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Strongly perturbed Stark states and electron correlation in Ba
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We present the results of experimental and theoretical investigations into the photoionization spectra of Ba
Stark states at energies resonant with tli¥ D, perturber level starting from thed&p 3D? state. The
electric field is strong enough to allow the electrons to classically escape the atom, thus transforming the
perturber state into a resonance. Much of the dynamics of this remarkably complex system may be understood
qualitatively. In particular, we stress the role played by electron escape time in qualitatively changing the
correlation by reducing the singlet-triplet mixing and triplet excitation. A theoretical formulation of multichan-
nel systems in static electric fields is developed which allows us to efficiently obtain both total and partial cross
sections; this formulation can be used to describe the Rydberg states of atoms and molecules in static electric
fields.[S1050-294799)11308-9

PACS numbg(s): 32.60:+i, 32.80.Dz, 32.80.Fb

I. INTRODUCTION conditions on the wave function.
The spectrum of an H atom in a static electric figé-

One of the main goals of atomic physics involves thesumed to be in the direction is relatively simple because
qualitative and quantitative understanding of the dynamics ofhe wave function is separable in parabolic coordinates;
valence electrons. An important variant of these studies con+ z, r —z, ande. The spectrum of an alkali-metal atom in an
centrates on the dynamics of atoms in static fields. Statielectric field is much more complicated because this separa-
fields generate a more complicated set of energy levels angbn is no longer possible. Spherical coordinates are appro-
eigenstates since the total angular momentum is no longegiriate near the nucleus, while parabolic coordinates are more
conserved. But surprisingly, the resulting richness and comappropriate outside the region occupied by the core elec-
plexity can often be interpreted with qualitative ideas that datrons. The alkali Stark states result from coupled multichan-
not involve elaborate calculations. Atomic dynamics in staticnel dynamicg5]. The channels are defined in parabolic co-
electric fields is also important in that the electric field canordinates in order to correctly describe the largeehavior
strongly affect the rate that ions capture electrons into boundf the wave function, and the coupling arises when the elec-
states through photorecombination. tron enters the region of the core electrons and scatters from

In this paper, we present recent experimental and theorebne parabolic channel to another. While the scattering can
ical results for Ba in a static electric field at energies near thehange the parabolic quantum numbers, it cannot chemge
5d7d ‘D, perturber level[1,2]; this state perturbs the thez component of the angular momentum.
6snd'D, and °D, series fromn=25-28. Although the Recent investigationf6—13] of non-alkali-metal atoms
electric field strongly mixes states of different angular mo-raise the level of complexity and extend accurate Stark cal-
mentum and parity, we find that thed®d 'D, perturber culations to several types of atoms in the periodic table. The
does introduce complexities not found in atomic systemsadditional complexity arises because the Rydberg electron
away from short range resonances. Even in zero field, thean scatter from the core electrons and change its energy,
number(and complexity of all the J™ states in this energy angular momentumz component of angular momentum or
region is quite high'3,4] compared to what is usually in- parabolic quantum numbéand any combination of thege
cluded in photoionization studies because usually only d&xcept for Refs[6—-8|, these studies have been restricted to
small subset of states are considered because of selectienergies and fields such that the parabolic channels for a
rules; there are 20 channels with nonz&ronatrix elements  given core level are either all open or all closed.
attached to the $threshold and 100 channels attached to the The results presented in Ref8—13] did not contain en-
5d threshold. We obtain excellent agreement between theorgrgy regions near short range perturbers where the channel
and experiment, which indicates that all of the importantcouplings, quantum defects, and oscillator strengths of the
mechanisms for describing complex Stark resonances are uRydberg states vary rapidly with energy due to their interac-
derstood. We obtain a qualitative level of understanding otion with the perturber level; calculations are very difficult
this system, which is important for generalizing these technear perturbergeven in zero fielflbecause the energy of the
niques to other atoms and to molecules. In particular, thigerturber and its interaction strength with the Rydberg series
system clearly shows that channel mixing depends on theust be very accurate. In this paper, we specifically focus on
short-range channel interactioasd the asymptoticlarger) the case near a short-range perturber where some of the para-
dynamics in the channels. This aspect of our qualitative unbolic channels are open and some are closed. The initial state
derstanding clarifies our interpretation of the zero-field dy-is chosen so the perturber is strongly excited and governs the
namics of Ba in which it is often forgotten that the mixing gross energy features of the photoionization cross section.
between states is also determined by the lardmundary  This system was explored in Rg6] but with lower resolu-
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tion and higher field strength; the rapid field induced ioniza-notation isn,k,m, wherek=n;—n,. We will use both nota-
tion in that experiment allowed a simplified model calcula-tions in this paper.
tion to qualitatively reproduce the data. We discuss why this To prevent a lengthy rederivation of parameters, we
model gave qualitative agreement. present the ideas in this section as a continuation and ampli-
fication of the method described in Sec. IV of Rgf4]. The
derivation of our result will be presented for the alkali-metal
IIl. MULTICHANNEL STARK THEORY atom case with the extension to atoms with multichannel

