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Quasimolecular x rays in the Cl16¿-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 system Cl161-Ar 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

The investigation of quasimolecular x rays began in 19
with a publication of Sariset al. @1# about noncharacteristic
rays between 0.5–1.5 keV in Ar-Ar collisions. In order
explain the origin of the observed continuous spectra t
interpreted the colliding atoms as a diatomic molecule w
changing internuclear distance. Already in the sixties, t
so-called molecular-orbital model had been applied to in
pret results from ion-atom collisions@2,3#. Within this model
the electrons in the collision system with velocities grea
than the projectile velocity form molecular orbitals~MO’s!
around the nuclei of projectile and target. Since the inter
clear distance changes during the collision the emitted ra
tion results in a continuous spectrum. After the discovery
the quasimolecular radiation an intensive research in
field1 followed. There was hope that a tool to perform dire
spectroscopy on quasimolecular systems down to the un
atom limit had been found. It soon became clear that
spectroscopy by measuring an end point in the spectra is
possible due to the collision broadening@5,6#. Instead of an
end point there is an exponential decay of the intensity
yond the transition energy of the united atom@7# which pre-
vents the direct evaluation of the spectra for the meas
ment of the transition energies.

The theoretical calculations of the spectra which w
measured with neutral projectiles required the description
the production of inner shell vacancies which could decay
radiative transitions. Using a gaseous target both proce
take place during the same collision in a one-collision p
cess. Using a solid target one can assume the two-colli
process where the vacancy is created in a previous collis
Both processes contain serious difficulties for the calcula
of the spectra. In the first case one has to describe the
ization of inner shells while in the second case the vacanc
assumed before the collision takes place but the occupa
of the remaining levels is not known.

In 1983 a breakthrough was achieved with the applicat
of the acceleration-deceleration method. It allowed the fi

1A review of this field until 1984 has been given by Anholt@4#.
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impact parameter dependent measurements of the MO x
emitted in slow collisions of ions bearing aK-shell vacancy
with a gaseous target (Cl161-Ar) @8#. Through this develop-
ment much progress was achieved for the theoretical des
tion. Since the vacancy is brought into the collision in a fi
approximation the ionization can be neglected and the
scription of the quasimolecule can be reduced to the in
orbitals. The electronic occupation of the levels at the beg
ning of the collision is also known. The structure of th
spectra is a further important advantage compared to
spectra with neutral projectiles. The coherent superposi
of the transition amplitude in the incoming and outgoing p
of the trajectory leads to an interference structure which
lows a detailed comparison between theory and experim
However, until 1996 the spectra had only been evalua
using asymptotic integral formulas for the first experimen
determination of the 2ps, 2pp-1ss transition energies
@9–11#. At this time our group published the firstab initio
calculation of the spectra taking into account radial and
tational couplings@12#. Good qualitative results were foun
assuming the one-active-electron approximation but also
vious differences between the experimental and the ca
lated results remained. In this paper calculations in
many-particle framework are presented using two differ
molecular basis sets. Furthermore, we investigate the in
ence of the electrons in higher lying orbitals and the dynam
couplings on the intensity and shape of the spectra.

II. METHOD

The semiclassical approximation is applied to describe
system consisting of the two nuclei, the electrons, and
free radiation field. The electrons are treated quantu
mechanically whereas the nuclei move on classical traje
ries using the bohr potential.

In the next section we will briefly review the theory o
continuum emission during ion-atom collision. It was intr
duced by Briggs and Dettmann@13# and simplified by Kirsch
et al. @14# for the many-electron case using field-opera
techniques. In Sec. II B we review our method to solve
time-dependent electronic Schro¨dinger equation and intro
duce modifications due to anR-dependent atomic basis s
for the calculation of the molecular basis.
©2001 The American Physical Society03-1
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A. Spontaneous photon emission in slow ion-atom collisions

The Hamilton operator of the electron-field system
given through

Ĥ5Ĥe~ t !1Ĥem1Ĥ int ,

whereĤe(t) is the electronic Hamiltonian,Ĥem the Hamil-
tonian of the free radiation field andĤ int the part of the
Hamiltonian describing the interaction of the electrons a
the radiation field. Since we describe the electrons within
Dirac theory the interaction part of the total Hamiltonian h
the form

Ĥ int5e(
j 51

N

aj•A~r j !.

