc1tat10n

§

k(alon) are calculated by subtracting the oe

cross eections (0’ ) from the correspondent total one [13 18]

o e G o
Cinel T %tot rel ;
a8 S - (8)

Zion = Ztot” Zet” “ex * ‘e

Direct calculation of- the olén is d1fflcu1t because the " exact Coulomb

‘wave functione of continuum are expressed through infinite serles. S

‘In the Born- approxmatlon all croes ‘sections ‘depend on’ a pro:jectile
atom veloc1ty as 1/]? In this paper- the aeymptotlc cross sectione at’ fi-
are calculated.

3. Form factors of elementary atoms,

SRR

Exact wave functions of elementary ‘(hydrogen-—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 intereet were done ueing the
algebraic programming system REDUCE (see Ref.[19])." ™ T B

The form factor of the elementary atom Eq (2) ‘may be written i

(q) f dr exp(zqr) p,(r) Py @ .

Here ¢ () and opf(r)' 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", Ll ,m") 7respectiVely

one . has : el v . ) s hed s ”r:.i.{
®© I R o on ‘ o
“ltm! - , BRI *
lem ™ (@) = Jar r2 Jde sine exp(igr)[de Pre L me (z‘) pnlm(r) (

0 0 0
The integration over ¢ leads‘to’ ‘ the"kselection; rin‘é of permitted‘
tranefers in the first Born: approximation m - m*=:0. The’ 1ntegration over
€@ reduces to integrals of functions Stn and Cos.in integer bowere. The :

improper -integral over r is evaluated usmg the formula (eee, e g..'
Ref.[201) - = SEETIRAL Lo T ey i




g ~ax_ [Sin(bx)
J' x"e {Cos (bx )} dx = n.' 2

0

range x>10 A

\the‘ eorreapondmg asymptotic boundary. the F (x,2) and Sin.c

S S B e

Here & = { 0 } corresponds to {i;’;gi’;;} This 1ntegration vas done with

+&

the help of substitution rules.

In this way the exact analytic expressmns of elementary atom form
factors for any dlscrete—d1screte transutlon from initial s-states were
obtained This. method can. be easy . applled 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 atome parameterization of H.F. was applied. There are tables
oko(c’? Z) and S. (q,Z)‘ [15] obtained in this way practically for all
chemical . elements. ,

.The _ transfer momentum @ in Ref. [15] is expressed in terms. of
frequently used parameter x: @=4mx [A ]. To.compute the .cross section
the 1nterpolat10n of the F(x,Z) and S, __(x,Z).tables over x was done. In
the range 0<x<0 005 A In the
the asymptotic Bethe-Levinger formula for F(x,Z) was used
as in Ref.[15]. The SLYlC
value of x is higher than Z A" 1. In the interval of x from 0.005: A
(x,Z) tables

inc
the square interpolation was applied.

(x,Z) also has.the. asymptotic: value z2) when the

were interpolated using the log-log cubic spline. Additional requirement
for spline was smoothness of the first derivatives at the edges of the
takmg

1nterpolat10n intervals 1nto acconnt the

outslde

5. Numer.lcal calculat.lons and discussion

Numerlcal integration of Egs.(3)-(5).-gives.coherent and . incoherent °

pai:'ts of . excitation and total cross sections. The accuracy of the
computation was .10 4_, The . f1n1te upper limlt of integration DPncrse
used for atoms containlng mesons it was 2- 10 A " (=39MeV/c) and 1.5:10%
A (=31eV/c) for A2 This value defmes the range of the transfer

momenta significant for the interaction.

was
3

-

function behavior. ‘
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Table 1. Cross sections of A

in the 1s state. Explanations are given in : ’

