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Quasimolecular x rays in the CI*-Ar collision system
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We present molecular-orbital x-ray spectra from collision systems with highly charged projectiles calculated
with a time-dependent coupled channel method using relativistic molecular Dirac-Fock-Slater wave functions
and full radial and rotational couplings. The spectra of the systéfii @ir are investigated with respect to the
dynamics and the number of electrons in the system. Two basis sets have been employed in the calculation, one
which belongs to the ground-state configuration and the other to the transition-state configuration on the
incoming part of the trajectory respectively. Very good agreement with the experimental results is found by
using the transition state basis set.
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I. INTRODUCTION impact parameter dependent measurements of the MO x rays
emitted in slow collisions of ions bearingkashell vacancy
The investigation of quasimolecular x rays began in 1972with a gaseous target (¥r-Ar) [8]. Through this develop-
with a publication of Sarigt al.[1] about noncharacteristic x ment much progress was achieved for the theoretical descrip-
rays between 0.5-1.5 keV in Ar-Ar collisions. In order to tion. Since the vacancy is brought into the collision in a first
explain the origin of the observed continuous spectra the@Pproximation the ionization can be neglected and the de-
interpreted the colliding atoms as a diatomic molecule withSCription of the quasimolecule can be reduced to the inner
changing internuclear distance. Already in the sixties, thi§_rb|tals. The electronic occupation of the levels at the begin-

so-called molecular-orbital model had been applied to interNing Of the collision is also known. The structure of the
pret results from ion-atom collisiori,3]. Within this model ~ SPectra is a further important advantage compared to the

the electrons in the collision system with velocities greatelSpeCtra with neutral projectiles. The coherent superposition

than the projectile velocity form molecular orbital®0’s) of the transition amplitude in the incoming and outgoing part

) - ) . of the trajectory leads to an interference structure which al-
around the nuclei of projectile and target. Since the internus : . X
lows a detailed comparison between theory and experiment.

clear distance changes during the collision the emitted radi?qowever, until 1996 the spectra had only been evaluated
tion resul_ts n a contlnuc_)u§ spectrgm. After the dlscovgry O.using asymptotic integral formulas for the first experimental
the quasimolecular radiation an intensive research in th'aetermination of the Bo, 2pm-1so transition energies
field! followed. There was hope that a tool to perform direct[g_ll]_ At this time our g'roup published the firab initio
spectroscopy on quasimolecular systems down to the uniteghicylation of the spectra taking into account radial and ro-
atom limit had been found. It soon became clear that theational couplingg12]. Good qualitative results were found
spectroscopy by measuring an end point in the spectra is n@glssuming the one-active-electron approximation but also ob-
possible due to the collision broadeniffg6]. Instead of an  yjous differences between the experimental and the calcu-
end point there is an exponential decay of the intensity bepted results remained. In this paper calculations in the
yond the transition energy of the united atg) which pre-  many-particle framework are presented using two different
vents the direct evaluation of the spectra for the measur@nolecular basis sets. Furthermore, we investigate the influ-
ment of the transition energies. ence of the electrons in higher lying orbitals and the dynamic

The theoretical calculations of the spectra which werecoyplings on the intensity and shape of the spectra.
measured with neutral projectiles required the description of

the production of inner shell vacancies which could decay by
radiative transitions. Using a gaseous target both processes Il. METHOD

take place during the same collision in a one-collision pro- ¢ gemiclassical approximation is applied to describe the
cess. Using a solid target one can assume the_ tWO'COU'S_'OgS/stem consisting of the two nuclei, the electrons, and the
process where the vacancy is created in a previous collisioR na adiation field. The electrons are treated quantum-

Both processes contain serious difficulties for the Ca|C”|ati°'?nechanically whereas the nuclei move on classical trajecto-
of the spectra. In the first case one has to describe the io'?res using the bohr potential

ization of inner shells while in the second case the vacancy is |, the next section we will briefly review the theory of
assumed before the collision takes place but the occupatiogyinyum emission during ion-atom collision. It was intro-
of the remaining levels is not known. duced by Briggs and Dettmant3] and simplified by Kirsch

