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Electric Field EH'ects on Barium Autoionizing Spectra
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Stark spectra for atomic barium in the autoionizing region below the Sd3I2 ionization threshold are
studied by photoionization of the laser-excited Sd6p Dl bound level, in a combined experimental and
theoretical study. The electric field dramatically increases the complexity of the resonance pattern
beyond that of the already complex zero-field spectrum. A quantum defect and R-matrix calculation de-
scribes 86 relevant zero-field channels. A frame transformation couples these channels together nonper-
turbatively in the presence of the field, reproducing most of the observations.

PACS numbers: 32.80.Fb, 32.80.Dz, 32.80.Rm

Dielectronic recombination (DR) cross sections are
now known to be unusually sensitive to an external elec-
tric field, following a theoretical prediction by Jacobs,
Davis, and Kepple [1] that was verified experimentally by
Belie et al. [2]. While this showed the qualitative eA'ect

of a strong electric field, it has become increasingly ap-
parent that our theoretical understanding of atomic au-
toionizing states in a static electric field is not yet ade-
quate. Calculations [3] of field eA'ects on DR cross sec-
tions have resorted to an oversimplified description of the
autoionization dynamics. This Letter develops the first
microscopically accurate theoretical description of doubly
excited autoionizing states in an electric field. The accu-
racy of the resulting Stark eff'ect calculation is demon-
strated by comparing theory with new measurements of
barium photoionization in the presence of a static electric
field. This process amounts to the time reverse of a par-
ticular channel that operates when DR takes place in a
field.

The properties of a two-electron atom in an electric
field are also of fundamental interest because this system
has a comparatively simple nonseparable Schrodinger
equation that exhibits tremendous complexity. The num-

ber of Rydberg channels is even higher than in recent
studies [4] of another fundamental nonseparable system:
atomic lithium in a 6 T magnetic field.

Most Stark effect experiments have been carried out
for the alkali metal atoms or hydrogen. Such "one-
electron" atomic spectra in an electric field have been
successfully handled by the local frame transformation
theory of Fano [5] and Harmin [6]. Gallagher and co-
workers [7] observed field eA'ects on autoionizing levels of
Ba in several energy ranges. Konig et al. [8] measured
Stark spectra of Ba below the zero-field ionization thresh-
old, and modeled them using the Harmin-Fano theory.
Kelleher and co-workers [9] measured Ba autoionizing
spectra in an electric field, and interpreted them using a
semiempirical diagonalization method.

Field-free barium autoionizing spectra have been accu-
rately described only recently by a series of nearly ab ini-
tio eigenchannel R-matrix calculations described in Ref.
[10]. These calculations determine "smooth, short-
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FIG. l. Experimental (relative) and theoretically calculated
photoionization spectrum of the barium 516p Dl level at a field

strength of 6 kV/cm. The horizontal axis represents the cross
section while the vertical axis is an energy variable —the final

state effective quantum number v5d3/2.

range" scattering matrices and dipole photoabsorption
amplitudes [in the usual sense of multichannel quantum
defect theory (MQDT)], from which the zero-field atom-
ic spectra can be easily obtained. These same scattering
and dipole amplitudes serve as the input information
needed for the Harmin-Fano [5,6] local frame transfor-
mation from spherical to parabolic coordinates. We show
below how MQDT, in combination with the Harmin-
Fano theory, can reliably predict Stark spectra of two-
electron atoms above the zero-field ionization threshold
despite the extraordinary number of interfering excitation
and decay pathways.

The experimental Stark spectra shown in Figs. 1 and 2
were recorded by photoionizing barium atoms in a
thermal atomic beam in the presence of dc electric fields
of up to 9 kV/cm. Nd:YAG-pumped pulsed dye lasers
with 5 ns pulse durations intersected the barium beam be-
tween field plates (one biased positive, the other negative)
in high vacuum. The exciting laser was tuned into reso-
nance with the Sd6p D~ bound level at 413.4 nm, while
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FIG. 2. Present relative experimental (a) and theoretical (b)
Stark maps, showing cross section vs eAective quantum number
over a range of electric fields ranging from 6 kV/cm up to 9
kV/cm. In the theoretical map, the baselines for each succes-
sive field are separated by 400 Mb.

the ionizing laser was scanned across the autoionizing re-
gion below the Sd3j2 ionization threshold, from 460 to
450 nm. The positive and negative voltages on the field
plates were adjusted so that barium ions were swept out
of the beam and impinged on the first dynode of an elec-
tron multiplier with the same incident energy indepen-
dent of the electric field strength. The multiplier signal
went to a gated integrator and boxcar averager, whose
output was digitized and stored. Absolute wavelength
calibration was achieved by using either a monochroma-
tor, or when convenient, the position of a known zero-field
resonance. The experimental methods (except for the ad-
dition of dc fields) are discussed further in a recent zero-
field measurement of the Sd6p D~ photoionization cross
section [11].

