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Isolated-core excitations in strong electric fields. 1. Theory
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A basic theory is presented for the photoexcitation of a core state of a Rydberg atom in any type of static
field; in this situation, the core state is excited by the photon while the Rydberg electron is essentially a
spectator. This simple picture is made interesting through the interaction of the Rydberg electron with the core
which can cause a change in the Rydberg electron’s state and can cause the Rydberg electron to autoionize.
The method is computationally efficient and has been used for alkaline-earth atoms in a static electric field. An
approximation to the formalism is presented that illustrates a mechanism controlling the isolated core excita-
tion in a static electric field; this approximation may serve as a paradigm for extending the interpretation of
isolated core spectra to other types of fields.

PACS numbgs): 32.60:+i, 32.80.Dz, 32.80.Rm

[. INTRODUCTION Two previous studies presented experimental results for iso-
lated core excitations by a cw laser for Mg in a static electric
There are many tools that have been used to probe corréield [6] and by a pulsed laser for Mg in a static electric field
lation in many electron atoms. The study of photoabsorptiori7]. It is important to extend the study of isolated core exci-
spectra is especially useful since the high resolution of théations to atoms in strong, static fields. Photoionization by
laser allows precise determination of the energies and widthisolated core excitations is the time reverse of dielectronic
of the states while the strength of transitions contains inforrecombinationDR). In DR, an electron scatters from an ion,
mation about the composition of the state. Most photoabexcites the ion so that it is captured into a doubly excited
sorption studies use compact initial states which thus probeesonance state, and is stabilized when the core electrons
final-state correlation as manifested near the nucleus. Bgmit a photon. It is known that static electric fielder ex-
contrast, the technique known as isolated core excitation utample, the microfields that exist in plasmaan affect the
lizes a highly excited initial statgl —8]. With this technique, recombination rate due to tHemixing of the autoionizing
the atom is initially prepared such that one electron is excitedRydberg statef9,10|. Early measuremenfd.1] and calcula-
to a Rydberg state with the remaining electrons left in thetions [12] showed the effect of electric fields on a Rydberg
ground state of the positive ion. A second laser is therseries. However, it has not yet been possible to perform de-
scanned over optically allowed transitions of the positive iontailed comparisons between experimental and calculated re-
A large ionization signal is observed at the frequencies ofombination cross sections for individual resonances in a
optically allowed transitions in the core; ionization is also static electric field; this is because the resolution in electron
observed at other frequencies because both the core and tbeattering experiments is not high enough to resolve the Ry-
Rydberg electron can simultaneously make transitions due tdberg states that are most strongly affected. The isolated core
the electron-core interaction. excitations can be studied with high resolution since the limi-
The isolated core excitation directly probes the interactiortation is from the resolution of a laser. Thus, detailed com-
of the Rydberg electron with the core electrons. In the exciparison can be performed at the individual resonance level.
tation process, the core changes character which thus Finally, it is also worth studying isolated core excitations
changes the potential for the Rydberg electron. The strengtim static electric fields as an interesting example of channel
of the excitation to the final state depends almost solely ointeractions and correlations between different degrees of
the projection of the initial Rydberg wave function onto the freedom. The Hamiltonian for the nonrelativistic treatment
final Rydberg wave function. If the potential for the Rydberg of a hydrogen atom in a static electric field separates in para-
electron is unchanged, then only one final state is excited. ABolic coordinates. However, the Hamiltonian does not sepa-
the change in the potential increases, then the character odite for any other atom in a static electric field. For a Ryd-
the final states change and increasingly many final states cdoerg state with an excited ion core, the electron-electron
be excited. The electron-core interaction is also manifestedhteractions can cause the Rydberg electron to scatter be-
through the autoionization widths of the final states. Oftentween different channels in parabolic coordinates while
the resonance widths can be measured quite simply usinkgeping its total energy fixed; also, this interaction can cause
isolated core excitations because there is very little direcan exchange of energy between the Rydberg electron and the
excitation to the open channels. Thus, there is little interferion which may lead to the ejection of an electron from the
ence between the direct ionization path and the indirect ionatom. The competition and interplay between these two types
ization path through the resonance states; the photoabsorpf correlation can give interesting features in the spectra. In
tion cross section near a resonance is often a simpléhe isolated core excitation, the initial state is already a Ry-
Lorentzian. dberg state and can be chosen to be a state that is essentially
In the past, most isolated core experiments and all isolatedn uncoupled state in parabolic coordinates or a state that is
core calculations were for atoms unperturbed by static fieldsessentially an angular momentum eigenstate; this leads to a