There have been many formulations of the behavior oftates in zero-field given at the end of the section. As noted
Rydberg states in static electric fields. Because the Hamill Ref.[14] the dipole matrix elements connecting an initial
tonian of a hydrogen atom in a static field separates in parastate to a final state that has normalized outgoing waves in
bolic coordinates, the behavior of Rydberg states of nonhychannelg is given by
drogenic systems may be described within a multichannel d;=(0"1D") 1)
formalism. In this formalism, even a simple alkali-metal B B

atom like Li has a multichannel behavior because the m“|WhereO is the “overlap” matrix of parabolic continuum

tiple channels are the channels in parabolic coordinates angctions given by Eqs(6) and (24) of Ref. [14] and the

the coupling between channels is provided by the nonhydroéommex dipole matrix elements are defined Hy,

genic potential generated by the core electrons; the coupling

between the parabolic channels cannot change the electron'st ¥ egml € T[V1), whereW, is the initial state. The normal-

angular momentum in the direction of the electric fighs-  12€d continuum functions are given by E¢20)—(22) of Ref.
sumed to be the-direction in this papér For more compli- [14].. While this expression may be.used' to obtaln'the cross
cated atoms like Ar or Ba, the multichannel Rydberg inter-S€ction and the partial cross sections into the diffepgnt
actions becomes even richer because the core electrons cefgNnels, it is numerically inefficient to solve compared to
scatter the Rydberg electron from one parabolic channel t§XPressions for cross sections given in Rgf512,13. The
another keeping all other quantum numbers fixeds is ~ '€aSOn for the ineffeciency is that tl@ matrix has a size
similar to the Rydberg states of alkali-metal atoraad can equal tol the square of the num'ber.of parabolic c'hannels. The
exchange energy and angular momentum inzfdirection ~ €XPressions for the cross section in Rét‘le,l_ﬁi involves

with the Rydberg electron; these scatterings or coupling§natr'x inversions where the matrices have asize equal t(_) the
cannot change the total angular momentum inzbizgection.  Sduare of the number of channels for which the zero-field

We have based our treatment of Ba in a static field on th&uantum defects are not zero. However, Rggs12,13 do
multichannel Stark theory developed in RES]. This for- not give expressions for amplitudes to escape in the different
malism uses a local frame transformation between CoulomBarabolic channels. _
functions in spherical and in parabolic coordinates to obtain 1 he dipole matrix elements in E¢l) may be expressed
the wave function and dipole matrix elements for nonhydroN terms of the zero-field dipole matrix elements using the
genic atoms in static electric fields: it also uses an improved€o-field wave functions witfK-matrix normalization,D,
WKB method to quickly obtain the parameters in parabolic@"d the zero-field phase shi€=tanmy as
coordinates. The formalism developed in this section is very o ATrA AT L A% AT71—1] 10RO
similar in spirit to the treatment presented in R¢fk2,13. d"=2ATAAHATATT VDY @
Although the method formulated in this section appears to b —_BH_10
quite different from that in Refs[12,13, the only real WhereA=R— UK
change is that we have removed the restrictions that all of th
parabolic channels attached to a threshold be closed and t
tunneling is negligibly slow. Our formulation also allows the
calculation of the partial excitation amplitudes into all of the
parabolic channels.

In H, the channels are labeled Bym in zero field and by
B.min a static _eIecFric field. Just as counts the number of A=U%1-K°Y)(U%) 'R, @)
nodes in thed direction, the paramete® counts the number
of nodes in the up-potential parabolic direction. The numbekyith
of nodes in the up potential direction is often also denoted by
n,. Strictly speaking there are always an infinite number of Y=hF—iHF, 4)
nodes in the down potential parabolic direction. However,
when the energy in the down potential direction is such thawhere theH™ andh' matrices are defined in Eq&23) and
the electron has to tunnel to leave the region near th&55) of the second part of Ref5]. After several matrix ma-
nucleus, then the number of nodes in the down potentiahipulations, the dipole matrix elements may be written as
direction for distances less than the maximum in the poten- —
tial has a useful significance. We denote this number by the d™=2(R*)"tU°", 5
parameten,. When the energy width of a resonance is small
compared to the spacing of resonances with the same where
then one can think of the resonance as having a principle dF=[HF(1—KOY) L(1—KOY*)+(1-Y*KO)
quantum number given by=n;+n,+|m|+ 1. Often, Stark
resonances are labeled by,n,,m but another much used X(1-YKO " IHF] HF(1-K%Y) " IDO.  (6)