In1983 a breakthrough was achieved with the applicat?orbt al. [14] for the many-electron case using field-operator
of the acceleration-deceleration method. It allowed the f'rs¥echniques. In Sec. Il B we review our method to solve the

time-dependent electronic Schiinger equation and intro-
duce modifications due to aR-dependent atomic basis set
IA review of this field until 1984 has been given by Anhpii. for the calculation of the molecular basis.
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A. Spontaneous photon emission in slow ion-atom collisions e2c22 7\ Y2 e )
. — | wt
The Hamilton operator of the electron-field system is Dri(b, @) ( hoV ) J,wdte ‘
given through N
A=At + Aot P, x 2y (D] al s (0)S(1[K),

whgreHe(t) s the elec,ttrgmc Hamlltoplanﬂem the Hamil- and by decomposin@®;; into a component parallel to the
tonian of the free radiation field and;y; the part of the  peam velocityv, a component parallel to the impact param-

Hamiltonian describing the interaction of the electrons ancterp and a component perpendicular to the collision plane:
the radiation field. Since we describe the electrons within the

Dirac theory the interaction part of the total Hamiltonian has

the form Dfi=Dyfib+ D, v+ Dyfigl-

N The emission probability for a photon with the eneigyn
ﬂint:ez @ A(r). the solid angledQ by a 'Fransition between the electronic
=1 states¥; and¥; is now given by

The transition amplitude for the transition from the initial

2 2
atomic stateb; to the atomic statd; with a photon|k,\) is d°p (b,E, k)= E'V DRITRNG
given by[13] dEdQ " #3c3(2m)3 K i—~fx
FA()=(D(1); K\, Wioy(1)). __EW (1D D)
1 I .
W¥,ot(t) is the wave function for the coupled electronic-field n3c¥(2m)®

system. In first order with respect to the interaction with the . ]
radiation field and using the long-wavelength approximationl Ne azimuthal anglé is not resolved by the annular photon

this results in detector used in the experiment for the system®GAr
[8,11]. We therefore average over the azimuthal anfglend
[2mec?\ Ve calculate the emission probability in the directi@n with
fion(t—e)=—i| 57— f_xdte X respect to the beam axis
N 2 2V
- _ 2 2
X (W (t)ljzl a;- 6, (k)| P (1)), JEqq (PE©)= m( Diti+Dysi

whereW (t) andV;"(t) are solutions of the electronic scat-
tering problem for the boundary conditions !iLnH\If{(t)

=d¢(t) and “WH% W (t)=®;(t), respectively.€, (k) is

the polarization vector of the photon anq is the frequency.
Working in the framework of the independent particle The variational principle is employed to find the time-

model the ansatz foW is given by a Slater determinant. dependent Dirac-FockTlDDF) equations for the single par-

Substituting the ansatz for the electronic wave function in theicle wave functionsy; . We substitute the exchange poten-

Sin2(®)<%(D>2<fi+D§fi)_ Difi) } )

B. Calculation of the time dependent electronic wave function

expression for the transition amplitude one ddi5] tial in the TDDF equations by the local Slater exchange
2 2\ 12 potential and solve the time dependent Dirac-Fock-Slater
foop(t—o0)=—i 2me’c Jm digort (TDDFS) equations
i—fA oV . ) 2
Zpe Ze
N ca-p+(f—1)mE——— !

r=Rp(t)] [r—Re(1)]

X S (i (0)]a 6 (K| (0)S([K).
: - %d%/) di(r.t)
r—r
Sii(1|K) is the minor of the “nonorthogonal” integral of the

. 1/3
two Slater determinants —3Xae2<%p(r,t)) w|(r,t)=iﬁ%¢|(r,t) )
Sy=(V; ()| (t))=defs;(jm)},

for the one-particle functiong;(r,t) with I=1,... N and
Wheresfi(im)=<¢ﬂ(t)|Wm(t))- X,=0.7. Rp(t) andRy(t) are the coordinate vectors of the
For further investigations we simplify the expression for projectile and target with respect to the center of mass.
the transition amplitudél) by defining the vector p(r,t) is the self-consistent electronic density defined by
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N and R$ are the distances of the projectile and the target nu-
p(r, )= ¢ (r,Hy;(r,1). (3)  clei from the center of charge.
=1 Furthermore we extend the external potentials given by