The transition amplitude for the transition from the initi
atomic stateF i to the atomic stateF f with a photonuk,l& is
given by @13#

f l~ t !5^F f~ t !;k,l,tuC tot~ t !&.

C tot(t) is the wave function for the coupled electronic-fie
system. In first order with respect to the interaction with t
radiation field and using the long-wavelength approximat
this results in

f i→ f l~ t→`!52 i S 2pe2c2

\vV D 1/2E
2`

`

dt eivkt

3^C f
2~ t !u(

j 51

N

aj•el~k!uC i
1~ t !&,

whereC f
2(t) andC i

1(t) are solutions of the electronic sca
tering problem for the boundary conditions lim

t→1`
C f

2(t)

5F f(t) and lim
t→2`

C i
1(t)5F i(t), respectively.el(k) is

the polarization vector of the photon andvk is the frequency.
Working in the framework of the independent partic

model the ansatz forC is given by a Slater determinan
Substituting the ansatz for the electronic wave function in
expression for the transition amplitude one gets@15#

f i→ f l~ t→`!52 i S 2pe2c2

\vV D 1/2E
2`

`

dteivkt

3 (
l ,k51

N

^c f l

2~ t !ua•el~k!uc i k
1~ t !&Sf i~ l uk!.

~1!

Sf i( l uk) is the minor of the ‘‘nonorthogonal’’ integral of the
two Slater determinants

Sf i5^C f
2~ t !uC i

1~ t !&5det$sf i~ jm!%,

wheresf i( jm)5^c f j

2(t)uc i m
1 (t)&.

For further investigations we simplify the expression f
the transition amplitude~1! by defining the vector
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Df i~b,v!5S e2c22p

\vV D 1/2E
2`

`

dteivkt

3 (
l ,k51

N

^c f l

2~ t !uauc i k
1~ t !&Sf i~ l uk!,

and by decomposingDf i into a component parallel to th
beam velocityv, a component parallel to the impact param
eterb and a component perpendicular to the collision pla

Df i5Dx f ib̂1Dz f iv̂1Dy f iŷ.

The emission probability for a photon with the energyE in
the solid angledV by a transition between the electron
statesC i andC f is now given by

d2P

dEdV
~b,E,k̂!5

E2V

\3c3~2p!3 (
l

u f i→ f lu2

5
E2V

\3c3~2p!3
~ uDf i u22uDf i• k̂u!.

The azimuthal anglef is not resolved by the annular photo
detector used in the experiment for the system Cl161-Ar
@8,11#. We therefore average over the azimuthal anglef and
calculate the emission probability in the directionQ with
respect to the beam axis

d2P

dEdV
~b,E,Q!5

E2V

\3c3~2p!3 S Dx f i
2 1Dy f i

2

2Fsin2~Q!S 1

2
~Dx f i

2 1Dy f i
2 !2Dz f i

2 D G D .

B. Calculation of the time dependent electronic wave function

The variational principle is employed to find the tim
dependent Dirac-Fock~TDDF! equations for the single par
ticle wave functionsc l . We substitute the exchange pote
tial in the TDDF equations by the local Slater exchan
potential and solve the time dependent Dirac-Fock-Sla
~TDDFS! equations

S ca•p1~b21!mc22
ZPe2

ur2RP~ t !u
2

ZTe2

ur2RT~ t !u

1e2E r~r 8,t !

ur2r 8u
d3r 8D c l~r ,t !

23Xae2S 3

8p
r~r ,t ! D 1/3

c l~r ,t !5 i\
]

]t
c l~r ,t ! ~2!

for the one-particle functionsc l(r ,t) with l 51, . . . ,N and
Xa50.7. RP(t) andRT(t) are the coordinate vectors of th
projectile and target with respect to the center of ma
r(r ,t) is the self-consistent electronic density defined by
3-2
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r~r ,t !5(
j 51

N

c j
1~r ,t !c j~r ,t !. ~3!