1050-2947/2000/63)/0334067)/$15.00 62 033406-1 ©2000 The American Physical Society



F. ROBICHEAUX PHYSICAL REVIEW A 62 033406

level of control over what aspects of the final states are@egion, the wave function can be represented as a superposi-
probed. tion of zero-field wave functions. In the outer region, the

Although no specific results are presented for isolatedield can drastically change the wave function from its zero-
core excitations in a static magnetic field and no experimentfeld form. For convenience, | will represent the wave func-
have yet been performed, it may be that this will be the mostion near the core using multichannel quantum-defect theory,
interesting case. Classically, the motion of an electron in although this restriction can be easily removed. For example,
Coulomb potential plus static magnetic field can be eithethe formalism can be easily extended to compute dipole ma-
regular or chaotic depending on the scaled energy wheredsx elements when the wave function is obtained from
the motion can only be regular in a static electric field. ThereR-matrix calculations.
are several fascinating features of an electron’s eigenstates in The main difficulty is in obtaining the dipole matrix ele-
a Coulomb potential plus static magnetic field, including thements between the initial bound stateand the final con-
scarring of the wave function on the unstable classical tratinuum state$3; it is assumed that the problem of computing
jectories. How will the isolated core spectra reflect these feathe wave function in the field is solved. This dipole matrix
tures? Will the number of final resonance states that are exelement will be denotedis,=(¥4D|¥,). The ith core
cited in an isolated core excitation increase or decrease whestate will be denoted by the symbd, ; the core state will
going from the classically regular region to the classicallyalso include the spin of the Rydberg electron in order for the
chaotic region? wave function of the Rydberg electron to only depend on the

In this and the following two papefd.3,14], the proper- spatial coordinates. The energy of the core state will be given
ties of isolated core excitations in static electric fields areby E;. The symboli actually denotes several properties of
studied. In this paper a basic theory for isolated core excitathe core statey;J. ;Q;u; Where the parametey; denotes all
tions in static fields will be presented; some of the implica-of the quantum numbers of the coegceptthe total angular
tions of the theory will be discussed. In the second papemomentum,J.; is the total angular momentum of théh
[13], the experimental results for isolated core excitations ircore state,Q; is the angular momentum that results from
Mg will be compared to the theory; the relationship of this coupling the angular momentum of the core to the spin of the
data with previous time-resolved electron-emission measureRydberg electron, ang; is the eigenvalue of the projection
ments[7] and some of the interesting properties of Mg will of the Q; angular momentum on theaxis. As an example
be discussed. In the third pagdé#], the experimental results from Mg, the y; is the 1s?2s?2p®3p state of Mg, Jes
for isolated core excitations in Ba will be compared to the=3/2 Qgz=2, andug=—1.
theory; some of the interesting properties of Ba isolated core The initial and final wave functions can be quite compli-
excitations will be discussed. Atomic units will be usedcated due to the channel couplings that arise from the
throughout this paper. electron-electron interactions near the core. ik initial

state can be represented as
IIl. THEORY OF ISOLATED CORE EXCITATIONS

IN STATIC FIELDS \Pazz @A, () for |r|>rc, 1)
i

In this section | give a derivation of a method for calcu-

lating dipole matrix elements for isolated core eXC|tat|onsWhere the cutoff radius, is typically less than 10 a.u. Since

(ICE) in static fields. This derivation is later recast mto_anthe Rydberg electron is outside of the core region for this
approximate form that more clearly S_hOWS the mec_hanlsmaart of the wave function, the Rydberg wave function is a
controlling the cross section for ICE in an electric field. A g, ion of & one-electron Hamiltonian with a potential that

derivation of the isolated core dipole matrix elements in zerqq simply the Coulomb potential plus the potential from the
field is given in the Appendix to enable a comparison be'field, HeA,, =€ A, the energy of the Rydberg electron

tween the treatment in this paper and the older formalism. will be given bye, . such that the energy of theinitial state