the t.ext ; .
18 60 N 18 &r 3T
tot 8.01-20 5.91-18 6.59-19 2.36-18 LE-1T
f ,;coh u;,lnc". coh _inc;j ¢ coh’; ~Ape :coh:fi,!ing:"va ~eoh ‘inc’, :
ftot | 2.15-01. 7.85-01 | 6.43-01  3.57-01 | 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
fon |.1.83-01° 5.24-01 | 5.68-01 = 2.49-01 | 5.94-01 © 2.44-01 | 7.48-01  1.26-01 | 8.67-01  4.20-02
2p | 1.66-02°: 1.82-01 |.4.85-02 - 7.49-02.| 4.00-02 ° 6.92-02 | 4.85-02 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 | 1.62-03 . 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 Ay, in the Zs state P T
=0 6¢ TN Bk | - TVTa
tot | 1.80-19 86718 -~ 1.03-18 3.23-18 BER K
£ ] coh . dnc | eoh _ me | ocoh . dmc | -coh . ine ceoh e
tot.| 1.18-01. 8.82-01 { 4.84-0t" 5.16-01 | 4.98-01 = 5.02-01-| 7.06-01 2.94-01{ 8.66-01 . 1.34-01:
fex | '1.23-02 - 4.73-01°| 4.91-02 . 2.64-01.] 3.94-02. - 2.48-01 | '5.41-02 . 1.46-01 | 6.80-02 7.67-02.
fon | 1.06-01 . 4.08-01| 4.35-01 2.53-01 | 4.58-01  2.54-01 |'6.52-01 - 1.48-01 | 7.98-01 5.75-02
2p | 9.17-03 . 3.68-01 | 3.66-02 . 2.05-01 | 2.92-02.. 1.93-01 | 4.01-02  1.13-01 | 5.11-02 - 5.97-02
3p | 8.83-04  4.41-02 | 3.52-03  2.46-02 | 2.91-03 ~ 2.29-02 |'3.97-03 1.35-02'| 4.77-03  7.41-03
ip | 3.12:04 - 1.32-02 | 1.25-03 . 7.39-03 | 1.03-03  6.91-03 | 1.41-03 - 4.07-03f 1.67-03 - 2.20-03
Af | 4.89-04 1.15-02 | 1.95-03 . 6.43-03 | 1.56-03'6.12-03:| 2.14-03  3.58-03 | 2.65-03" 1.74-03
Table 3. Cross sections of Ay, in the Js state L BT S
1E 6C TR S SR Rt B
tot 2.41-18 L1618 ¢ La-18--7] 6018 - 2
£ | cob ine ek ine Toeob tme | cob dme | eoh . dme
tot | 9.01-02 '9.10-01 | 4.13-01 = 5.89-01 | 4:29-01 . 5.71-01.| 6.44-01 ~3.56-01 8.20-01 = 1.80-01
ex | 5.22-037'5.11-01 | 2.32-02 --3.14-01 | 1.80-02 -2.93-01 | 2.72-02" -1.84-01:] 3.88-02 - 1.08-01
fon] 8.48-02- 3.99-01 | 3.88-01 - 2.75-01 | 4.10-01 ~-2.76-01 | 6.17-01  1.72:08') 7.81-01  7.24-02,
2p | 9.80-04.° 1,54-07'] 4.36-03  9.66-03 | 3.62-03. -9.41-03 | 5.20-03. 5.81-03 | 6.37-03 '2.74-03'
3p'| 1.61-033.29-01 | 7.13-03 © 2.06-01-| 6.04-03 “-1.91-01 }-8.25-03-**1.21-01°] 1.33-02 +7.24-02.
dp | 2.27-04. 3.78-02 | 1.01-03  1.84-02.) B.70-04" 1.67-02:| 1.18-03 . 1.06-02 | 1.80-03 ~ 6.28-03 |
4f°] 1.33-037: 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 0 1.34-02 | 1.63-03, - 8.30-03 | 1.30-03. 7.98-03 | 1.89-03 ' 4.86-03 | 2.56-03 ~2.65-03




Table 4. Cross sections of A in the 1s state =~ . ‘ : Table 7. Cross sections of Agn-in, the 1s state .. . - -