In this approximation the concept of Slater for a local e
change potential is also used for the time-dependent case
the functionsc l are interpreted as approximated solutions
the TDDF equations.

We solve the TDDFS equations~2! by expandingc l in a
set of molecular wave functions

c l~r ,t !5(
j 51

M

al j ~ t !f j„r ,R~ t !…e2( i /\)* te j (t8)dt8. ~4!

The difficulty by solving the TDDFS equations with a bas
set expansion is given by the electronic density~3! which
cannot be calculated independent of the collision proc
Therefore the molecular basis set—in terms of which
collision process is to be analyzed—is dependent on the
lision process itself. In our group there has been an atte
to solve this problem in terms of a time-window-method@16#
but this procedure is not appropriate for the calculation
MO x rays. For this reason we chose a different appro
@17# which shall be described in the following.

The molecular wave functionsf j (r ,R) are chosen as so
lutions of the stationary Dirac-Fock-Slater equations wh
are solved using the LCAO-MO method@18#. The main fo-
cus of developing another approach was first to obtain ac
rate molecular wave functions and energy eigenvalues o
the whole range of internuclear distances. Secondly we w
concentrating on the question of the distribution of the el
trons during the collision approximately without losing acc
racy. For these reasons we have developed an ‘‘atomic’’
sis set for the diagonalization of the molecular Hamilton
which is dependent on the internuclear distanceR. The basis
set results from three atomic Dirac-Fock-Slater calculati
@17#. The wave functions included are located at the t
atomic centers and at the center of charge, respectively.
the calculation of the wave functions at the center of cha
the external potential is given by the monopole part of
two-center potential. Calculating the basis functions at
target and projectile, respectively, the monopole part of
second nuclei is taken into account. In summary the exte
potentials in the atomic DFS equations are replaced by

VT~r T!→VT~r T!1VP
0 ~r T ,R!, ~5!

VP~r P!→VP~r P!1VT
0~r P ,R!, ~6!

VM~r C!→VP
0 ~r C ,RP

C!1VT
0~r C ,RT

C!. ~7!

r T corresponds to the distance of the electron with respec
the nuclei of the target.r P andr C correspond to the distanc
with respect to the nuclei of the projectile and the center
charge, respectively.VP

0 (r T ,R) is the monopole part of the
potential of the projectile nuclei with respect to the targ
nuclei at the distanceR from the projectile. Accordingly de-
fined areVT

0(r P ,R), VP
0 (r C ,RP) andVT

0(r C ,RT), whereRP
C
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andRT
C are the distances of the projectile and the target

clei from the center of charge.
Furthermore we extend the external potentials given

Eqs. ~5!–~7! for the monopole part of the coulomb and e
change potentials of the electrons in the other two cent
For doing so we use the division of the molecular electro
density at the preceding internuclear distance in three sph
cal parts with the Mulliken population analysis@19# of the
basis functions. The electrons correlating with the calcula
set are taken into account self-consistently.

The solution of the atomic DFS equations is based on
programRADWEQ by Salvat and Mayol@20# for the solution
of the Schro¨dinger or Dirac equation for central fields. Wit
this method we achieve a very accurate solution of the m
lecular DFS equations for all internuclear distances@17#.
This is necessary for the calculation of the molecular x-
spectra since the behavior at large internuclear distance
well as the united atom behavior has to be described. F
thermore this method allows accurate transition state ca
lations which enables one to model the electronic den
during the collision approximately.