Egs. (5)—(7) for the monopole part of the coulomb and ex-
In this approximation the concept of Slater for a local ex—ég ©)-7) po'e P

. . ange potentials of the electrons in the other two centers.
change potential is also used for the time-dependent case agdl, 44ing so we use the division of the molecular electronic

the functionsy, are interpreted as approximated solutions Ofgensity at the preceding internuclear distance in three spheri-
the TDDF equations. _ o cal parts with the Mulliken population analygi&9] of the
We solve the TDDFS equatiori) by expanding/y in @ s functions. The electrons correlating with the calculated
set of molecular wave functions set are taken into account self-consistently.
M The solution of the atomic DFS equations is based on the
_ (i e (1 dt! programrRADWEQ by Salvat and Mayo[20] for the solution
‘ﬂl(r’t)_;l (1) (1, R(D)e” TGO (4) of the Schrdinger or Dirac equation for central fields. With
this method we achieve a very accurate solution of the mo-
The difficulty by solving the TDDFS equations with a basis lecular DFS equations for all internuclear distan¢eg].
set expansion is given by the electronic dengBy which ~ This is necessary for the calculation of the molecular x-ray
cannot be calculated independent of the collision proces$Pectra since the behavior at large internuclear distances as
Therefore the molecular basis set—in terms of which theVell as the united atom behavior has to be described. Fur-
collision process is to be analyzed—is dependent on the cofhermore this method allows accurate transition state calcu-
lision process itself. In our group there has been an attemg@tions which enables one to model the electronic density
to solve this problem in terms of a time-window-metfag] ~ during the collision approximately. _
but this procedure is not appropriate for the calculation of Insertion of the expansiof) in the TDDFS equation€?)
MO x rays. For this reason we chose a different approaciith the electronic densit{3) approximated by the molecu-

[17] which shall be described in the following. lar electronic density leads to the coupled channel equations
The molecular wave functiong;(r,R) are chosen as so- M 5

lutions of the stationary Dirac-Fock-Slater equations which ., - .. il _in _

are solved using the LCAO-MO meth¢d8]. The main fo- hay (1) g‘l a(t)(¢;(V)] =% ot [¢d0), 1=1,... N

cus of developing another approach was first to obtain accu- (8)

rate molecular wave functions and energy eigenvalues over

the whole range of internuclear distances. Secondly we wer®r the occupation amplitudes; (t).

concentrating on the question of the distribution of the elec- The numerical evaluation of the dynamic coupling matrix
trons during the collision approximately without losing accu-€lements

racy. For these reasons we have developed an “atomic” ba-
sis set for the diagonalization of the molecular Hamiltonian
which is dependent on the internuclear distaRc@he basis

set results from three atomic Dirac-Fock-Slater calculations
[17]. The wave functions included are located at the twohas been described in detail elsewhi2&]. This evaluation
atomic centers and at the center of charge, respectively. Ftvas to be extended due to the expligidependence of the
the calculation of the wave functions at the center of charg@tomic basis set. An additional term which results from
the external potential is given by the monopole part of the
two-center potential. Calculating the basis functions at the
target and projectile, respectively, the monopole part of the
second nuclei is taken into account. In summary the external J
potentials in the atomic DFS equations are replaced by n ﬁ|gz)(|(§z(r,R),R) 9)

d . J . J
<¢j|E|¢k>:<¢j|Rﬁ|¢k>+<¢j|®%|¢k>

) |
X &R R)= = b (BT R).R)