TR 5e o ] sx | mmn | IR N L L
Wt| 27223 TR a2 | sl A bob |- 208 7| AR BRI A TR R T
TTe = wh  dne b dne | ocoh e cob  ne floeob dme Joeob e | eoh G | ocob dne | b dac
A .co . . L 3 * N E N N - — i . - B > “ 2 P .
' — N 0 1.52-02 bot | 4.60-01 54000 8.34-00 -~ 1.66-01 | 8.54-01 14601 | 9.36-01 6.19-02 | 9.85-01 15102
B IR0L TA00 | Les 2a00k| s ook [t S RN T x| 3 35010 3101 L0901 | S.4B-01 V5802 | 6.22-01 40202 | 61601 9103
k giel VIR0l SOl | BSL0l L6l | 8510 LaT0l| 80601 E0007 | 08001 18202 fon | L9S01 LBZOL) 20101 8.13-02 | 30501 5.05-02 ) 81600 21802 | 3.69-01 ° 5.52-03
3801 5. ot o : 58 - -02 | 6.08-01 9.56- , — —— —
ex | LAOL 301 SOl LagAL Sl 98600 A90AL 4010 60000 95608 o | 22000 200 001 8102 [ 41601 7.30-02 | 47201 3,002 | €.6500 7 72703
fon | 1.60-01  1.83-01 | 2.99-01. 5.80- J12-02 {3,301+ 2. B ,g.go-oz - 4.62-02 | 7.01-02 LAz | 11702 1240 LIE0 8.23-0 B.15-02 Lt
: o 708 01 1.22-03 P | 1.38-02c1.63-02 | 2.49-02  5.00-03 | 2.55-02 4:40-03 | 2.90-02° '1.85-03 | 2.91-02 -4 5108
b | {aw | ik i e T3 |l I | dovm L | 85003 003 | 102 23105 | 1202 2.0008 | Lo0tn o | Lava 2ead
33 13702 1.63-02 | 2.47-02° 5.00-03 | 2.53-02  4.40-03 | 2.89-02 1.86-03 | 2.89-02 4.43-04 —
5p .| 6.49-03 7.69-03 | 1.17-02  2.37-03 | 1.20- U 20803 | L9107 88008 | Loi0s 2104 N . o T
i 4 Table B. Cross sections of Ay, in the 28 state =~ ) L L
Table 5. Croas sections of Am_, in"the 28 state ° R o o 1H : o §C “.-', ¥ 18 13Ta -
i 11 6 | .a. | 6t Ao fwet)o2m o amen | assa | sew | s
trotv T 2.90-22 4,51-21 CoohaEs - 3.08-20 3.9 f | cob -~ inc- coh inc ~coh e} cobfme “eoh " ine o
[T e | w b e | o fne | cob © ine tob | 44801 5.52-01 | 8.24-01  1.76-01 8.45-01 1.55-01 | 9.34-01  6.60-02 9.84-01" . 1.59-02
T e U S I S SRR Y T EYTRS T @ [0 50001 L L0t LR Lot BAOL . 5.00-02 8.78—81 Lo
1 55401 | BL2%01  1.77-01 | 84401 1.56-01] 9.3 2024 9.84- O | S840 4502 | 1.B0-02 15302 | B.08-02 0 1.35-02 | 9.20-02 60303 | 1.06-01 16003 |
b | 108 12009 | 203 Aokt | 3600 L4400 | 37303 2.14-04 | 4.5T-03 - 6.43-05 ‘ oSt b v Erai ot Bl Ll B L R e 2
‘|inel} 4.44-01 5.53-01'] 8.20-01- 1.77-01 | 8.41-01 = 1.56-01 |-9.30-01 6.65-02 | 9.79-01 " 1.60-02. - Zp | 2.89-01 - 3.56-01 | 5.33-01 - 1.13-01 | 5.46-01 £1.00-01 | 6.03-01 -'4.26-02 | 6.35-01  1.03-02 |
dex | 4.05-01° 5.07-01 | 7.40-00 ~1:61-01|-7.58-01 ~1.42-01 | 8.70-01 6.03-02 | B.70-01 L4402 | L BA-02 1000 | LUIB-01 33002 | 15101 29002 | 16301 1ot | Sener el |
fHon'} 3.98-02  4.61-02° 7.96-02° 1.56-02 8.24-02: 1.39-02' 5.99-02° 6.22-03 1 1.09-01 ~-1.66-03 o) 16400 2.09-02 | 2.88-02  6.46-03 [ 3.05-02. 5.69-03 | 3.33-02  2.40-03 | 3.44-02 -2 5.66-04 |-