Insertion of the expansion~4! in the TDDFS equations~2!
with the electronic density~3! approximated by the molecu
lar electronic density leads to the coupled channel equat

i\ȧl j ~ t !5 (
k51

M

alk~ t !^f j~ t !u2 i\
]

]t
ufk~ t !&, l 51, . . . ,N

~8!

for the occupation amplitudesal j (t).
The numerical evaluation of the dynamic coupling mat

elements

^f j u
]

]t
ufk&5^f j uṘ

]

]R
ufk&1^f j uQ̇

]

]Q
ufk&

has been described in detail elsewhere@21#. This evaluation
has to be extended due to the explicitR-dependence of the
atomic basis set. An additional term which results from

]

]R
x l„jZ~r ,R!,R…52

i

\
CZpzx l„jZ~r ,R!,R…

1
]

]R
ujZ

x l„jZ~r ,R!,R… ~9!

has to be added to the displacement part of the radial c
pling matrix element@21#. Here CZ with Z5T,P and C is
given by

CT,P5
~6 !M P/T

MT1M P
, CC5

ZTCT1ZPCP

ZP1ZT
,

respectively, andjZ(r ,R)5r2RZ . The second term in Eq
~9! results from the changing external potential used for
construction of the basis functions. This term is calculated
solving the atomic DFS equations for two neighboring int
nuclear distances with the corresponding external poten
but with the same occupation numbers of the orbitals.
3-3
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With the expansion~4! of the time-dependent wave func
tion c l i

1 andckl
2 the transition amplitudef i→ f l ~1! takes the

form

f i→ f l~ t→`!52 i S 2pe2c2

\vV D 1/2E
2`

`

dtH eivkt (
l ,k51

N

Sf i~ l uk!

3S (
j ,m51

M

af l j
2* ai km

1 ^f j~ t !ua•el~k!

3ufm~ t !&e2( i /\)*2`
t8 dt8(em2e j )D J

52 i el~k!•Df i~b,Ei ,v!, ~10!

whereai km
1 (t) andaf l j

2 (t) are solutions of the coupled chan

nel equations~8! for the boundary conditionsaf l j
2 (t→`)

5d f l j
andai km

1 (t→2`)5d i km , respectively.

The transition amplitude is evaluated in the center of m
system which makes it necessary to transform the molec
dipole matrix elements. If the vectorR(t) connecting the two
nuclei forms the angleQ(t) with the z-axis of the center of
mass system the transformation is given byajm5D(t)ajm8
with

D~ t !5S cosQ~ t ! 0 sinQ~ t !

0 1 0

2sinQ~ t ! 0 cosQ~ t !
D . ~11!

Usually the final state of the electronic system is not detec
so that the transition amplitude has to be calculated for
possible final states. The evaluation of the intensityI
5( f u f i→ f lu is simplified by replacing the (2)-states with
future boundary conditions by (1)-states which is a metho
introduced by Kirschet al. @14#. The advantage of this
method is the possibility to evaluateSf i( l uk) in Eq. ~10!
directly since it is given by a Kronecker delta in this case

III. RESULTS

The system Cl161-Ar was the first system being invest
gated with the acceleration-deceleration method@8#. Mea-
surements exist for different impact energies as well as
varying impact parameters@11#. Therefore it is an excellen
system for the analysis of the theoretical approximations.
improve here our previous calculation on the collision s
tem Cl161-Ar @12#. For low impact energies the intensity
overestimated and the oscillatory structure in the experim
tal data smeared out compared with the structure of the
culated spectra where the intensity at the minima is ne
zero. Furthermore the structure of the calculated spectr
slightly shifted to lower energies. It was assumed that o
reason for this was the one-active-electron approximation
this paper we are presenting results calculated in the m
particle framework with different numbers of electrons in t
system. We investigate the dependence of the spectra o
adiabatic density approximation by using two basis sets w
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occupations of the molecular orbitals corresponding to
borderline cases and the dependence on the dynamics.

A. Energy eigenvalues from two different molecular basis sets

In the adiabatic approximation for the electronic dens
the difference between the time dependent electronic den
and the molecular electronic density is neglected which
sults in the coupled channel equations~8!. Up to now we
always had calculated molecular basis sets in the gro
state@12,22# for the calculation of the MO x-ray spectra. I
the present work we present a second basis set which c
sponds to the state in the incoming part of the trajecto
With these two basis sets we can represent the two limi
cases of the occupation of the molecular orbitals during
collision. While all electrons are assumed to de-excite imm
diately in the ground state, in the new basis set the occu
tion does not change during the collision process. Due
numerical difficulties the electrons in theM-shell of Ar are
neglected in this calculation. To prevent strong charge
change at narrow crossings the occupation is continued
batically.