%(UY TS andR,S are given by Eq(19)

of Ref.[14] andU" is in Egs.(15) and(16) of Ref.[14]. The

§ perscriptT indicates transpose of the matrix, the super-
ript * indicates complex conjugation of every element of

the matrix, and the superscript T indicates Hermitian conju-

gation of the matrix. We note that the matrk may be

written as
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The reason for using Eq$5) and (6) instead of Eq.(1) is 0 _ 5., , , .Ul _

that all of the inverses in E6) are of matrices whose size U™ om0y 3,0 O mU o A= En ),
equals the square of the number of channels with nonzero

quantum defectsi™ is a complex vector whose size equals _ _

the number of channels with nonzero quantum defects. The Ry x= Oxr xRg(E—En,m), (13
matrix inverted in Eq(5) is diagonal. Thus, these equations
recover the efficiency of the method used in Ré&f. while
allowing the calculation of partial cross sections. The total
cross section is given by

(12

PN” 5(1’,015N",N/5N",N y (14)

o'«

where the last matrixX®, is a projection operator. The gener-
alization of Eq.(7) is

o > (d)*HE .d,. (7)
v '
F F F
This method may be extended to systems that are multi- e E (da)*Ha,a’da’ (15

channel in zero field by an appropriate extension of the defi-
nition of the matrices in Eqg5)—(7). We will let the param-
eter « indicate all of the zero-field channels that have
nonzeroK-matrix elementdi.e., these are the channels for
which the Rydberg electron experiences non-Coulombic po-

tentia) [15]. In general,a describes five quantum numbers, o(N)o 2 (d('i)*HF pN

aa’ " ala”

and the partial photoionization cross section to leave the ion
with quantum numbersl is

d,. (16)

Gf:{N,Ji,Mi,/y,m}, (8)

where J; M, are the total and component of all angular 1 eSe formulas reduce to those in R¢f2,13 when the

momenta except for the Rydberg electrefim are the or- energy of the outer electron is either positi\Ee—(EN>O) or

bital angular momentum and tlzecomponent of the orbital much less than the energy needed for a classical electron to
angular momentum for the Rydberg electron, ands all  €scape the ionE—Ey<—2yF) in all of the channels. In
other quantum numbers. Note there is no coupling betweef'® Situations we investigated, the energy of the outer elec-
states for whictM; + m= M, changes. To illustrate, we give tron in some of the channels is negative but greater than the
three examples of that are used in the Ba calculation. The €N€rgy needed for a classical electron to escée,

three lowest energy states of Bare the &,,, 5ds,, and —2VF<E—E,<0); thus, the full treatment is needed. The
5ds,. Example 1:N is for the core electron to be in thesg ~@mount of computational effort necessary to obtain the total
state with the spin of the Rydberg electron coupled to théd partial cross sections is quite modest, with the most
core angular momentum to give angular momentung;0, tme-consuming steps being the inversion of two complex
=0, M;=0, /=2, andm=M,,. Example 2:N is for the matrices, +-K°Y and the term in square brackets of E8),

core electron to be in thesGstate with the spin of the Ryd- &t €Very energy point; the size of both of these matrices is the

berg electron coupled to the core angular momentum to givéduare of the number af channels. However, the spectra
angular momentum 1J;=1, M;=—1, /=3, andm=1 for the cases we investigated consist of a very large number

+M,,. Example 3:N is for the core electron to be in the of sharp resonances so we need to calculate the cross section
ot- :

5ds, state with the spin of the Rydberg electron coupled tot @ large number of points; the effeciency gained in going

the core angular momentum to give angular momentum 3°M Ed. (1) to Eq. (5) makes the calculation possible.
J=3,M;=2, /=4, andm=M o~ 2 We have stated that E¢5) was necessary because some
| il | y & il (0]

In multichannel situations, Eq¢5) and (6) are still cor- of the parabolic channels attached to the tﬁr_eshold are
rect when the matrices are generalized. In what follows, wé@Pen and some are closed; the closed parabolic channels give
will explicitly include the energy dependences wiErbeing the resonances associated with Rydberg states in an electric
the total energy ané, being the threshold energy with the field- The “quasidiscrete” approximation used in Refs.
ion having quantum numbem. To simplify the formulas [12,13 would give poor results for our case. In a typical

below, we define the parameterto be the quantum numbers calculation(e.g., for a field of 1.6 kV/cr there are 20 open
in parabolic coordinates and 62 closed parabolic channels 20 ¢mbelow the

5d7d D, perturber but 48 open and 38 closed 20 ¢ém
N={N,J;,M;,B8,m}, (9)  above the perturber.