i R e 2 o EFTETRA T ¥ TE T TR, P 6B TI303| LU-02 24503 | LIM02 20603 13602 81604 | 13402 21804 i
oo | 2.86-01 3.56-01 | 5.26-01 L1401 | 5.41-01 1.00-01 | 63401 4.28- -0 1.03- e : — —
5| 8zz L0101 | A0 32502 | 14T- O LB LSO 1200 ) LSOL 270 T N 7
|4 ) L6z 2.04-02( 2.83-02 -6.45-03 | 2.99-02 b.68-03 | 3.21-02 2.40-03 | 3.31-02 hg-04 | T pu v A I R
|99 | 6:14-03 17003 | 1.12-02 - 2.45-03 | 1.15-02  2.16-03 | L.26-02 4.15-04 | 1:31-02 - 2.17-04 Table 9. Cross sections of A, in the 3s state AN
N : . 1N 5C. N B L BT
Table 6. Cross sections of A, in the s state : tot 8.89-22 L0 | onee | msw . | roes |
: - - o : . f Ty . - - - - . - -~ - - H
e D N L L I S AP L I f _ £ { cob ' ime: | coh ne. | cob  ime: | cob.. dmc [ coh... Ape !
1 rove pees YT I 106 12118 ‘ - — —— — -
Jeot e - L6420 R R e ‘ T fot | 4.3501 i%% BU-0L L0t | 83601 Lst-01 mwm‘mwy $8501.- L1003 |
: - . = - i ¥ ex 01 :5.45-01 | 7.98-01 < 1.79-01 | 7.98-01 ~1:58-01 | BBA-01 6.75-02 | 9.33-01 .1.62-02 |
f joeob _dmc Jeh " dme  |Tesh  dne | eoh  inc coh_ oe ( fon f 1.70-02..-1.97-02 | 3.62-02 - 1.15-03 |-3.79-02 .6.96-03 |- 4.55-02 - 3.02-03 | 4.97-02 - 8.37-04
‘ : TS 01 1.66:01 | 9.26-01 . 7.17-02 | 9.83-01 - 1.72-02 ! — L E i 4
‘ ‘g‘ »{'3f'8§' i~$§‘g§ 2'3%28% 1 %-3228} ﬂ2°§;-8§ é-gS-S}A 2'{2-8§::~§_}Z-8§ 2_45-03 9.24-05 Lig Zp° | 2.00-03.22.55-03 |.3.82-03 " 8.50-04 | 3.93-03" 7. 52:04.1 4.46-03 - 3.21-04.| 4.89-03  8.19-05 |
i 1 “4'30:017f*5'55‘~01' 5.08-01 1.88-01° 8.29-01 ° 1.66-01 | 9.23-01 7.14-02 | 9.76-01  1.71:02 ~, 3p -1 3.37-01-74.38-01" 6.27-01 (LAA-01(6.43-01 1.29-011.7.13-01 ~5.44-02 T:83-01. -1.30-02°¢
lex | 41001 - Si4b01 | T80l 1001 | Ta0r 15001 | a0l 68205 '9.17-01. 7 1.62-02 2| 8002 6.02-02 | 8.8-02 2.18-02 | 9.07-02 1.92:02 | 9.71-02- '7.93:03 | 96402 118003 |
oo | 18602 226002 | 42802, 820-03 | 4.6-08 T.45-03 | 5.45-02  3.16-03 | 5.93-02  8.95-04 | S | L0202 LI-02|LE02 43503 | L8102 384-03 | 200002 16303 | 2] 19-02 38504 |
o | 15w 250 | 27k Lo | 150 1o (4.3103 3.21-04 | 4.76:03  B.12-05 | 510 6T03 | LG LT603 | LI-02 2409 | 210-02 12503 | 28002 A48
|3 |'3.32-007 4.38-01 | 6.19-01 7 1.45-01 | 6.34-01 1.28-01 | 7.03-01 5.46-02 | 7.36-01 . 1.30-02 | - — —— :
4o | 4.70-02 6.65-02 | 8.10-02  2.08-02 | 8.25-02  1.83-02 | 8.70-02.. Y.89-03 | 9.06-02" 1.76-03
5 ) 9.93-03 15302 | 1.80-02 4.34-03 ) 1.86-02 3.83-03 | 2.04-02  1.61-03'| 2.07-02  3.79-04
Af | 6.80-03 - 6.80-03 | 1.69-02 2.84-03 | 1.78-02 2.57-03 | 2.25-02 1.30-03 | 2.96-02 4.16-04 |




