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L INTRODUCTION

: During the two last decades a cons1derable amount of theoreﬁcal works had -
been devoted to'the study and the understanding of the collision between different
atoms and especially the excitation occurring in the multicharged ion-atom collisions.
In particular, the collisions with one active electron have been often studied with
attention. These colhsron processes, as charge-exchange, ionization and excitation,
are 1mportant essentra]ly for the astrophysical environments; the plasma’ physics

:-and the radiobiology as the cell dead mduced by collision. An important difficulty

. arises in the description of these colhslonal processes as in the range of intermediate

_ impact energies. Generally, the excitation process at intermediate impact energies is

- described by two theoretical methods usmg the perturbatlon methods or the close
couphng calculatrons ; ; i .

I fact these two methods are very eﬂicrent for. the high n:npact energies with a
perturbatlon method and for the low impact energies with close couplmg calculations. .
On the other hand both methods do not describe w1th accuracy the intermediate -
E 1mpact energy range. These various fields of colhsron energres are deﬁned from the
,capture process, especmlly the mtermedlate energy range is situated near its maximum
[1]. Brendle, Gayet and Bouamoud [2-7] have developed a new theoretical approach
- based on ‘the Schwmger variational prmcrple excludmg a perturbative treatment. In- -
- fact, Luchessse etal (1980), [8] had already employed this method successﬁllly for :
i 'colhs1ons by electron impact;’ then by Brendl¢ and  Gayet [2] for the excitation process
: _.by 1on 1mpact From 1988, the Schwinger ! variational procedure whlch ‘was applied
: ' 'st by Bouamoud [3-7] and then by ‘Lasri et al [5 -7] appears as a
[ powerful tool to study the excitation processes. especxally for the hydrogen-like ions. '
' One nnportant successful of this _approach has been the predlctn'm of the saturation
effect of cross. secttons when the prolectlle charge increases [4, 9] :

. the present work, we determme usmg thls varlatronal approach, the: dn'ect
excrtanon of berylhum ions Be** by proton impact with energies from 40 keV to 4
?-"MeV We. mpare our calculatlons with those of Ermolaev (1994, 1996), [10 11], .
obtamed m a'T'wo enter Atomlc Orbltal (TCAO) expansron . o

: Thls manuscnpt is orgamzed as follows in section II, we present abnef theoretlcai

:recall of the transmon amphtude form applicable to the excitation L process. In section
I our calculatlons are compared w1th the TCAO calculatlons Conc]usrons are drawnk :
~in sectlon IV : :

II THEORETICAL TREATMENT E

In Lasn e al [7], more detalls on the theoretlcal treatment and the calculatlons‘
" are glven In the 1mpact parameter method and in collisions without rearrangement,
the scattering initial and final wave functions (z) and y; (z) respectrvely, are

:‘deﬁnedby th 1konal Llppmann-Schwmger equatlons . e
)+ dz G" (z z) V(z) v (z) : - v (ia)
- wﬂ(z) ﬂ z)+j' dz G‘(z z) V(z) lyﬁ(z) - (b

SCIENCES TECHNOLOGIES&DEVELOPPEMENT N°3 - ANDRU - 2008
97




W1th the mter—nuclear distance R = 5 + E z = V.l the a21muthally axis;

B V=0, D being the impact parameter; V. the collision velocity; and ﬂ (Z )
are the initial and final states of the target, respectively; 7. is the prOJectlle-target
interaction and GT (z=1z)) are target Green’s operators. If we denote by. ¢, (%) .2
target eigenstate associated with the eigenenergy &, ,where xis the electron-nucleus
separation, the correspondmg eikonal Schrodmger solutlon for the unperturbed -
target y(z) may be written as (in the configuration space, with the ongm of coordinates -
taken on the target nucleus):

v(z)=4, (x>exp(-z__2) . .

The well—known Schwmger amphtude for a genuine transition, i.e., for a# ﬂ

o e
”“() (wﬂlV VG*V%)_ o .@‘

We note that the mtegratmns (scalar products) are overzand X -
As showed in [4], the expressmn (3) is stationary for small errors on the m.mal and
final wave functions and it is easy to show that &a, (p is zero to first order n :
ov. (z) and oy, (z) The wave functions Y, '(z and W (z) are developed
on truncated ba51s sets {ll)} and {[})} respect1ve1y The two basis sets are not-
necessanly identical but they must ‘have the same finite dimension N. ‘As in previous
developments 3-71, the two sets are simply built from ground state and excited states
of the target with tlme—mdependent coefﬁments for the two expans1ons Finally, usmg
éay, (p) 0 with the development of ¥/, (2 ( ) and y, (z) on { z>} and: {ll>}