In Fig. 1 and 2 parts of the two correlation diagrams a
presented. Both calculations have been started atR54 a.u.
with a basis set consisting of the 1s1/2-3p3/2 orbitals of Cl161

and Ar (Ar81) and the 1s1/2-4d7/2 monopole functions at the
center of charge. For decreasing internuclear distances
‘‘atomic’’ basis functions for the diagonalization of the mo
lecular Hamiltonian are modified as described in Sec. II
~Due to the different molecular occupation numbers the
sults of the Mulliken population analysis are different in t
two cases.!

A principal difference in the behavior of the molecul
one-particle energies is seen for the two strongest bound
els. While the levels in the ground state configuration
almost parallel tillR;0.4 a.u., there is a narrow crossing
R;0.73 a.u. in the transition state calculation. In the lat
the energetical position is reproduced correctly. Due to
high degree of ionization of the chlorine atom the energet
position of the 1s1/2 levels is exchanged. The effect whic

FIG. 1. Correlation diagram for the system (ClAr)161 in the
ground state. Presented are the levels corresponding to theK, L, and
M shell of the united system.
3-4
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leads to the approach of the two levels is the wea
screened nuclear potential of the chlorine. In the ground s
calculation the electrons are distributed equally among b
atoms so that the strongest bound level belongs to argon
all internuclear distances.

A similar behavior is found for the levels which corre
spond to theL-shells of the collision partners: For the m
lecular transition state basis the atomic level structure is
seen untilR51.5 a.u., but at this distance theL-shell of
argon is already energetically lower than theM-shell of chlo-
rine due to the chlorine nuclei. A purely atomic behavior
this distance is not found but the leading terms in the exp
sion of the molecular orbitals still allow to make a defin
characterization of the orbitals. In the ground state calcu
tion the sequence of the levels is different. The 2s levels of
the collision partners are followed by the 2p levels of Ar and
than the 2p levels of Cl. Here the difficulties using a mo
lecular basis set from ground state calculations become
vious. The definition of the boundary conditions for the s
lution of the coupled channel equations~8! can neither be
given using the energetical order of the levels nor using
leading terms in the molecular expansion. For this reason
results of the transition state calculation are used for the d
nition of the boundary conditions for the ground state
well.

For R,0.4 a.u. the structure in the correlation diagra
belonging to the transition state calculation is shifted
smaller internuclear distances but there are no principal
viations from the ground state calculation. A distinct diffe
ence is found in the energetical position of the one-part
energies due to the varying electronic screening. Decisive
the solution of the coupled channel equations~8! and the
calculation of the transition amplitude~10! are the transition
energies which are plotted in Fig. 3 for the transitions b
tween the 1s1/2s level and the 2p1/2s, 2p3/2p, 3p1/2s and
the 3p3/2p levels. The differences of the energy eigenvalu
from the ground state calculations are systematically sma
than the corresponding values resulting from the transi

FIG. 2. Correlation diagram for the system (ClAr)241 with an
transition state occupation which corresponds to the asymptotic
cupation of the collision partners~see text!. Presented are the leve
corresponding to theK, L, andM shell of the united system. Th
occupied levels are additionally marked with dots at the calcula
internuclear distance.
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state calculations. A quantitative analysis of the effect for
spectra cannot be performed on this level but the spe
calculated with the transition state basis set will be shifted
higher energies.

B. Molecular x-ray spectra—the dependence on the electron
distribution

In a previous paper@12# we have presented quas
molecular x-ray spectra which were calculated in the o
active electron approximation. The dependence of the st
ture on the impact energy and the impact parameter coul
reproduced but the remaining differences from the exp
mental data requires further investigations.