Table 13.  Coefficients of atomic form factors given in.Eq.(8).° 1 =<7+

Table 10. Cross sections of A in'the s state ~ ' . 7
I L T T X 20 PO I D e L O PR Initial state is 1s, f is the final state <= - /%
W] o emuU el | oaden (e LR | L6 : " T
£ |coh inmc cob - inc. ‘cob - dne |eoh Cdme | coh  ime f 15‘ 425 138 S ds LA 08 o S—
: — 1.4 15172 8).1/2° 04 23|18 | 1/2,424]0172.8.8] 172 4 .4
tot | 4.63-01 5.37-01 | 8.36-01 ~ 1.64-01.| 8.56-01; 1.44-01 | 9.33-01 ~6.10-02 | 9.85-01 ~1.50-02 c ‘|2t |21/% 28(al/? 2 7|2 51/ 275716 /29833 71/2 2% 7
el | 1.03-02 100302 [ 2.15-02 3.56-03 | 2.23-02 3.18-03 | 2.64-02 1.47-03 | 3.10-02 - 4.21-04 o 1o 1o o o o 1
fnel| 4:53-01 5.27-01 | 8.4-01 - 1.61-01 | 8:33-01 - 1141-01 | 9:13-01 5.95-02 | 9.54-01 1:45-02 J il e :
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 PR 1 2 122 12 ls
fon | 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 dy |2°13° 7 |2 5 2434 7 “l2
% | 2.20-001 2.61-01 | 3.86-01 7.82-02 [-3.94-01 :'6.86-02.| 4.44-01 2.85-02 | 4.35-01 6.76-03 2 2 |24 2 22 .2
| 572-02 0302 | 6.61-02 1.32-02 | 6.76-02¢ 1.16-02 | 7.63-02 4.86-03 | 7.58-02 111703 4 11 |2 8 2 SR A
Ip | 103202 1055-02 | 2.35-02 4.68-03 | 2:40-02 4.11-03 | 2:71-02 1.72-03 | 270-02  4.16-04 k |2 |3 4 5 . 6 - |t s .
5p-| 6.23-03 7.31-03 | 111-02 2121-03 | 1014-02 1:94-03 | 1.28-02 8.15-04 | 1.28-02  1.97-04 " : — - ——
- , by [1 |1 2 53 Pa I ISR P
Table 11. Cross sections of A, in the 2s state { b, | 33 29 11 24325_ 37194347904 2163?.,2 93
I e ] s ] 1y e | BT 8 4 q - »
- i , B by | 28 23'5% v |2537271 |2197311- 409
tot | 1.02-22 L6621 | . 21 | Lm0 | 18519 .
, : L — : : b, 55 28385 17|21 1% 1009
f ] coh  ime “coh  dme. | coh- ine | coh dme: .} cob inc- 3 o '
— e - — b B9 8528
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 ~'1.56-02 4 3 20877
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. 10,
inel| 4.36-00  5.31-01 | 7.92-01 1.66-01 | B.11-01 *'1:46-01 | 8.90-01 * 6:16-02 | 9:30-01 1.48-02° by 710
ex- | 3.97-01-- 4.86-01 | 7.15-01° 1.51-01 | 7:31:00 1:33-01 | 8.09-01 ~ 556-02 | 8.28-01 .1.33-02
fon | 3.96-02 451-02 | 707202 104902 | 7.98-02 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' —1 —
P T L0 IO Seros | 27au wii0s | 100 20800 | S402 490k % .. P
p | 1.53-02 - 1.90-02 |-2.71-02- 5.82-03 | 2.76-02 - -5.11- 98- 13- "03-02 - 4.94- - ) -
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 ¢ |21/%273| 2122538 51/25113) 101/2253- 53| 701/22758 71/2983. 73
34 | 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 - 3.56-04 sl 1 S F U § B 1
BT , ; S ! gla? - |2t |s® 2B | 2B
Table 12.- Cross sections of ‘A . in the 3s state : Lo ! : '
‘ — R — al2t |52 gt g2 222 0 |42
P | e §¢ | 18 ] x| BN { 1|4 < 1 .
: — - : g 3 . 15 IR T © S
tot i —-d06-22 - 6.38-20 - | - 822 ] 43120} - 54319 ,) 5 44 — 53 - 68 5 | ‘ 822 e
t.| cob :ivime i |-'coh  ne f.cob  dne | cob ' ‘dmc: " coh - - ine A by|t 27 s 123 I EACRE CI
tot | 4.43-01_ 5.51-01 | 8.21-01 17901 | 8.42-01 1.58-01]-9.32-01 . 6.77-02 | 9.84-01 1.63-02- & b, 3 B [2%P%s-a7 o |2%s%7323 |218327%23
et T80t o | e MR | IO LS | STio aaior | sovor Lsvor| | 8 34, | 5aTor |,103
nel| 4.22-01 :5. 1.73-01. -1.71- .92-01-.-1.51-01-| 8.71-01" - 6.41-02 | 9.09-01 ~ 1.52- : : a2 ; 71 o
ez il R s e R i R : | AR O |
o Ty L L R R e U by 5° 2%3%17 | 2%7%1009
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 |. _ : I Y
3° ] -3.04-01 4.03-01 | 5l66-01 1.27-01 | 5.79-01 '1.12-01°| 6.32-01 4.73-02 | 6.48-01 1.10-02 b 283 1. 235248
Ip |°4.66-02° 6.30-02 | 7.93-02 ~1.82-02 | 8.07-02 ~ 1.68-02 | 8.49-02 " 6.82-03 | 8.09-02 1.51-03 4} - e
3 |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 b T
14 |'5.66-03 5.68-03 | 125-02 2.20-03 | 130-02 1.97-03 | 1.56-02 9.35-04 | 1.86-02 2.65-04 |
4F] 44203 44203 ] 1.03-02 1.73-03 | 1.08-02 1.56-03 | 1.34-02 7.65-04 | 1.69-02 2.36-04°