_ o isE,=E;+¢,. TheA,;, go to zero or effectively go to zero
A. ICE in a static field [15] as|r|—. The Bth continuum function can be written
The starting point for ICE theory is the idea that it is the in a similar form
core electrons that absorb the photon while the Rydberg elec-
tron is a spectator. This is a good approximation because the _
photon-absorption process happens most efficiently when an \Pﬁ_zi“ ©iBig(r) for |r|>re. @
electron is near the core; the core electrons are localized near
the nucleus whereas the Rydberg electron has only a smallgain, the Rydberg wave function is a solution of a one-
probability to be found in this region. electron Hamiltonian with a potential that is simply the Cou-
To apply the theory, it is assumed that the static field idomb potential plus the potential from the fieltHgB;z
too weak to perturb the electrons when they are near the core €;;B;;; the energy of the final state B=E,+ w=E;
(outside of an overall energy shiftas a conservative esti- + ¢, wherew is the photon energy.
mate, the fields should be weaker than dGtomic units. The dipole matrix elements may be obtained to a good
This condition is satisfied by even the strongest laboratoryapproximation by noting that the photon is absorbed by the
strength fields available today. It is thus possible to separateore electrons and that the spatial extent of the Rydberg elec-
the wave function into an inner and outer region. In the innettron is large compared to the core,
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dga=2 Dii'f BY5(1) A/ (r)dV (3) 9= 2 Y (L0 8 —gi(DKDIT (6)

[compare to Eq(A7)] where K" is the K matrix at the
gnergy of the final state. The initial-state function and final-
state function near the core are superpositions of these func-
tions,

[compare to Eq(A3)] where the integration for the Rydberg
wave function extends over all space outside of the cor
region and the core dipole matrix elements dbg;,
=(®;|D|®;,). The approximations in this equation are that
the effect from the dipole operator on the Rydberg electron is

not included and the projection @ onto B is only for the W= 00D and W= w00, 7)
region outside of the core. The error in the dipole matrix : !

element from each of these approximations will be propor- . .

tional to 1h*2 wheren is the principle quantum number of c UISIrr:]gb tfhis?i frc])rmtlﬁllasdian? tge tx\)/(m?srl;""{r?] r;m tge b

the initial state and thus the error in the cross section will be,; oulomb funclions, h€ dipole matrix elements may beé ob-
: ained in terms of the&K matrices, core dipole matrix ele-

quite small for Rydberg states. A d the t ¢ " fficients to obtain dh
The relationship of the produd@* A to the Wronskian !’”.f.” IS’tatn ;thran? or:”netl |t0n coetlicients to obtain ane

[16] of B* andA can be substituted into the equation for the 'Nta! state an & final state,

dipole matrix element, Eq3), to obtain a surface integrals at

the radiugr|=r. and a surface integral | —c. The latter dﬁazi > [Dii 81 Sy (€15~ €1ra)]

surface integral is zero since the original bound-state func- T B

tion goes to zero at large distances. This leaves the surface

integral at the cutoff radius X2 [EP KD — KOOk () )
IH

re * [compare to Eq(A8)]. The accuracy of these expressions is
dpa=7 ? D“'f W(A o Bl d (€ip—€ira), (4) directly related to the accuracy of the short-range scattering
parameterd(i.e., the K matrices and the accuracy of the

where the integration is only over the angla$Q transformatio_n parameters that give th_e states in the field in
—dedcosd and the radial Wronskian W(A,B*) terms of the field-free stz_ﬂes near the core., th_eg" vectors.
=(dB*/ar)A—B*(9Aldr) is evaluated at.. This expres- | expect that the approximations used to derive these formu-
sion is general and only entails knowing the Rydberg wavelas are much. more accurate than the approximations that are
functions at a radial surface close to the core. These surfa ed to obtain the scattering and transformation parameters.

integrals may be obtained from many different types of cal-o"€ of the more interesting features of this derivation is that
culations includingR matrix [17] or multichannel quantum- the field dependence only enters through the transformation

; : ; fficients. Whether the atom is in a static electric field or
defect theory(MQDT) [18,19. Equation(4) is the main re- coetficients L . .
sult of this paper; the rest of this section and the foIIowing'n‘"‘gr"':'tIC field or a combination of the two is not important