V(r1)—V1(rr) +V3(r,R), (5
T T P has to be added to the displacement part of the radial cou-
ling matrix elemen{21]. HereC, with Z=T,P andC is
Valrp) = Vp(rp) +VATp R), (6 Pingm (1] /
given by
VM(rC)_)Vg(rCrR(P:)+V'|0'(rC1R'(I-}) (7) C _(i)Mp/T _ZTCT+ZPCP
_ _ TP Mi+Mp 7C¢ Zp+Zy
r corresponds to the distance of the electron with respect to
the nuclei of the target.,, andr ¢ correspond to the distance respectively, and,(r,R)=r—R,. The second term in Eq.
with respect to the nuclei of the projectile and the center of9) results from the changing external potential used for the
charge, respectivelWp(r,R) is the monopole part of the construction of the basis functions. This term is calculated by
potential of the projectile nuclei with respect to the targetsolving the atomic DFS equations for two neighboring inter-
nuclei at the distancR from the projectile. Accordingly de- nuclear distances with the corresponding external potentials
fined areV(rp,R), V3(rc,Rp) andVy(rc,Ry), whereRS  but with the same occupation numbers of the orbitals.
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With the expansiori4) of the time-dependent wave func- 0.0 ]
tion ¢, and,, the transition amplitudé; ., (1) takes the 0.5 f o=
form M
2202\ U2 o N R
fi_p(t—x)= —i( ) f dtj ekt > Sy(1]k) = 2.0
hoV - k=1 S
25
v 2
. £ -3.0
X j'm2:1 ay " & m{ (1) - €,(k) Z 35
4.0
x| ¢m(t)>e—(i/h)ft,,mdt’(em— ej)) ] 45
. 02 04 06 08 1.0 12 14
=—1 E}\(k) : Dfi(b1 Ei 1w)1 (10) R [a.u.]

wherea; (t) andag(t) are solutions of the coupled chan- FK;- L Correlationddiagrimlfor Ithe system éCWﬁ) in th(zI
. . _ .P i
nel equations(®) for the boundary conditions (t ) ground state. Presented are the levels corresponding £ thean

M shell of the united system.
=6y and aiJl:m(t_> — )= &;,m, respectively.

The transition amplitude is evaluated in the center of massccupations of the molecular orbitals corresponding to the
system which makes it necessary to transform the moleculdsorderline cases and the dependence on the dynamics.
dipole matrix elements. If the vect®&(t) connecting the two
nuclei forms the angl® (t) with the z-axis of the center of

L A. Energy eigenvalues from two different molecular basis sets
mass system the transformation is given M}ﬁZD(t)a/j'm gy €ld

with In the adiabatic approximation for the electronic density
the difference between the time dependent electronic density
cosO(t) 0 sinO(t) and the molecular electronic density is neglected which re-
D(t)= 0 1 0 (11) sults in the coupled channel equatiof@. Up to now we
] ' always had calculated molecular basis sets in the ground
—sin®(t) 0 cosO(t) state[12,27 for the calculation of the MO x-ray spectra. In

. . . the present work we present a second basis set which corre-
Usually the final state of the electronic system is not detecte

”» . ponds to the state in the incoming part of the trajectory.
so that the transition amplitude has to be calculated for alyii these two basis sets we can represent the two limiting
possible final states. The evaluation of the intendity

. b Staes ¢ - cases of the occupation of the molecular orbitals during the
=34|fi_n| is simplified by replacing the {)-states with . iision. While all electrons are assumed to de-excite imme-
future boundary conditions by«()-states which is a method giasely in the ground state, in the new basis set the occupa-
introduced by Kirschet al. [14]. The advantage of this

- I ' tion does not change during the collision process. Due to
method is the possibility to evaluaty; (I/k) in Eq. (10 pyumerical difficulties the electrons in thé-shell of Ar are
directly since it is given by a Kronecker delta in this case.

neglected in this calculation. To prevent strong charge ex-
change at narrow crossings the occupation is continued dia-
. RESULTS batically.
In Fig. 1 and 2 parts of the two correlation diagrams are
The system CP"-Ar was the first system being investi- presented. Both calculations have been starteR=a# a.u.