The WKB method we used is quite accurate for the chan-
which are similar to thex quantum numbers but with the nels attached to thesgthreshold but couldhot be used for
angular momentum of the Rydberg electron replaced withhe channels attached to the Bhresholds. Small inaccura-
the quantum number in the electric field, The extended cies from WKB phases and couplings give relatively large

matrices are given in an index notation as energy errors in thed channels. In general for a phase error
E E 5, the energy error is- 8/(7v%) in a.u. wherev~25 in the
Hy o= 5N’,N53{ 1‘]i5Mi, 1Mi5m’va/',/(E_EN m, 6s channel butv~4.65 in the B channels. The &7d ‘D,

(10)  perturber is shifted by-20 cmi ! from its correct position
when using the WKB approximation for the&l8/ channels.
Yo o= 5N',N5Ji’ ,Ji5Mi’ M;OmmY 7 AE—Ey ,m), Thus it is a much better approximation to ignore the effect of
(11 the electric field in the 8 channels and use the zero-field
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TABLE I. Zero-field experimentd]1] and calculated=2°en-  form to obtain the parameters in the coupling scheme,
ergy levels in cm*. The calculated oscillator strengtiin arbitrary  involve standard atomic parameters. The transformation of
units and the squared mixing coefficients of then@'D,,  the dipole matrix elements aimatrices fromL S coupling
6snd®D,, and perturber are presented. The experimental energigg, jQ-coupling uses the unitary matrix

have been rounded to the nearest 0.1"tm
(LYjQY =((Le/)L(SS)SI[(LeSe)ics]Q), (1D

where L.,S. are the total orbital angular momentum and
6s24d°D, 41790.8 417906 0.9 0.15 084 0.01 spin of the core/,s are the orbital angular momentum and
6s24d'D, 417926 417927 1.1 083 0.6 0.01 spin of the Rydberg electrof, is the total angular momen-
6s25d°D, 418119 418118 2.6 027 0.70 0.03 tum of the coreQ is the angular momentum obtained by
6s25d'D, 41813.6 41813.7 16 0.69 0.29 0.01 coupling the angular momentum of the core to the spin of the
6s26d°D, 418295 418294 11.4 0.47 0.39 0.11 Rydberg electron, andlis the total angular momentum. This
6s26d'D, 41831.9 418320 1.9 0.39 059 0.02 unitary matrix is the product of two j6 coefficients and
5d7d 'D, 418417 41841.7 343 047 0.13 0.39 simple factors that depend on the angular momenta,
6s27d°D, 418483 418482 13 0.12 0.87 001 ) AL4S+/204L 45t .
6s27d'D, 418521 418520 16.6 0.73 0.07 0.19 (LSjQ)I=—1H781 P20 TL, QS ]
/L LHLC Se jc}

Desig. Eexpt Ecalc. f D, °D, Pert

6s28d3D, 41862.7 418626 0.7 003 097 001
1 X ’
6s28d "D, 41864.7 418647 4.0 093 0.02 0.05 s J dls o s

where[j]=+2j+1.

quantum-defect formulas to close these channels. This is an Thjs recoupling is not sufficient to obtain quantum num-

excellent approximation due to the compact nature of th§ers in the formu of Eg. (8). We need to isolate the angular
perturber. momentum of the Rydberg electron and #scomponent.
This is accomplished through one last recoupling that un-
ll. ZERO-EIELD THEORY OF BA couples theQ and/” angular momenta. This is accomplished
through another unitary matrix that is simply a Clebsch-
The zero-fieldk matrices and dipole matrix elements in Gordon coefficient,
jQ coupling[16] are the main input into the calculations; in (IM|mg,m)=(Qmo/m|Q/IM), (19)
this coupling scheme the total angular momentum of the core
electron is first coupled to the spin of the Rydberg electron tovhereQ,mg are thel; ,M; of the a quantum number. After
give an angular momentur® and then the orbital angular this sequence of recouplings, tKematrices and dipole ma-
momentum of the Rydberg electron is coupledQdo give  trix elements are in the form used in the preceding section.
the total angular momentud This is the most convenient The initial state is the &6p3DY excited state
coupling scheme since the electric field acts on4hef the  24192.1 cm?® above the ground stafé7] (all energies are
outer electron and matches the coupling scheme given by theunded to the nearest 0.1 ¢ since this is the resolution
a quantum number in Eq8). of our laser system In the calculation, this state was ob-
The K matrices and dipole matrix elements are obtainedained by diagonalization of a large basis of two electron
in LS coupling usingR-matrix codes and then transformed states, all of which hadD® character. Thus the electrostatic
into jQ coupling using a frame transformation. These shouldoart of the correlation is reproduced very accurately. How-
be very good approximations, but for our system this proceever, we have completely neglected the correlation due to
dure did not work well enough because small errors in theelativistic effects, which can mix these states with other
guantum defect produce relatively large errors in the perstates of the same total angular momentum and parity but
turber position; e.g., our first calculation gave a perturbedifferentLS. This is a good approximation since the amount
energy 15 cm® too low (an error of 0.007 in the quantum of mixing of this state with states ofP° or *P° character is
defeci. It was necessary to apply small corrections to thesmall. Since oscillator strength from thtD° state to the
LS-coupledK matrices in order for all of the perturber and 5d7d D, perturber is quite large, the neglect of the small
Rydberg states to be at their propeero-field positions.  mixing of the initial states with other states of differen®
Small errors in the n/ quantum defects had little effect on but the same total angular momentum and parity has very
our Stark calculations; however, we did correct them to bdittle effect on the calculation.
consistent in our treatment of thes @nd 5 channels. Maxi- Before examining the couplings in a static field, it is im-
mum changes in quantum defects and mixing angles wergortant to first understand the zero-field behavior. There are
less than 0.01. In Table I, we give the calculatgbdm cor-  two perturbers in the energy range we examined, and due to
rectedK matriceg and experimental zero-field energy levels our excitation scheme only one of them has a substantial
for the J=2° levels near the perturber with our calculated effect on the atomic correlation in a static electric field. We
oscillator strengths and squared mixing coefficients. Most otoncentrate on the zero-field behavior of this perturber,
the spin-orbit effects arise through the spin-orbit splitting of5d7d 'D,, because it is the energy dependence of the dipole
the 5d thresholds whose energies were obtained from experimatrix elements, quantum defects, and singlet-triplet mixing
ment; the direct spin-orbit interaction for the Rydberg elec-that distinguishes this system from the alkalilike systems
tron has little effect on the dynamics. previously investigated. The square of the mixing coeffi-
The sequence of recouplings, which we needed to perients in Table | shows that to a large extent the perturber