. . - . for the form of the matrix element.
sections are only devoted to discussing methods of imple- . . .
y 9 b There is a peculiar feature of E(B); becaus&K matrices

mentation and to discussing some of the implications of this ! .
equation. Of course, this equation also applies when there gecrease rapidly with for | larger than 2 or 3, Eq(8) ap-
no field present, in which case it reduces to the usual expre _arer_1t|y show; that only the IQWpart of the Rydberg wave
sion for ICE dipole matrix elements. unction co_n_trlbutes to the dipole matrix element. This is
quite surprising because a Rydberg state of energyten
contains a large numbéroughly 1A/—2¢€) of | components.

B. MQDT form of dipole matrix elements It is apparently a paradox or error that the overlap of two
As an illustration, specific formulas for the dipole matrix Rydberg stateswhere both can have a large rangd obm-
element will be obtained in terms of the MQDT parametersPonents is determined only by the low-part of the states.
Near the core the wave functions are not affected by the field\ctually, the hight part of the Rydberg wave functions do
and thus may be represented in terms of the zero-field funccontribute substantially to the overlap. This contribution is
tions. | will choose to utilize th&-matrix form of the func- hidden in the transformation coefficienfsthe hight part of

tions at small distances. For the bound state, these functioige wave function strongly affects the energy dependence of
are the transformation coefficients which, with tie matrices,

determine the dipole matrix elements.
O=> &Y, ([ Fi(r) 85 —gi(HKOYr (5
vir Z Yim (D0 dir =6 (DK © C. Approximation for a static electric field
The equations from the preceding section are expected to
[compare to Eq(A6)] whereY),, is the spherical harmonic, be very accurate when the atomic scattering and transforma-
the f,g are field-free regular and irregular Coulomb func-tion parameters can be computed accurately. In all of the
tions, andK(® is the K matrix at the energy of the bound calculations presented in the following papers, the results
state. For the final state, these functions are from the preceding section are used. However, it is impos-

033406-3



F. ROBICHEAUX PHYSICAL REVIEW A 62 033406

sible to gain an intuitive understanding from the precedingprevious approximations. In this approximation tBefunc-
section due to the generality of the derivation. This section igsions have been treated as orthonormal over the surface even
devoted to deriving and discussing an approximation to thevhene;;+ €/, ; these functions are only orthonormal when
ICE dipole matrix element in a static electric field that moreevaluated at the same energy. Equati®f) has not been
clearly shows the mechanisms controlling ICE in a field. Theused in the numerical calculations where high accuracy is
ideas for the form of an electric field, multichannel wave desired but it is useful for interpreting the expected behavior
function are from Ref[18] which is based on Ref19]. of ICE in static electric fields.

The idea is to do the opposite of the derivation in the It is interesting to note that the field-dependent properties
preceding section where we superposed zero-field atomiare explicit in Eq.(10) but the parameters that specify the
wave functions; this resulted in a formulation in terms of atom, the short-range scattering matrices, are only included
zero-field parameters and transformation coefficients that inimplicitly through the transformation matriceg. For the
clude the field effects. Here we will superpose the solutionglerivation in the preceding section, the atomic scattering pa-
in the field that have the correct asymptotic boundary condirameters were explicit but the parameters that specify the
tions; the coefficients of the superposition are determined byype of field and the field strength are only included implic-
forcing the wave function with the correct boundary condi-itly through the transformation matrices It is uncertain
tion in the field to match onto the correct atomic wave func-which form will be more useful for future calculations and
tion at short distances. experiments. For example, it might be possible to extend the

The Hamiltonian for an electron in a Coulomb potential Eq. (10) to other types of fields. The phaskis approxi-
plus static electric field is separable in parabolic coordinatesnately equal to the phase accumulated by the electron in
The wave functions can be written as superpositions of theraveling from small to largey. Perhaps for ICE in other

solutions in parabolic coordinates in the form static fields for which a separation of variables is not pos-
sible, this formula will still hold but with the phase differ-
Biﬁ(r):E = |Bn1m( W)Eelﬂnlm(g b) gci)mﬁ, ences calculated semiclassically.
©) Ill. DISCUSSION