gated with the acceleration-deceleration meth8 Mea-  with a basis set consisting of the],-3ps, orbitals of CF®*
surements exist for different impact energies as well as foand Ar (A®") and the &,,,-4d-,, monopole functions at the
varying impact parametefd 1]. Therefore it is an excellent center of charge. For decreasing internuclear distances the
system for the analysis of the theoretical approximations. Wé&atomic” basis functions for the diagonalization of the mo-
improve here our previous calculation on the collision sysdecular Hamiltonian are modified as described in Sec. Il B.
tem CI®"-Ar [12]. For low impact energies the intensity is (Due to the different molecular occupation numbers the re-
overestimated and the oscillatory structure in the experimersults of the Mulliken population analysis are different in the
tal data smeared out compared with the structure of the catwo cases.
culated spectra where the intensity at the minima is nearly A principal difference in the behavior of the molecular
zero. Furthermore the structure of the calculated spectra iBne-particle energies is seen for the two strongest bound lev-
slightly shifted to lower energies. It was assumed that onels. While the levels in the ground state configuration are
reason for this was the one-active-electron approximation. lalmost parallel tilR~0.4 a.u., there is a narrow crossing at
this paper we are presenting results calculated in the manyR~0.73 a.u. in the transition state calculation. In the latter
particle framework with different numbers of electrons in thethe energetical position is reproduced correctly. Due to the
system. We investigate the dependence of the spectra on thégh degree of ionization of the chlorine atom the energetical
adiabatic density approximation by using two basis sets witlposition of the &, levels is exchanged. The effect which
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FIG. 3. Differences of the molecular one-particle energies be-

FIG. 2. Correlation diagram for the system (CIAF) with an  tween the ground state calculatiofsolid line9 and the transition
transition state occupation which corresponds to the asymptotic 0Gtate calculationgdashed lingsas function of the internuclear dis-
cupation of the collision partnefsee text Presented are the levels tanceR. Compared are the energy differences between thed
corresponding to th&, L, andM shell of the united system. The |evel and the P/, 2ps,m, 3P0, and the s levels, respec-
occupied levels are additionally marked with dots at the calculatedively. The characterization of the molecular levels is done with the
internuclear distance. notation in the limit of the united atom.

leads to the approach of the two levels is the weaklysiate calculations. A quantitative analysis of the effect for the
screened nuclear potential of the chlorine. In the ground statgyectra cannot be performed on this level but the spectra

calculation the electrons are distributed equally among bota|cylated with the transition state basis set will be shifted to
atoms so that the strongest bound level belongs to argon fqfigher energies.

all internuclear distances.

A similar behavior is found for the levels which corre-
spond to thel-shells of the collision partners: For the mo-
lecular transition state basis the atomic level structure is still
seen untilR=1.5 a.u., but at this distance theshell of In a previous papefl2] we have presented quasi-
argon is already energetically lower than teshell of chlo-  molecular x-ray spectra which were calculated in the one-
rine due to the chlorine nuclei. A purely atomic behavior atactive electron approximation. The dependence of the struc-
this distance is not found but the leading terms in the expanture on the impact energy and the impact parameter could be
sion of the molecular orbitals still allow to make a definite reproduced but the remaining differences from the experi-
characterization of the orbitals. In the ground state calculamental data requires further investigations.
tion the sequence of the levels is different. Thelévels of In the calculation of the transition amplitude the electron
the collision partners are followed by th@ Pvels of Ar and distribution enters twofold due to the adiabatic apprOXima'
than the 2 levels of Cl. Here the difficulties using a mo- tion of the electronic density: In the time dependent wave-
lecular basis set from ground state calculations become offunction ¥;" which is defined through the boundary condi-
vious. The definition of the boundary conditions for the so-tions att— —c and with the static molecular electronic
lution of the coupled channel equatiof® can neither be density in the energy eigenvalues and matrix elements. Here
given using the energetical order of the levels nor using thé&oth dependences shall be investigated.
leading terms in the molecular expansion. For this reason the In the one-electron approximatiol;” and W; are not
results of the transition state calculation are used for the defirepresented by Slater determinants but by one-particle wave
nition of the boundary conditions for the ground state asunctions. Out of the 10 molecular orbitalK @ndL shell of
well. the united atomwhich have been taken into account in the