In the calculation of the transition amplitude the electr
distribution enters twofold due to the adiabatic approxim
tion of the electronic density: In the time dependent wa
function C i

1 which is defined through the boundary cond
tions at t→2` and with the static molecular electron
density in the energy eigenvalues and matrix elements. H
both dependences shall be investigated.

In the one-electron approximationC i
1 and C f

2 are not
represented by Slater determinants but by one-particle w
functions. Out of the 10 molecular orbitals (K andL shell of
the united atom! which have been taken into account in th
one-electron calculations@12# asymptotically the 1s1/2s is
fully occupied and the 2p1/2s level is occupied with one
electron. The remaining orbitals correspond to theL-shell of
Cl161 for R→` and are therefore empty. Firstly we want
report on calculations which are performed within the su
space spanned by the same 10 molecular orbitals but w
take into account the right occupation within this basis s
We find that the structure of the spectra is identical to
one found in the one-electron approximation@12# but now
the intensity lies within the systematic error given by t
experimentalists@11#. In the one-electron approximation th
intensity was overestimated by a factor of 2.2 for an imp
energy of 20 MeV, a factor of 5.5 for 5 MeV@12# and 9.0 for

c-

d

FIG. 3. Differences of the molecular one-particle energies
tween the ground state calculations~solid lines! and the transition
state calculations~dashed lines! as function of the internuclear dis
tanceR. Compared are the energy differences between the 1s1/2s
level and the 2p1/2s, 2p3/2p, 3p1/2s, and the 3p3/2p levels, respec-
tively. The characterization of the molecular levels is done with
notation in the limit of the united atom.
3-5
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2.5 MeV. In the many-particle framework the intensity
scaled with a factor of 0.8 for 20 MeV and 0.59 for 5 Me
and 2.5 MeV and therefore lies within the scope of the er
given by the experimentalists~intensity can be low by as
much as a factor 3!. With these results the deviation in th
absolute height of the intensity which could not be explain
before@12# can be traced back to the one-active-electron
proximation.

The inclusion of further electrons leads to a reduced
tensity due to the initially non-existing vacancy in the 1s1/2s
orbital. It may also lead to additional contributions in th
transition amplitude. In the following we investigate the e
fect of the electrons in higher lying orbitals on the structu
of the MO x rays. The basis set is extended to 28 molec
orbitals which correspond to theK, L, and M shell of the
united system. Six of the additional levels are initially occ
pied since they originate from then52 shell of argon. One
result of the calculations is presented in Fig. 4 on the left s
in comparison with the three-electron calculation describ
above.~The principal differences do not depend on the i
pact energy and impact parameter.! For comparison the re
sults of the new calculations are scaled to the same inten
with a factor of 0.35. One can see that the contributions
the additional electrons lead to a structure which is smea
out at the minimum. With respect to the structure at
minimum the inclusion of the additional electrons leads to
improved result but not to a better agreement with the
perimental result for high photon energies which was
sumed before@12#.

FIG. 4. Investigation of the emission probability of a photon 9
with respect to the beam axis in collisions of 5 MeV Cl161 on Ar
with respect to the electron distribution~see text!. The impact pa-
rameter isb50.018 a.u. The spectra in the left representation re
from calculations with molecular basis functions from ground st
calculations, while the calculations of the spectra in the right pict
are based on transition state calculations. In both pictures calc
tions are compared which differ in the number of the molecu
basis functions as well as in the number of the electrons which
taken into account. While one calculation is based on nine elect
in a basis set of 28 molecular orbitals (K, L, and M shell of the
united system! ~solid line!, the results of the second calculation a
achieved in a subspace of 10 basis functions (K andL shell of the
united atom! with the three electrons contained therein~dashed
line!. The experimental data are taken from@11#. Experimental and
theoretical values are multiplied with 4p. See text for the normal-
ization.
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It is justified to assume that the remaining differences
due to the static molecular electronic density. To investig
the effect of the molecular occupation numbers on the sp
tra the same calculations are performed with the transi
state basis set described in the previous section. The e
will be analyzed by comparison of the left and the rig
picture in Fig. 4. The spectra on the right result from calc
lations using the transition state basis set. The scaling c
stants are 0.41 for the three-electron calculation and 0.33
the nine-electron calculation. With the application of t
transition state basis set the intensity for the three-elec
calculation is increased which could be expected due to
ger dipole matrix elements. Furthermore the minima a
maxima are shifted to higher photon energies which lead
a better agreement with the experimental results. Obviou
the excited molecule describes the collision system Cl161-Ar
better than the molecule (ClAr)161 in the ground state.