(18)




1424 F. ROBICHEAUX, C. WESDORP, AND L. D. NOORDAM PRA 60

controls the mixing between th&D and 3D channels. For 1064 nm
example, the 26 states are almost equal admixtures of sin- |30 Hz Nd:YAG | 532 nm
glet and triplet character, whereas thal28ates are nearly

pure, and the oscillator strength is nearly proportional to the
perturber fraction. Because the initial stat€é3°, this shows Home
that the perturber has a large fraction of triplet character ever built Quantel
though it is designatedD. In fact, the perturber is roughly dye TDL-591
an equal admixture ofD, and 3P,, 3D,, °F, character. laser
Dynamics near the perturber is governed by the interactions 676 nm L E

dye laser

EI KDP
6sndD,—5d7d D,—6sndD,. (20 Vacuum chamber crystal 565 nm

413 nm
The double arrows in this equation are meant to indicate the 4
effect on the dynamics from electron correlation. Note, there L|_|_/ Dichroic mirror
is no direct interaction between the®d'D, and 3D, states _ _
within our calculation so this interaction must be mediated FIG. 1. Setup for the absorption spectroscopy experiment. A
by the perturber. Nd:YAG laser is used to pump two pulsed ns dye lasers, operating

We stress that while the small changes made to thét 30 Hz. The output of the. f!rst ns dye laser is used to produce
LS-coupledK matrices caused the agreement between th Z‘l’\t&ns |°f 41?'4 :m byﬂ:nuxmg It V‘m the fungamedntallof the
experimental and calculated energies to be quite good thig YAG laser( 06 nn. The output of the second ns dye laser Is
does not guarantee that the correlations will be correctly re-elalyed by approximately 50 ns with respect to the 413.4-nm pho-

. . tons and aligned collinear with the 413.4-nm beam into the vacuum
pr(_)dgced. In particular, .the method we used_to _|nclude rela(':hamber. The colinear beams interact in a crossed-beam arrange-
tivistic effects(the L S-to-jQ frame transformationis an ap-  ant with a thermal barium beam in between two capacitor plates.
proximation that neglects some of the relativistiC 5 get of multichannel plates is used to record the ionized electrons.
interactions. The main interaction that is missing causes non-
zero terms in th& matrix that connect channels with differ- bandwidth lasers in a vacuum chamber with an atomic Ba
ent LS but the samel. For the alkaline earth atoms, these beam and measured the electron yield versus wavelength.
terms are small except for Ra; therefore, only parameters thathe two ns dye lasers were both pumped with the frequency
depend on sensitive standing wave behavior in the Ba Ryddoubled output of a ns neodymium-doped yttrium aluminum
berg series will be strongly affected. Another way of statinggarnet(Nd:YAG) laser at 532 nm. The output of the first dye
this is that small couplings can only have a large effect iflaser (676 nm was mixed with the fundamental of the
there is a near degeneracy of energy levels. As discussedd:YAG laser(yielding 413.4 nmand used to excite the Ba
below, the electric fields we used in our investigation causedtoms from the 6° to the 506p 3D, state; the polarization of
the Rydberg states to autoionize thus the correlation fronthis laser was always chosen to be parallel to the static elec-
weak interactions does not have a chance to occur. tric field so the initial state was alwayé=0. The frequency