For R<0.4 a.u. the structure in the correlation diagramone-electron calculationgl2] asymptotically the &0 is
belonging to the transition state calculation is shifted tofully occupied and the g0 level is occupied with one
smaller internuclear distances but there are no principal deslectron. The remaining orbitals correspond to lthehell of
viations from the ground state calculation. A distinct differ- CI*** for R— and are therefore empty. Firstly we want to
ence is found in the energetical position of the one-particleeport on calculations which are performed within the sub-
energies due to the varying electronic screening. Decisive faspace spanned by the same 10 molecular orbitals but which
the solution of the coupled channel equatid8s and the take into account the right occupation within this basis set.
calculation of the transition amplitud&0) are the transition We find that the structure of the spectra is identical to the
energies which are plotted in Fig. 3 for the transitions be-one found in the one-electron approximatid®] but now
tween the ;.0 level and the P40, 2ps,m, 3p1po and  the intensity lies within the systematic error given by the
the 3psm levels. The differences of the energy eigenvaluesexperimentalist§11]. In the one-electron approximation the
from the ground state calculations are systematically smalleintensity was overestimated by a factor of 2.2 for an impact
than the corresponding values resulting from the transitiorenergy of 20 MeV, a factor of 5.5 for 5 MeM.2] and 9.0 for

B. Molecular x-ray spectra—the dependence on the electron
distribution
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7| 5MeV Q' —Ar
— s 6 b=0.047 a.u. b=0.026 a.u.
o [}
s 4
— 6
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()
. 2 ;
© 10 o !
5 MeV CI'** S Ar =
b=0.018 a.u.
10° g 7
2 4 6 8 10 12 14 2 4 6 8 10 12 14 = 6 b=0.034 8.1 b=0.018 8.1,
ENERGY [keV] & 5
4
FIG. 4. Investigation of the emission probability of a photon 90° 3
with respect to the beam axis in collisions of 5 Me\ACl on Ar 9
with respect to the electron distributideee text. The impact pa- 1
rameter i=0.018 a.u. The spectra in the left representation result
from calculations with molecular basis functions from ground state 4 6 8 10 12 14 4 6 8 10 12 14
calculations, while the calculations of the spectra in the right picture ENERGY [keV]

are based on transition state calculations. In both pictures calcula-

tions are compared which differ in the number of the molecular FIG. 5. Emission probability of a photon 90° with respect to the
basis functions as well as in the number of the electrons which arbeam axis in collisions of 5 MeV & on Ar for different impact
taken into account. While one calculation is based on nine electronsarameters. In the calculations the orbitals corresponding t&the

in a basis set of 28 molecular orbital&,( L, andM shell of the L, andM shell and the nine electrons contained therein have been
united system(solid line), the results of the second calculation are taken into account. The molecular basis functions result from tran-
achieved in a subspace of 10 basis functioisafidL shell of the  sition state calculations with the asymptotic occupation of the or-
united atom with the three electrons contained therdilashed bitals(Sec. Il 1). Experimental results are taken frgdd]. Experi-
line). The experimental data are taken froiri]. Experimental and mental and theoretical values are multiplied withr.4See text for
theoretical values are multiplied with/4 See text for the normal- the normalization.

ization.
It is justified to assume that the remaining differences are

due to the static molecular electronic density. To investigate

g'czlg/lde\\//vitr:natfhaect?ragfy 6pgrft(|)crlez(;‘r:1/lr2\elwa?nrlé éhggl?;?gsﬁ/es the effect of the molecular occupation numbers on the spec-
' : tra the same calculations are performed with the transition

a_nd 2.5 MeV and th_erefore_he_s W'th.'n the scope of the €0 tate basis set described in the previous section. The effect
given by the experimentalisténtensity can be low by as will be analyzed by comparison of the left and the right
much as a factor )3 With these results the deviation in the icture in Fig. 4. The spectra on the right result from calcu-
absolute height of the intensity which could not be explaine ations using .thé transition state basis set. The scaling con-
before[12] can be traced back to the one-active-electron APstants are 0.41 for the three-electron calculation and 0.33 for
pro_|>_<;]ma}t|on. . . the nine-electron calculation. With the application of the

ne inclusion O.f .fgrther electrorjs leads to a reduced "Nransition state basis set the intensity for the three-electron
tensity due to the initially non-existing vacancy in tm“;“f calculation is increased which could be expected due to big-
orbital. It may also lead to additional contributions in the