In Fig. 5 the emission probability of a photon in collision
of Cl161 on Ar calculated using the transition state basis
and including nine electrons is compared with the expe
mental results of Schuchet al. @11# for different impact pa-
rameters and an impact energy of 5 MeV. The structure
very well compatible with the experimental results and t
intensity lies within the systematic experimental error.

C. Spectra without the inclusion of dynamic coupling

The interference structure in the spectra which res
from the coherent superposition of the transition amplitud
on the incoming and outgoing parts of the trajectory has b
evaluated using asymptotic integral formulas@23#. This leads

lt
e
e
la-
r
re
ns

FIG. 5. Emission probability of a photon 90° with respect to t
beam axis in collisions of 5 MeV Cl161 on Ar for different impact
parameters. In the calculations the orbitals corresponding to thK,
L, andM shell and the nine electrons contained therein have b
taken into account. The molecular basis functions result from tr
sition state calculations with the asymptotic occupation of the
bitals~Sec. III 1!. Experimental results are taken from@11#. Experi-
mental and theoretical values are multiplied with 4p. See text for
the normalization.
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QUASIMOLECULAR X RAYS IN THE Cl161-Ar . . . PHYSICAL REVIEW A 63 022503
to the first experimental determination of MO transition e
ergies as a function of the internuclear distance@9–11#. The
asymptotic integral formulas are applied to evaluate the tr
sition amplitude within the theory of collision broadening
Weisskopf@5#. This theory takes into account the time d
pendence of the molecular dipole matrix elements and
transition energies but does not consider the time-depen
occupation amplitudes due to the dynamic coupling of
molecular orbitals. Therefore the ansatz for the tim
dependent electronic wave function is given by

ck~ t !5fk„r ,R~ t !…e2( i /\)*2`
t ek(t8)dt8.

With this ansatz the transition amplitude in the one-elect
approximation is reduced to the Fourier transform of
time-dependent molecular dipole matrix element

~12!

In the following this approximation is analyzed by the n
merical evaluation of Eq.~12! for the transitions 2p1/2s,
2p3/2p-1ss. Before the results will be presented we sh
discuss whether these transitions can contribute to the in
sity. In the discussion about their results Schuchet al. @11#
mentioned that the contribution from the 2pp level should
be dominant due to the larger number of electrons. In
discussion about the molecular basis set in Sec. III 1 it co
be seen~Fig. 2! that within theK and L shell of the united
atom only the 1s1/2s is fully occupied and the 2p1/2s level is
only occupied with one electron. Therefore the transit
2pp-1ss can only contribute to the intensity through th
dynamic population of the 2pp level during the collision.
For this reason the calculations of Eq.~12! for this transition
cannot be motivated by the asymptotic occupation but
only serve for the analysis.

On the left side in Fig. 6 the results for the relevant tra
sition are compared with the one-electron calculation@12#
and the experimental results@11#. All calculations are per-
formed using the ground state basis set and the intensitie
scaled with the same constant~Sec. III B!. It is seen that the
structure deviates strongly from the experimental results
the dynamic calculation. The fact that the results for the tr
sition energies evaluated with the stationary phase appr
mation and the uniform asymptotic approximation@9,11,23#
are in good agreement with DFS calculations@24# has nev-
ertheless the following reason: In the evaluation of the
perimentalists the rotation of the internuclear axis~11! is
neglected. Because of the transformation with Eq.~11!
di f „R(t)… is not a gerade function oft which was assumed b
the experimentalists@9,11# ~see also@13#!. Neglecting the
transformation in the calculations results in spectra prese
on the right side in Fig. 6 which agree quite well with th
experimental results.
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These results confirm the statement of Anholt@25# that
the rotational coupling prevents the rotation of the 2ps,
2pp-1ss dipoles with the internuclear axis for collision
with small impact parameter. Only because of this effec
can be assumed thatdi f „R(t)… is a gerade function for the
evaluation of the spectra.