10 _ ‘ v 11



Table 14. Coefficients of atomic form fact;ors, given in Eq.(8). - - ‘ Table 15. Coefficignts 'Aof‘ atomic form factors‘given in Eq(B)
'  Initial state is ls, / is the final state - - | Initial statéfiSHZSa ;f\his‘ the fi“al state
f , 3d o 4d 5d . "~ lea 7 ;Id R £ 2s|3s 4s |58 - "|6s |75 .
¢ [61725853| 216 141/2854771] 1121853, 1 172,91 © | 16225321 21 101/ 28 31/ 25% 14125874
Jj |2 l2 {2 2 s ‘ ilo'2 2 2 |2 ]2
dy 122 |52 [2252. 2 26 d, 1[s2 S R P
dy |42 o [s2 5242 |2 a| 1 |2%2 |2t %2 |82 [2%2
k |4 5 l6 “ 14 8 k|45 6 7 B s
b 1 62 |589% 52,5 22758 byl 1[s%28 [P |71 C|efs [P0
b, b |B9252 (5853217 [212335.6; by -3 -2°5%97 | 2%3%19 |2%- 7%31|2%5%109|2%107%17 - 1663
}‘b2 sy 2181115 |255- O1451 ' by| 2 |2%° -2329 255\31\12'39 223831 24367359-,2;3027
by 2767 . |223.9513.05 by 212 |-285843 |38s3 287533:‘;33‘0347
b, 3.78 b, 2858 |-3%-17 -233-'75;’1\{?7;1
' by 2.3l | 211710137
bg 212712
£laf |5 - , :
¢ [51/2218]101/2,94 :/221436 :i/2293e175 tE ?(: e 4?1 .~y 511’/2 s 6"1/"2'3" e FRTIEE
a4 |52 |2%a? 2 - |8 S - - —
0/ i 722 «,22, ol 1] | 52 o [gh
il 2 ‘Z ’ ?, 3 ;’ af 1|2 2t |2%6P | 3% 2?7?
o T+ k|a|s = |s 7 8 9
poft  [2%° 3-73  [2l434 : by -afst |t 15.48 o1 |15t
by 57 -237f41. - |2%7Pra b by| 1 P IS é35-7441 5832 2?’3125-7243
2| ;2434 o 2?7571 | by| 2455 | far —‘2632537‘{’1'1 2%3¢ 24387?67- 439
| "] 357" byl 212|258 |-2-aa 29927511 13- 73
b, 2858 -39 |-2B7P17s51 |
by SR £ B T
by -l p12712
12 . 13
| | g