o . : ; ! i rix elements. Furthermore the minima an
transition amplitude. In the following we investigate the ef- ?negxﬂgogergﬁzﬁedig hi(;htesr phL:)ttor? ence)zrf:]iésewhich Ieaadas ?o
fect of the electrons in higher lying orbitals on the structure

a better agreement with the experimental results. Obviously

%he excited molecule describes the collision systehi'CAr

Unitod ystom. S of the addiional evls are mitialy occu-PeLe! 1an the molectie (CIAR' n the ground state.
y ' y In Fig. 5 the emission probability of a photon in collisions

e e e 4 5. o0 g G on Arcalcuited using th ranion st bass se
in comparison with the three-electron calcﬁlation describe nd including nine electrons is compfared W'Fh the experi-
above.(The principal differences do not depend on the im_mental results of .SChUCGt al. [11] for different impact pa- .

' rameters and an impact energy of 5 MeV. The structure is

pact energy and impact paramejefor comparison the re- .very well compatible with the experimental results and the
sults of the new calculations are scaled to the same mtens't%tensity lies within the systematic experimental error

with a factor of 0.35. One can see that the contributions of
the additional electrons lead to a structure which is smeared
out at the minimum. With respect to the structure at the
minimum the inclusion of the additional electrons leads to an The interference structure in the spectra which results
improved result but not to a better agreement with the exfrom the coherent superposition of the transition amplitudes
perimental result for high photon energies which was asen the incoming and outgoing parts of the trajectory has been
sumed befor¢12]. evaluated using asymptotic integral formuf@s]. This leads

C. Spectra without the inclusion of dynamic coupling
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-

to the first experimental determination of MO transition en-  1wo* 10

ergies as a function of the internuclear distaf@el11]. The

asymptotic integral formulas are applied to evaluate the tran-_1¢® _10°

sition amplitude within the theory of collision broadening of % 3

Weisskopf[5]. This theory takes into account the time de- = g0 =10°

pendence of the molecular dipole matrix elements and the2 g

transition energies but does not consider the time—depend(—:-r&g 107 ® T

occupation amplitudes due to the dynamic coupling of the SMeV O™ AT L MO A |

molecular orbitals. Therefore the ansatz for the time- . b=0018an 10° 0018 .

dependent electronic wave function is given by 2 4 oErdvpey M 2 4 eRErdypev M
z,bk(t)zqSk(r,R(t))e*(”ﬁ)ft—xfk(t')d". FIG. 6. Analysis of the emission probability of a photon 90°

with respect to the beam axis in collisions of 5 MeV*Clon Ar as

. . . i i function of the photon energy in different approximations. The im-
With this ansatz the transition amplitude in the one-electroryact parameter ib=0.018 a.u. Left side: Calculations in the one-

approximation is reduced to the Fourier transform of thegjectron approximatiogsolid line) [12] are compared with spectra
time-dependent molecular dipole matrix element through the transition&onstant occupation of the orbital during the
collision) 2p5,m-1s,,0 (dotted ling and 20,,0-1s;,0 (dashed
2 ec\ 12 o , line). Right side: Similar to the left side, but in these calculations
fiﬁf}\(t_mo): ﬂ(m) €.(k) jﬁwdte“"k’ the transformation of the dipole matrix elemefid) is neglected
\ ’ (12 additionally. Experimental data are taken frgri).
. t ’
X di(R(2)) e WIBT= ot e, These results confirm the statement of AnH@$] that
(Bs(nald;(1)) the rotational coupling prevents the rotation of thpo2
2pm-1so dipoles with the internuclear axis for collisions
with small impact parameter. Only because of this effect it

In the following this approximation is analyzed by the nu- can be assumed tha;(R(t)) is a gerade function for the
merical evaluation of Eq(12) for the transitions P10,  evaluation of the spectra.