Aia(N=2 Fe nm(ME e nm( &)Y e

| expect Eq.(10) to be accurate except for transitions so
far off resonance that the principle quantum number changes.
where Y are the transformation coefficients that give theThe equation will still be qualitatively accurate in this case;
correct match to the atomic wave function near the nucleusiowever, the accuracy decreases as the change in the
the functions= are bounded functions and play the role thatn-manifold increases. Therefore, | will only examine the im-
the spherical harmonics play in spherical coordinatée plications for transitions where the core is excited and the
number of nodes in thé direction isn,), and theF func-  Rydberg electron also changes quantum numbers but within
tions go to zero asy gets large when the channels areits original n manifold. When the change in energy is less
strongly closed. Thé= functions vary rapidly with energy than 1h2 (the requirement for not changing timemanifold
near the origin and it is useful to express this function inof the Rydberg electron the phase difference, m(elﬁ)
terms of parameters that vary rapidly with energy and func-_ nlm(fl ,.) is less thanm and can be approximated by

tions that vary more slowly. This combination Fsenlm (€i3—€i'a)d5nlm/d€ plus higher-order terms in the energy

= Fenym €03 &y ()14 Geny SIN Sy €)] W_here é“lm(_e) 'S difference. This means that the leading energy-dependent
roughly the WKB phase accumulated in thedirection for  tarm in the second line of Eq10) is the slowly varying
channeln,,m; in zero field the phase accumulated in thefunchondén m/de

channel is6= wv= 7/ — 2e. Compare this equation to Egs.
(A1) and (A2). The f,g functions are chosen to have the
same Wronskians as the zero field case.

We can use these functions in the dipole formula but in-

To get a better idea of the general features of the ICE
spectrum, it is necessary to have at least a crude understand-
ing of the behavior of the transformation coefficients
There are two extreme cases that will be considered for the

of small ». This gives an approximate expression for the

dipole matrix element as strongly by the static field. For example, a smaRRydberg

state will not mix with the othek components of thea mani-

fold until a large enough field strength is used. In this case,

= E Dii/ E Y gY e the Y(® coefficients are substantial for a large number of
channelsy; the precise distribution depends on whether the

. low-| state has mainl , or d character. The second ex-
i 8nm(€15) — Sn,m(€i7a)] > P

% 1 1 (10) tremg case is yvhen taking a state vyi'gh strongixing from'
(€15~ €ira) the field. In this case, th& (9 coefficients are substantial
only for a small fraction of the allowed channels,.
[compare to Eq(A5)]. The main reason that< symbol is The properties of the final-state transformation coeffi-

used in this equation is that another level of approximatiorcients are more difficult to understand. In the final state,
has been utilized which is not as high in accuracy as theéhere are many resonancgswith perhaps wildly differing
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energiese, and widthsI',. Roughly, the form of the coeffi- |-mixed states. There are two reasons for this. The first is that
cients is given by the oscillator strength to the loWwstates will be roughly a
factor of ~\—2e=1/n smaller than to the strongest state;
U U C. (e —e +il [2), 11 thel second is that the oscillator strength to a lostate will _
nyma ; nmpCpal (€ia— € +1T,/2) (1) typically be spread over a larger energy range due to their
faster autoionization rate.
where the parameted, , , gives the fraction of the reso- Thus, the expectation is that when starting from a low-

nance with character in th®,,m channel and the parameter State the cross section may contain relatively broad features
C,. gives the fraction of thg resonance in the final staze  from low-l final states or a large number of sharp features
Again, there are two extreme cases that will be considered. ffom stronglyl-mixed states or a combination of both; but

the angular momentum of the resonance is dominated by onhen starting from a stronglymixed state, only a few sharp
low-I channel, then theJ,, ,, , will be distributed over many features will be readily observable. Of course, there will also
1 1 N

n, channels; these resonances tend to be relatively bro%ﬁ intermediate cases which do not conform to the examples

because the Rydberg electron can easily reach the core ele scu§sed |n.the prececjmg paragraph. These may hgvg the
trons and scatter into the open channels. However, if the sta ost interesting properties but the correlation and excitation

is strongly mixed by the field then theg coefficients are er_;_?]\g(;(r)lls:o%ld tr;er;r%elg'ﬁ]usrseiir?tnea C;.Srifrﬁ;ﬁzi blssss.
substantial only for a small fraction of the allowed channels wing pap 4P Xperi u

n,; these resonances tend to be relatively sharp because tH&at largely confirm this analysis. The Mg speciid] al-