A much larger source of error in the calculation arisesof the second dye laser was scanned over an energy range
because the&k matrices were only corrected to obtain the covering the 87d D, perturber(around 566 nm This la-
experimental zero-field energies. By only trying to improveser’s intensity was kept low<{5 MW) to prevent saturation
the agreement with the experimental energies, we did nothof the resonances and was polarized either parallel or per-
ing to directly improve the singlet-triplet mixing between pendicular to the static electric field; thus the final state could
states or the dipole matrix elements between the initial ange chosen to b =0 or M=1. The scanning laser has a
final states. However, we found that the results from theesolution of 0.1 cm?, which is sufficient to resolve many
R-matrix calculations were accurate enough to explain thef the lines and distinguish most of the Stark resonances that
gross features in the experiment. Simultaneous fitting of enhave strength 20% above the background. In order to be able
ergy levels, mixing coefficeints, and dipole matrix elementsio calibrate this laser a lamdascof8] was used. In this
would be a very big job without a large increase in the acway we achieved an error in the calibration of 0.1 ¢m
curacy of the calculations. The static electric field was realized by two parallel ca-

A final aspect of the zero-field final-state correlation is thepacitor (diameter: 5.0 ciplates 10.0 mm apart in a cylin-
positions of other short-range perturbers that could affect th@rical symmetric orientation. In between the capacitor plates
calculation. The state closest to tH®, perturber is the g thermal barium beam was created by a resistively heated
5d7d °F, perturber[3] which is only 4 cm* above the oven in which solid barium was placed. This oven has a 1
D, perturber. No other short-range perturbers are within thenm diameter hole through which gas-phase barium atoms
energy range we investigated. The next two closest states agguld escape and thus form a beam. The direction of the
the 5d7d *F 5 perturber{3], which is 115 cm* below and |asers was aligned perpendicular to the barium beam in be-
the 5d7d 3P, perturber[1], which is 89 cm' above the tween the plates. In order to be able to detect the ionized

D, perturber. electrons a holgwith a diameter of 7.0 minwas drilled
through the center of the plate with the highest potential, so
IV. EXPERIMENTAL PROCEDURE that these electrons could travel out of the interaction regions

towards a set of multichannel plates. The electron yield on
A schematic drawing of the experimental arrangement ighe detector is recorded as a function of the wavelength of
given in Fig. 1. In the experiment, we crossed two narrowthe second laser.



PRA 60 STRONGLY PERTURBED STARK STATES AND. .. 1425

800_ T T T T T T T T T | T T T T 600 T T T T T T T T
~ 600 ] ? r b
2 r 7 5 4001 -
g r _ =} N :
s 400r ] £ 1
[ ©
£ i ] ~— 200 -

— -1 b ~

© 200 - i

0 R — ' O40 | 40
-20 -10 0 10 20 E (cm™)

E (em™)

FIG. 2. Photoionization cross section of Ba from th#6p °D lar lt:ci(ik.le&elsee(‘:rtrr]ii zzlzl%f Zlésé(gevp/tctr:e laser is polarized perpendicu

M =0 initial state. The energy is relative to the zero-field position '

of the 5d7d 'D, perturber. The laser is polarized parallel to the

electric field of 1600 V/cm. The solid line is the experiment and the
dotted line is the calculation.

only M=0 final states are populated. In Fig. 3 the electric
field strength is 1820 V/cm and the lasers are polarized so
that only M=1 final states are populated. We have per-

There are several possible sources of incorrect structure #iprmed comparisons between experiment and calculation for
the experimental cross section that contribute very little sigSeveral different field strengths for each polarization; the
nal using our experimental setup. Two photon ionizationcomparisons were uniformly as good as those in Figs. 2 and
from the 56p 3D, state did not contribute any noticeable 3. The agreement between experiment and theory is excellent

signal to the experiment because the second laser was grea@yer the full range explored:-50 cm * to 50 cm* al-
reduced in intensity to prevent one photon saturation of théhough we only present a fraction of this range for clarity.
resonances. The second dye laser could not two-photon iodhe broad feature with an energy width15 cm * arises

ize Ba from the &2 state, which eliminated another possible from the 57d ‘D, perturber. The sharper features arise
source of erroneous resonance structure. The only possibfeom resonances in the closed parabolic channels and are
“wrong” two-photon signal is from absorption by Ba of two Strongly perturbed blue Stark statessrk with principle
photons from the first laser which can resonantly excite B&luantum numben~ 20— 26.

atoms from the 62 to the &d6p D, state and then into the ~ We have not presented the data in a Stark map form be-
continuum with the second photon. However, this proces§ause even at the lowest fields where data can be acquired
will only give a constant background, since the frequency ofhe levels are in the-mixing regime. There are three obvi-

this laser was fixed. As can be seen in the figures, the baclQus trends in the spectra as the field strength increases. The
ground signal is weak. first trend is that the broad envelope of excitation does not

change with field strength because the envelope arises from
the 5d7d perturber, which is not affected by the fields used
in our experimental arrangemeffields were less than 3 kV/