Table 16. Coefficients of atomic form factors l’g’i\ien‘ in Kq.(8). Table 17. Coefficients df“;‘itoﬁiic fo‘mifactoré\givénr‘in‘ EQ(B)
RS T L . Initial state is 3s,.f 1is the final state:. .. )
Initial state is 28, f is the final state — — S
P Py - "G s p” : f |38 4s Bs. = ;{68
‘ , , ‘ - S ,
: : e lazass ] 1208084 12,11
172 2 T T : ¢ (2% |81/%01848 | 151/20458,4 | 11/2y
¢ |31/21653]1/214] 1-1/2,0604] 1,172,113, 1 j21/2165-1,4 C ; o 2
il2 2 2 2 2 2 2 6 :
do 52 32 72 22 34 v dO 2 l‘ 2 1
, , : 2 a4 o252 )2 (
2.2 4 2.2 2 9.9 a, |3
dy{273 2 25", 3 a7 e |s e 8 9 "'
k |5 6 7 8 . 9 ' 8 5 29 ;
N ] B 9 v . 7-23 . . E6Oe
by|-52 B |5 51 J13.2 , by |2 ?z1b1 z;‘l'lvz e 3523 i
12 a2 | o0 |19 i0i b, |-2%3-7|-2%3%3235)21%4%5 - 14510(2%3%%7 |
by{2-3 -2%3% |-2-5%7%317(-273213 -2-3197.61-71 : 75 1ok, | .10.6.3 4.2 '
1S g 6.5 5 654 I . by [278°  [2%3%20117 | 2103857603 2%5%17- 71|
b, 2 -2%6%23  |-2-3%7-47  |-28357%1427 ' 6.6 | .15.6..1.4.6.5 . - | 8.
» & 6 6 6.5 o by |-2%3° [-21°3f139"|2%3% 97289 |-2843387
by 2°557 -3°19:31  |-267%263597 9. |69 3.8.8 8.4,
a8 6 . b, |3°© -|2163 233858223 |283%3-61
. 283277227 . = 11,10 1.5 .
b S ey ~2M13%143] ¢
b 9. .10 5 : ; :
. 293-710 12,8
o 21238
6
- ~ . f {2p “13p 4p 5p ' “16p - ~
f 4f - . : . . - N I _
ot 6t |1 c |61/22"3% 61/22%3) 151/221 33| 301/2253%3 2101/2575711
¢ |10/2218]51/2,1854 |101/2,158(,1/2,18,-1.5 5+ 11 1 L 1o
: 2 3 3 - a. |52 22 72 28 10
| 3” 7 2° 3t | ez e | 22 . |2
0 y : ‘ ~ d, |2°8° |3 273 3% - 2%
a |2 0252 32 222 P 6 7 8. . 9 .
k |6 , . : ; -
T 8 S , b, |5 27 |s:1817  |2%4ar 3-5%
b, |-3° 7929 -243 -31%5.53 f N aa |t oo | za s . a2
0 \ » ( = 1 by |-2%3%s5 [2%3-20:(-2%3%7%s |2'%%5.37  [2%3%5%
b —03q. 22, 53 54,63 . ‘g ol 4 ;
b2 2°3-5%7-19|-2%83 . |-2%3673s59 e, 2%3% - |-2%3% |293%a443 |-212355%5563| 2243217 19
b 4.5 _a2e. 55234, Lo ; ‘
b, 2% 3% a1 |2%3%7110- 3 by | |87 . |-21537107 |285%5535123 |~28612
b 6 o BBany , ]
by 23 2777937 by 1216310 | 2%%8173 [283.5-2251
: 83.5.8 » , . b
- ey 2%3-5-7 g 31210 211337
, 12,7
- ' bg 277307
14 : : - A 15 -