Rydberg electron has a substantial amount of higharac- .Tk? es thxglcgzt:ﬂZ]W a:zemtcy)?ga\/;gkr)l;;e;gzedduént;h;;eﬁgg?-
ter and thus does not strongly interact with the core elec-. P P . P
trons. tions from short-range &dnl states perturbing thesth| Ryd-

We can combine the ideas of his secton to note that g SRR S 08 SRR, (CRTEER T RN e
resonance in the final state will be excited with an ampli- ’ ’ P

) (0) . : dipole matrix element arises from the fraction of the initial
tude proportlonlall FoznlenlmﬁUf‘lm'P' First c.onS|de-r the state that has perturber character. Referdrieg gives a
case when the initial state has not strongly mixed with othegyier discussion.

| states. The spectrum will have two types of structures from

the final states: sharp features from the field mixed states and

broader features from the unmixed final states. The propor-

tion of each type of feature will depend on the strength of the IV. SUMMARY

mixing in the final state. If the field is too weak to cause the |, this paper a basic theory of isolated core excitations has
initial-1 to mix in the final state, then only relatively broad pgep given for the case when the Rydberg atom is in a static
features like in zero-field spectra will be visible. However, if fia|d. The formalism gives the dipole matrix elements in
the field is strong enough to cause mixing in the final stateierms of the properties of the wave function near the core.
then mostly sharp features related to the Stark states will b¢ne method is expected to be very accurate and easily appli-
seen; there will be a large number of these sharp features thgfpje 1o calculations of isolated core excitations in static
will be visible because each of the final Stark states havgectric or magnetic fields or a combination of the two. In the
some lowt character. Perhaps surprisingly, it will not be fo|iowing two paperq 13,14, we present detailed compari-
difficult to find cases where thestate is not mixed in the sons ofab initio calculations to experimentally measured
initial state but is mixed in the final state. The field strengthjsg|ated core spectra for Mg and Ba in a static electric field.
needed to cause mixing depends on the difference of quan- An approximation to the method for an atom in a static
tum defects with; these differences can be substantially dif- gjectric field allowed an analysis of the expected properties
ferent for the initial and final states. _ of the isolated core spectrum. The approximate form of the
Now consider the case when the initial state is a strongnarix element was composed of a sum over terms contain-
mixture of| states so that th’égl)m,ﬁ is substantial for only a  jng the difference of the WKB phase at the initial and final
few n;. In this case, the spectrum will only show features inenergy. This intriguing result may also hold, but in a gener-
a small energy range near the ionic transitions. Very fewalized form, for isolated core excitations in fields for which
resonancep will be substantially excited and these will be the Hamiltonian is not separable. Further studies of isolated
the sharp resonances that have a stlamixing with a simi-  core excitation in different types of fields may provide an
lar character to the initial state. An exception is when stateinteresting window into how the core mediated channel in-
from a different threshold fall very near the energy of theteractions affect atomic Rydberg states.
unperturbed final states and mix with them through configu-
ration interaction; in this case, there will be several states
that have a large fraction of their character the same as the
initial state. However, all of these states will be in a narrow- | am grateful to R. R. Jones and T. F. Gallagher for show-
energy range because the channel interaction is strongly réng me unpublished experimental data on ICE in static elec-
duced for these states because they have mostlylhiglas-  tric fields; it was their previous experimental work that ini-
acter. It will be difficult to observe the final resonance stategiated the theoretical studies whose results are presented in
that have unmixed low- character from initial strongly this paper. Also, it is a pleasure to acknowledge discussions
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with J. B. M. Warntjes, C. Wesdorp, L. D. Noordam, and  The result from Eq(A4) should be substituted into the