The calculations were performed using several approxiem). The second trend is that the number of visible Stark
mations and the excellent agreement between calculation amdsonances decreased with increasing field strength; this is
experiment validates these approximations. This gives somigecause the number of levels within the 21—26 manifolds
information about the dynamics. The main approximationthat are below the saddle point in the potential decreases
involved separating the wave function so that the Rydbergvith increasing field strength. The third trend is the energy
electron near the core was described in spherical coordinatesjdths of the Stark resonances increase with increasing field
while far from the core it was described in parabolic coordi-strength; this is because at a fixed energy the anglular range
nates. The wave function in parabolic coordinates was detewhere the electron can leave the ‘Baore and classically
mined using the WKB method of Ref5]. escape increase with increasing field strength.

In Figs. 2 and 3, we present the experimental and calcu- The positions of the Stark states of H do not match the
lated photoabsorption cross section of Ba atoms in an electrigositions of the resonances very well because the perturber
field versus energy relative to thelBd 'D, zero-field posi- causes substantial intensity modulations and energy shifts of
tion: 41841.7 cm? above the 8% ground state. The initial the Stark states. The classification of the resonances thus has
state is the 86p D state with total angular momentum in relatively litle meaning. However, to obtain some idea of
the field directionM =0. Because the initial state is compact what states participate in the figures we give the energies and
and the electric fields are weak, we always use a zero-fieldlassifications of the lowest and highest energy state of each
initial state in the calculation. One photon from this initial n manifold in Tables Il and III that would appear in Figs. 2
state strongly excites the perturber with very little direct ex-and 3. The principle quantum number is given iy n,
citation of the &nl Rydberg states. The photoexcited Ryd- +n,+|m|+1, wheren; is the number of nodes in the up
berg states are all located above the saddlepoint of the pgotential parabolic wave function ang, is the number of
tential and are autoionizing states. In Fig. 2 the electric fielchodes in the down potential parabolic wave function. For
strength is 1600 V/cm and the lasers are polarized so thaxample in Fig. 2, there are two=21 states,(19,1) and

V. RESULTS
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TABLE Il. Energies and classification of the lowest energy 600 T T ' T T
resonance for each H Starkmanifold shown in Fig. 2m=0 and C a
F=1600 V/cm.n, is the number of nodes in the up potential 400 — .
direction. > C ]

= 200 -
ny n, n E(cm™ 1) g C ]
19 1 21 —-18.3 £ 0 s ]
20 0 21 -13.9 S o00E -
15 6 22 -155 o - .
21 0 22 12.1 400 -
11 11 23 —-17.5 r 7
18 4 23 16.0 600 —— N —
8 15 24 192 -40 -20 0 . 20 40
15 8 24 15.9 E (em™)
6 18 25 —19.7 FIG. 4. Upper curve is the calculated singlet partial photoion-
13 1 25 17.0 ization cross section and the reflected curve is the calculated triplet
5 20 26 —18.9 partial photoionization cross section. The laser is polarized perpen-
11 14 26 14.7 dicular to the electric field of 1820 V/cm. Except for the sharpest

resonances between16 and 0 cm? the singlet cross section is
much larger than the triplet cross section, which seemingly contra-
(20,0, and there are n=22 states(15,6, (16,5, (17,4, dicts the information on the 24-86states in Table I.

(18,3, (19,2, (20,1, and(21,0. In a givenn manifold, the

energies of the states increase monotonically with the num-

ber of nodes in the up potential parabolic wave funCt'On;predicted from the information in Table I. For example, there
Using Table I, one can compute that 40 resonances for H argre fe\y energies where the triplet partial cross section is
in the energy range in Fig. 2; the number for Ba is roughly|, ger than the singlet cross section. Only at the sharp reso-
four “”_'es as many. . nances at-15, —10, and—5 cm ! is the triplet cross sec-

In Fig. 4 we present the results of a calculation of theyjqp, |5rger than the singlet. This is contrary to what might be

partial singlet and partial triplet photoionization cross Sec'expected from the zero-field data of Table I but may be ex-

tions which clearly demonstrate the change in the correlatiormained by the qualitative change in dynamics in the electric
due to the electric field. The partial singlet photoionizationggq

cross section is the cross section for photoionization with the =

electron spins coupled to total spif09]. The sum of these

two cross sections equals the total cross section in Fig. 3. VI. DISCUSSION

Some aspects of the partial cross section are understandable

from the data in Table |. For example, the zero-field states We have performed a number of calculations to determine
more than 7 cm? above the perturber do not have a stronghow the correlation is modified by the strong electric field. In
singlet-triplet mixing and the singlet oscillator strengths areone test, we performed a calculation where we closed the 5
much larger than for triplet states. This implies that the sinchannels correctly but after closing these channels we set the
glet partial cross section should be much larger than the tripsoupling between the & singlet and triplet channels to

let for energies larger than 7 crhwhich agrees with Fig. 4. zero. The agreement between this calculation and the correct