IV. CONCLUSION

We were motivated by the possibility of investigating th
inner states in superheavy quasimolecules with energy ei
values in the vicinity of the negative continuum. We ha
calculated the emission probability of photons in ion-ato
collisions with hydrogenlike and fully ionized projectiles an
analyzed the dependence of the spectra on the theore
approximations.

The calculation of the time-dependent electronic wa
function in the independent particle model was performed
the solution of the time-dependent DFS equations in
adiabatic density approximation. For the investigated sys
Cl161-Ar it was not to be expected that molecular grou
state calculations would give an optimal approximation
the time-dependent density.

For the investigation of the dependence of the MO x-r
spectra on the adiabatic density used for the calculation
the time-dependent wave function we have calculated
photon emission probability in collisions of Cl161 on Ar with
two different basis sets. They resulted from molecular D
calculations with a different occupation of the molecular o
bitals. In the calculation of the first basis set the occupat
corresponded to the molecule (ClAr)161 in the ground state
~ground state calculation!. The second basis set has be
calculated with the asymptotic occupation of the orbitals
the incoming part of the trajectory~transition state calcula
tion!. Furthermore, we have analyzed the influence of tr
sitions from higher levels on the spectra. The calcula
spectra could be tested in comparison with experimental d
@11#. The following results were achieved.

FIG. 6. Analysis of the emission probability of a photon 90
with respect to the beam axis in collisions of 5 MeV Cl161 on Ar as
function of the photon energy in different approximations. The i
pact parameter isb50.018 a.u. Left side: Calculations in the on
electron approximation~solid line! @12# are compared with spectr
through the transitions~constant occupation of the orbital during th
collision! 2p3/2p-1s1/2s ~dotted line! and 2p1/2s-1s1/2s ~dashed
line!. Right side: Similar to the left side, but in these calculatio
the transformation of the dipole matrix elements~11! is neglected
additionally. Experimental data are taken from@11#.
3-7
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The asymptotic correlation of the molecular sta
achieved from ground state calculations with the collis
partners is necessary for the choice of the boundary co
tions. It cannot be performed without additional inform
tions. The correlation can be found without any difficulti
by using the transition state basis set.

With the molecular basis set resulting from transition st
calculations very good agreement of the calculated res
with the experimental data is achieved. Using the grou
state calculations the calculated spectra are shifted to sm
photon energies compared to the experimental results.
shift of the structure between the two calculations amount
'0.3 keV. The transition state basis set leads to an
proved agreement with the experimental results since
density in the collision system can be approximately
scribed.

The structure of the experimental spectra is smeared
In our investigations this behavior is due to the dynamics
well as the contributions of electrons in theL shell of argon.

The absolute intensity taken from our calculations wh
the electrons in theK and L shell of argon contribute lies
within the experimental systematic error. Use of the tran
tion state basis set leads to an intensity which is found to
er

et

ev

idt
es

,

ff-
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little higher compared to the ground state calculations. T
can be explained by the greater matrix elements for sm
internuclear distances due to less screening.

With these results it is shown that the investigation
quasimolecular radiation in collisions with hydrogenlike pr
jectiles is very suitable for the investigation of the ener
eigenvalues of the quasimolecule as well as the dynamic
havior during the collision. But the advantages for the the
retical description—first only a small number of inner sta
of the quasimolecule have to be taken into account and
ondly the initial occupations are defined—are opposed by
difficulty to calculate the highly excited system. The princ
pal structure of the spectra can be calculated with the us
of ground state basis sets but for a test of the energy eig
values in the vicinity of the negative continuum the exci
tion should be taken into account. This can be done appr
mately by using transition state calculations.
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