Table 18.. Coefficients of atomic:form factors given in Eq. (8). . To calculate the sum of exc1tat1on cross sectlons 1t was taken 1nto S
Initial ‘state’'is 3s, f is the final state account that express:Lon ! Ff(nq) - Ff(Eq)I decreases as n’ for the
£ | 2 ' 2d e - ‘f1xed (17, 18] The cross sectlons were computed up to n'<10 and l’<4.
,1/2 o1 1/2 16 5 1 - .5 ) 6d d Then the 1nf1n1te 'series were approxlmated ' oy
C 2772 3. / 2735 7717 1/2 135711 71/2593644 The cross sections calculated usmg Eqs (3) (6) and F(x,2),
J 2 12 : 2 2 - 2 » ‘an(x Z) function tables [15] are presented 1n Tables 1-12. The total:
d(l 22 72 26 ) 1 2252 cross sections are given in cmz, others .are glven as the ratlo to the .
d 32 2432 3252 ) 22 . 2 9 A corresponding total cross sectlon.) The 1n1t1al state and the type of
k1 . 7 5 J elementary atoms ' are mentloned ‘in table headers, f1nal states f are .
4 5 1 : 9 10 denoted by common symbols 1s, 2p, Sd etc For all targets (H C N Ar
bO 275 -7743 ~2777-13 —3'72 . 2135819 Ta) there ‘is a coherent (coh) part ‘of the cross sectlon 1n a left column
bl -2433 263272383 2143252727' : —2332167 211325621007 and an incoherent (an) one 1n a rlght column The tables conta1n cross B
5 ’ 8.5 7.4_4 5 9.6.5.3 sections of only those tran51t1ons whose contr1but10n to the total cross
b,{3 -2737571 12375757 - . i
2 13.7 5 7 5717 ’ 2 3-1129 -27375777319 1 section is not smaller than 10 -2 at least for ‘one of the targets. The
b3 273 -2°375%101 289091 128385375677 numbers in the tables should be read as for 1nstance' 1. 32- 2-1 32° 10 2,
b4 , 39587 , 283317 61 243853771199 For symmetric atoms A and A2 1n the first Born approxmation the'
. : ‘transitions with the even L l number are 1nh1b1ted [10 18] Thereforeﬁ
b5 211357 N 223115 .7931:3 ' ¢ S
s elastic scattermg is also 1nh1b1ted and qlnel_ tot R o
bs : 313712 The total cross section of A, '1nteract1ng with carbon measured in"
+16 2e '
Ref.[v5V]_ otot"(ls 6 ) 10 cm /atom 1s conslstent w1th the value given 1n_b
Table 1 %o "5 91-10 19 2 For more detalled dlscussmn see Ref [5] -
‘ f 4f ‘ ‘ ~ ’:‘ - — + N RIS .. L B ,‘, - o ERRIKGMNY
1/2,18 . = L3 Acknowl edgment SERY A TIR B ST SR U O P S VL
/ 1/2,9,7.4 1/2 14.-12 1/2 9.8.5 E TR . . R »
s 3 zo 28'57 115 3 2’81 The  author is much indebted to L.L.Nemenov, A.V.Kuptsov and .
2 - 3 - 3 A.V.Tarasov for encouraéement and helpful“ discussions_. e aE
. . Appendix )
a,|2%3? 3%52 22 322 .
k17 8- 9 - 10 The trans:Lt1on form factors of elementary atoms F (q) evaluated for’ |
1 3 . Eq.(7) can be written as o ' : ’
by|7°101  {-2ltim -3%19 .- 219561109 - f ; TR .
B : ’ R f — C.q 2 L S
b, |-2°3%7- 67|2%3%217- 19 |25 - |-2B52557263 @)= @ + d. )~ B fpd e )
b (-85 2,4.4 5 10,7,.3.4 o 1 e
b,|2"3 . .
2 3 3 5731-61{273-1231 2%3"5%7%13 Here @ is given in atomic units i.e. g=g[MeV/cl/oyu, u is the atomic
bat . 35 -29327.13 283 5'7613~383 . reduced mass. For various initial and final states the constants C, J,
b4 2836 22387819 193 0, 1, k, b are presented in Tables 13-18. Initial states i are .
b 1 10 ? "notified in table headers, final ‘states f “are-given' in a common way as
5 37757 o ‘ - . 1s, 2p, 3d etc. Numbers 'in the tables shouldﬂ be read as products of prime
16 i 7, (.




number powers, though not a11 numbers are completely factor1zed to get
shorter ‘records. The hydrogen wave functlons g1ven 1n Ref [21] were used‘
for the calculations,’ ‘another ch01ce of the wave functlon phases mlght,

lead to an 1n51gn1flcant common tactor -1 or L
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