But some aspects of the partial cross section could not bealculation was surprisingly good because the channel mix-
ing between 8nd singlet and triplet channels in Table | is

TABLE Ill. Same as Table Il but form=1 and F strongly reduced in an electric field. This result affects the
=1820 V/cm shown in Fig. 3. interpretation of Ba dynamics near the&l 1D, perturber.
The mixing coefficients and oscillator strengths in Table |
Ny n, n E(cm™) result from a delicate balance of standing wave behavior rep-
14 5 21 358 resented by the double-headed arrows in &f). In the

electric field, the 87d 1D, perturber decays into singlet and

12 100 g :;g'g triplet Stark channels with some channels open and some
) closed. If the electron is ejected into an open channel, it
20 0 22 15.5 leaves the atom. If the electron is ejected into a closed chan-
7 14 23 —37.6 nel, a resonant Stark state can be excited. However, because
21 0 23 39.1 the Stark states can decay to a continuum, there is relatively
5 17 24 —37.4 little chance for the electron to be captured from the Stark
18 4 24 37.2 state into the perturber and be converted from singlet to trip-
4 19 25 —35.7 let or vice versa. The correlation in an electric field may be
16 7 25 37.1 represented by
11 13 26 13.4
15 9 26 395

6snk'K«—5d7d 'D,—6snk’K, (21)
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wherek is meant to represent a Stark state. Only the sharpegtet rough agreement with the full calculation by performing
resonances have a long enough lifetime to acquire substantiah alkali-atom type of calculation with® quantum defects
singlet-triplet mixing. This explains the lack of coupling equal to the BalL quantum defects for'#2 and for/
demonstrated in our test calculation. It also explains why the=2 using a quantum defect that increased by 1 over an en-
5d7d%F, state which is 4.0 cm' above the'D, hasno  ergy range comparable to the width of the perturber. This
visible effect on the cross section. also explains why Ref[6] could obtain qualitative agree-
The reason that mainly singlet states are exdige® Fig. ment between their experimental results at high fields and
4) may again be related to the dynamics of E21). We  their one-channel model.
should not use the oscillator strengths in Table | to estimate In conclusion, we have experimentally measured and cal-
what will happen in a strong static field. If we want to com- culated the photoionization cross section of Ba in a strong
pare to zero-field data we should ask how would theelectric field. The dynamics near thedBd D, perturber
5d7d D, state evolve if the § threshold were lowered so was surprisingly simple and could be explained by the
this perturber becomes an autoionizing state. We have pechange in the multichannel dynamics in the static field. This
formed this zero-field photoionization calculation with the study emphasizes the fact that configuration interaction de-
6s threshold artificially lowered so that thed3d 'D, state  pends on both the short-range interactions between channels
was an autoionizing state and one of the electrons can eand the long-range dynamics of the Rydberg electron; the
cape. At—30 cm ! the singlet partial cross section was 5.7 resonances must exist long enough for configuration interac-
times larger than the triplet partial cross section, at 0" tm tion to fully develop. Surprisingly, static fields can some-
it was 4.2 times larger, and at 30 chit was 2.8 times times suppress complications existing in zero-field processes.
larger. This agrees with the results presented in Fig. 4. The formalism developed in this paper opens a new av-
It may be somewhat surprising that exciting a resonancenue of investigation of atoms in electric fields since we give
state that has mostly triplet character from an initial state thatormulas for the asymptotic form of the multichannel wave
has purely triplet character can produce ejection mainly intdunction. Several interesting questions may now be ad-
singlet continua. This is a manifestation of the electron cordressed. For example, we can now investigate the dynamics
relation and propensity rules. Without the spin orbit interac-of Ba in a static electric field as probed by measuring the
tion, the 3P, states and’F, states cannot interact witrs6/  time dependence of the electrons ejected from the atom. We
continua and decay. It is only théD, and D, states that can also investigate the role that scattering in a static field
can autoionize without the spin orbit interaction. In the zero-plays on branching ratios for decay into different open chan-
field probability to scatter from the dind channel to the nels. The spatial distribution of the electrons ejected from an
6se/ continua, thelD channel scattered roughly 4 times atom can be calculated. The role of semiclassical and classi-
more strongly than théD channel. The strongetD cou-  cal catastrophedike bifurcationg in the scattering between
pling to the continuum arises because the triplet wave funcopen and closed channels can also be investigated. These and
tion has a node when the electrons are at the same positi@iher questions will be addressed in the near future.
which suppresses the electron-electron interaction for the

; s imnli 1
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