: respectlvely, the Eq. (3) can be writtenas: ¢

%(‘@Jzz<|m>()<w:>_  lf"@

i=lj=1-

Where (D"l is the element (1 5 j) of the matrlx D'i mverse of the matnx D deﬁned
by the elements L Loy Gl
( IV VGTV| > . f G

Let remember that the i whlch appear in the term 1) atthe beginning of the
relatlon (3) and (4) represent the complex number i. v
In what follows ‘we are dealing with the excrtatlon of the target from its ground state
to the first excited state. Hence, the basis set, which is made up of eigenstates of the

- target is restricted to the lowest target states mcludmg the mmal state a) and the

 final state I ﬁ)

. In the Eq. 4, we. ‘have tow matnx elements one of first Born—typ (Jl V| )) ‘and
the other of second Bom-type (<J}VGT V1’>) In the evaluation of {J VGT } one has
to perform a sum over : infinite set of intermediate states I V) A first step. toward
the exact evaluation of { /|VGFV i) has been accom lished by taking into account the
‘contribution of the discrete spectrum of the set {| } [3-5}
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The contribution of the continuum has been taken into account using an analytical -
continuation that consists to evaluate the part close to ionisation threshold [7].

Finally, the direct excitation cross sectlon o,.(nl) from a=Isto ﬂ=nl states'is

given by: : :
0. (n]) = ﬂa,,a@)l dp. ©)
In consequence the dl_rect exc1tatxon productlon forn level (n) is: ' i

(n) Z nl). o

Q)

III. RESULTS AND DISCUSSIONS |

We present in this paper the Be*'(1s) direct excitation cross sections to #=2 and n—3

states according to two expansions. For an n/ excitation, the first is calculated with

a basis of two states {Is, nl} (called Schwinger-Born [4] and denoted Schw-B). The

second is calculated with a.basis of 14 states (denoted Schw1414) {1s, 21, 31, }for the

21 excitation and of 10 states (denoted Schw1010) {15, 31, }for 31 excitation where

0<I<n-1and -I<m <I. Our cross-sections are compared with the TCAO
calculations: of Ermolaev [10, 11] obtained with a 55 two centre AO expansion.

The Fig. Ia, Iband 1c show the 2s, 2p and n=2 excxtatlon cross sectlons, respecuvely, :
for energies between 40 keV and 4 MeV. For of2s)(Fig. -12), we observe an important
dispersion: between :the - three  calculations - (Schw-B, Schw1414 and TCAO) at
intermediate energies, says. between 40 and 400 keV. On the other hand, above 400
keV the three calculations converge. Whereas for o-(Zp) (Fig: 1b), the cross sections
are very similar.over all the energy range: As the on=2) (F ig.:1¢) is the sum of
0(2s) and of2p) And furthermore the o(2p) is dominant, the three calculations are
globally in agreement. The situation is appreciably different for the excitation of n=3
(Fig. 2), because the cross sections given by Schw-B and TCAO are similar over
all the energy range, on the other hand the Schw1010 results overestimate the cross
sections at low energies unlike at the excitation of the level n=2. The difference in
the calculations between the levels =2 and »=3 comes from the choice of basis set.
Indeed, the basis with 14 states for the excitation of #=2 contains the all degenerates
states of the level n=3 {3l with /=0 to 2 and l <m <1} which he Just above.

As a consequence, this level absorb an important part of the excntatlon towards the n=2
. level'and this is contrary to the calculation of the excitation of n=3 Tevel for which the
basis set do not includes the upper level. Careful examination of results shows that,
this explanation may be seem contradictory with the Schw-B results, which contains
only two basis set.(initial and final states), that is the excited intermediate states are
excluded. Indeed, this shows that; in the intermediate energy range dominated by
the charge exchange, the excitation channels are strongly coupled with the capture:
channels: In high collision energies (E > 500 keV) and in all cases; the calculations
give same results because in this energy range thé three processes capture, excitation.
and ionisation become decoupled.
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IV. CONCLUSION

This calculation shows the powerful of the Schwinger method, in particular at
intermediate collision energy range, todescribe the excitation processes and furthermore
it illustrates the important role of capture channels in the excitation processes for
the low energies. It appears that in further research, the best improvement for the
Schwinger method will consist to include the capture channels in the calculations.
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Fig. 1a: 2s excitation cross sections of Fig. 1b: Same as Fig:1a, but for the. .
Be** (Is) by proton impact with Schw1414 ' excitation of Zp state. .~
(full curve), Schw-B (dashed curve) and : 5 v

TCAO (open diamond) [10,11}
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Fig: 1¢: Same asFig.1a, but forthe Fig. 2: Same as Fig.1a, but with
excitation of n=2 level Schw1010 for the excitation -
of n=3 level.
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