2p;m-1so. Before the results will be presented we shall
discuss whether these transitions can contribute to the inten-
sity. In the discussion about their results Schethal. [11]
mentioned that the contribution from the2 level should We were motivated by the possibility of investigating the
be dominant due to the larger number of electrons. In thénner states in superheavy quasimolecules with energy eigen-
discussion about the molecular basis set in Sec. lll 1 it couldalues in the vicinity of the negative continuum. We have
be seen(Fig. 2) that within theK andL shell of the united calculated the emission probability of photons in ion-atom
atom only the ;50 is fully occupied and the 2,,,0 level is  collisions with hydrogenlike and fully ionized projectiles and
only occupied with one electron. Therefore the transitionanalyzed the dependence of the spectra on the theoretical
2pm-1so can only contribute to the intensity through the approximations.
dynamic population of the 27 level during the collision. The calculation of the time-dependent electronic wave
For this reason the calculations of E2) for this transition  function in the independent particle model was performed by
cannot be motivated by the asymptotic occupation but cathe solution of the time-dependent DFS equations in the
only serve for the analysis. adiabatic density approximation. For the investigated system
On the left side in Fig. 6 the results for the relevant tran-CI*®"-Ar it was not to be expected that molecular ground
sition are compared with the one-electron calculafi@@]  state calculations would give an optimal approximation of
and the experimental resulgdl]. All calculations are per- the time-dependent density.
formed using the ground state basis set and the intensities are For the investigation of the dependence of the MO x-ray
scaled with the same constg®ec. Il B). It is seen that the spectra on the adiabatic density used for the calculation of
structure deviates strongly from the experimental results anthe time-dependent wave function we have calculated the
the dynamic calculation. The fact that the results for the tranphoton emission probability in collisions of f on Ar with
sition energies evaluated with the stationary phase approxiwo different basis sets. They resulted from molecular DFS
mation and the uniform asymptotic approximati@11,23  calculations with a different occupation of the molecular or-
are in good agreement with DFS calculatig24] has nev- bitals. In the calculation of the first basis set the occupation
ertheless the following reason: In the evaluation of the excorresponded to the molecule (CIA%j in the ground state
perimentalists the rotation of the internuclear aklg) is (ground state calculation The second basis set has been
neglected. Because of the transformation with E#jl) calculated with the asymptotic occupation of the orbitals in
di; (R(t)) is not a gerade function @fwhich was assumed by the incoming part of the trajectorftransition state calcula-
the experimentalist§9,11] (see also[13]). Neglecting the tion). Furthermore, we have analyzed the influence of tran-
transformation in the calculations results in spectra presentegitions from higher levels on the spectra. The calculated
on the right side in Fig. 6 which agree quite well with the spectra could be tested in comparison with experimental data
experimental results. [11]. The following results were achieved.

IV. CONCLUSION
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The asymptotic correlation of the molecular stateslittle higher compared to the ground state calculations. This
achieved from ground state calculations with the collisioncan be explained by the greater matrix elements for small
partners is necessary for the choice of the boundary condinternuclear distances due to less screening.
tions. It cannot be performed without additional informa-  With these results it is shown that the investigation of
tions. The correlation can be found without any difficulties quasimolecular radiation in collisions with hydrogenlike pro-
by using the transition state basis set. jectiles is very suitable for the investigation of the energy

With the molecular basis set resulting from transition statesigenvalues of the quasimolecule as well as the dynamic be-
calculations very good agreement of the calculated resultkavior during the collision. But the advantages for the theo-
with the experimental data is achieved. Using the groundetical description—first only a small number of inner states
state calculations the calculated spectra are shifted to smallef the quasimolecule have to be taken into account and sec-
photon energies compared to the experimental results. Thandly the initial occupations are defined—are opposed by the
shift of the structure between the two calculations amounts tdifficulty to calculate the highly excited system. The princi-
~0.3 keV. The transition state basis set leads to an impal structure of the spectra can be calculated with the usage
proved agreement with the experimental results since thef ground state basis sets but for a test of the energy eigen-
density in the collision system can be approximately dewvalues in the vicinity of the negative continuum the excita-
scribed. tion should be taken into account. This can be done approxi-

The structure of the experimental spectra is smeared ouimately by using transition state calculations.

In our investigations this behavior is due to the dynamics as
well as the contri_bution_s of electrons in theshell of argon. ACKNOWLEDGMENT
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