R. R. Jones. This work is supported by the NSF. equation for the dipole matrix element to show tli{E)
=DW(F;,BY)/[2(e;—€;)]. The final expression may be
APPENDIX: ICE IN ZERO FIELD obtained by using the forms for the radial functions and us-

ing the Wronskian properties of the Coulomb functi¢p2e
The theory for ICE in zero field has been described man)@i\%ing prop 0B8]

times so it will only be presented briefly with enough details

for the similarities with the theory for ICE in a static electric *(E)Dy; sin{ m(vi— )]
field to be apparent. The formulas for ICE are simplest to d(E)=——35; (A5)
derive when the initial state is a simple Rydberg state outside vim (er—e€)

of the core and the final state is a two channel system with ) . ) )
one closed and one open channel. | will denote the initialcOMpare to Eq(10)]. This equation is interesting because it
core state a; and the final core state as; . separates the contribution to the dipole matrix element into a
The initial wave function may be written asb, factor from the final-state interactions(E), a factor from
—®,F,(r)/r when the Rydberg electron is outside of the the core transitio; , and a factor that only depends on the

core region; the functiof; may be written in terms of the ©€Nergy difference of the Rydberg electror_l in the initial and
regular and irregular Coulomb functiof8] as final state. Note that the only factor that is really atom de-

pendent in this two-channel model is thAg(E) sinceDy; is
Fi(r)=[cog 7v)f(r)+sin(7v)gi(r)]/v¥?, (A1)  energy independent.

It is instructive to rederive this result from a multichannel
wherev; is the effective quantum number and is defined byquantum-defect formalism. In this formalism, the wave func-
v;=1/J—2¢; whene; is the energy of the Rydberg electron. tions do not have the physical asymptotic behaviorras
This form is necessary in order that the wave function goes-c; typically, all wave functions diverge in the closed
to zero ag goes to infinity. channels. It is only at a later stage in the calculation that the

The final wave function may be written as the sum of twoproper asymptotic behavior is imposed. The initial-state
terms; a bound wave in the closed channel and a continuunvave function is now written as
wave in the open channafi;=[®;C;(r) + ®B¢(r)]/r. The .
continuum wave arises because the core and the Rydberg Yi=D;[fi(r)—gi(r)tan(mwu;)]/r (AB)
electron can interact; the Rydberg electron can gain energy
from the core and escape the atom while causing the transicompare to Eq(5)] wherep; is the quantum defect and the
tion ®;—®;. The continuum functiorC; and the bound two linearly independent final state functions are written as
function B; may also be expressed in terms of Coulomb

functions; most importantly ZJZE O [F(1) 8,0~ g5 (K0 ]I (A7)
Bi(r)=[cogmvg)f(r)+sin(mvs)ge(r)JAH(E), (A2) :

whereA; is an energy-dependent coefficient that depends o{ﬁ
the coupling between the open and closed channels in t
final state and=1/y—2e; with € being the energy of the " 5jng the same assumptions about the dipole excitation,
Rydberg electron. we obtain

If we use the assumption that the photon causes a transi-
tion in the core, then the dipole matrix element between the 1
initial and final state is d;(E)= p > [6jrjtan(mu;) —K;/;1D;:i /(€ — €)

]!

ompare to Eq(6)] whereK;, ; is theK matrix that contains
e information about the coupling between the closed and
en channels.

© (A8)
d(E):Dfif Bf (r)Fi(r)dr (A3)
ro [compare to Eq(8)] for the dipole matrix element. To obtain
the original expression for the dipole matrix elements, it is
necessary to normalize the initial wave function by multiply-
ing it by N;=cos(mu)(—1)"/+¥2. It is also necessary to note
that both of the final-state functions diverge in the closed
W(F; ,Bf )/ (ei—€), (Ad)  channel and it is necessary to superpose the two solutions to
eliminate the divergence; the proper superpositiah,
where the WronskiaWV(A,B)=AB’ —A’B. The difference =i+ vs¢, is achieved when the coefficients have the
in energy in the Rydberg channels is the difference in theproperties:  Kyjy+Kesys=—sin(@mv)A(E) and  y;
photon energy from the transition energy of the core state=cos@rv)As(E). Using these expressions, one can show the
€i— €= w— w;; Wherew is the photon frequency. equivalenced(E) = N;[ ¥ d;(E) + v d:(E)].

[compare to Eq(3)] where D;=(®¢|D|®;) is the dipole
matrix element for the core transition. As[ib6], the product

* —
B Fi 2 dr
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