All calculations presented in this paper use the "quasi-
discrete" approximation [12], which neglects tunneling
under the Coulomb-Stark barrier in the downfield para-
bolic coordinate. We further assume that in the autoioni-
zation range between the Ba+ 6s and Sd thresholds treat-
ed here, the electric field does not affect the photoelectron
escape probability when it moves in the continua associat-
ed with the open 6s channels. The escape of a photoelec-
tron beyond a short-range reaction volume (whose radius
is 20 a.u. for the present calculations) is described in zero
field by a set of reaction matrices and dipole matrix ele-

Here the index i labels diA'erent channels, i.e. , i —= IN,
x [(S„L,)J„(sl)j]JM1. Here the principal quantum
number of the residual ionic core state is A„while the
core spin, orbital, and total angular momenta are S„L„
and J„respectively. In the energy range considered here
only the 6s&/2, Sd3g, Sd5y2, 6p&j2, and 6p3j2 ionic states
are relevant, and their interaction with the field is negligi-
ble. The photoelectron quantum numbers are similarly
s, l,j. The reaction matrix is diagonal in the total angu-
lar momentum J and projection M quantum numbers.
Moreover M remains conserved in the presence of the
electric field, provided the angular momentum quantiza-
tion axis z is chosen to lie along the field. The channel
function @; contains the dependence of the wave function
on all spin and spatial coordinates of the system except
the radial distance r of the outermost electron from the
nucleus. (f;,g;) in Eq. (1) are regular and irregular radi-
al Coulomb functions.

Electric field effects on the outermost atomic electron
are simpler to describe in another representation where
l, m of the outer electron appear explicitly. We use the
channel index k to denote the zero-field channels in this
uncoupled representation (II), i.e. , k—:[N, [(S„L,)J„s]
x J„M„,lm]. The quantum number J„ is the result of
combining the core total angular momentum with the
photoelectron spin. A standard angular momentum
recoupling matrix X;k relates the solutions (I) to those
(II) in the uncoupled J„scheme k. The reaction matrix
K " in the new scheme is given in terms of the one K '

in Eq. (1) by K " =XK ' X, where X denotes the tran-
spose of X. The dipole matrix elements connecting an in-
itial state to the K-matrix final states in the two different
coupling schemes are related by d " =Ad ' . For nota-
tional brevity we will use the nonsuperscripted quantities
K, d to denote the zero-field K ",d " .

The experimental results reported here all involve laser
excitation of the Ba Sd6p D~ state, followed by its pho-
toionization with a second laser whose wavelength is
scanned. Both lasers are linearly polarized along the field
axis, whereby only M =0 final states are relevant (ignor-
ing hyperfine depolarization effects, which are discussed
elsewhere [11]). In the absence of an electric field, only
the final state symmetries J =0+,2+ would contribute,
and in representation I these are the only symmetries
having nonzero dipole matrix elements. The electric field,
however, couples these two final state symmetries to
numerous other symmetries. If we restrict our attention
to 6st.'l channels having I ~ 4, to Sdel channels having
I ~ 3, and to 6pt. l channels having l ~ 1, a total of 86
M =0 channels are relevant. The values of J followed

by the number of channels in parentheses are
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[0+(5),1+(11),2+(11),3+(8),4+(5),5+(2),0 (4), 1 (10),2 (11),3 (9),4 (6),5 (3),6 (1)J,
giving the total number of 86 channels. Each of these 11
symmetries listed requires a separate eigenchannel R-
matrix calculation of the type discussed in [10] to deter-
mine the zero-field K,d. The reaction and dipole matrix
elements for all higher partial waves and associated sym-
metries are assumed to vanish, a reasonable approxima-
tion for sufficiently large field strengths in the range
treated here. For very small field strengths in the V/cm
range, relevant to dielectronic recombination measure-
ments [2], the small nonzero quantum defects of higher
partial waves must be included.

At this point we use the standard matrix manipulations
of MQDT to impose large-r boundary conditions in the
energetically open (o) and "closed" (c) channels. This
determines the "physical K matrix" of conventional
scattering theory, whose indices include physically open
channels only. For the present calculations these are the
channels attached to the 6s threshold of Ba+ only. In a
partitioned matrix notation frequency used in MQDT,
this K matrix is

It- phys ~oo ~oc(~cc+ ~cc) —( ~co (2)

while the corresponding dipole matrix elements to the
physical K matrix states are obtained from

d p"y' =d' sc"(rc"+ w—") (3)

Finally the total photoionization cross section is o.
eerodp"y'[I+(Itp"y )'] -'dp"y, with co the frequency of
the ionizing photon.

The remaining quantity to be defined in these expres-
sions is the matrix 8"' having closed channel indices
only. In zero field, this matrix is simply a diagonal ma-
trix with elements Wf» =tan((rvk)8»k, where vk is the
efTective quantum number in closed channel k. For a
nonzero field F, the photoionization cross section is calcu-
lated using these same formulas. In place of the preced-
ing expression for 8'", however, one must use the field-
dependent quantity:

~kk' ~(V (V '~L L '~j j'~j j' ~»(»(' ~mm'( hF )(,('(m)

(4)

The matrix (h$ )((, is precisely the real, symmetric hy-
drogen Stark matrix for which Harmin uses the same
notation in [6]. Harmin calculates this quantity as
( —hp) ' =U 'tan&U ', in terms of the parabolic-
spherical transformation matrix Upl and the inner-well
WKB phase p& in the "downfield" parabolic coordinate r(

for a hydrogenic Stark state P. (Our neglect of Stark
tunneling ionization amounts to neglecting Harmin's
Stark amplitude matrix HF, as in [12].) The full matrix
8'l, l, can be viewed qualitatively as an "outer-field" reac-
tion matrix for scattering of an electron of orbital
momentum lg, into orbital momentum lk when it is

rejected by the Coulomb-Stark potential barrier formed
at large distances. Tunneling through the barrier is possi-
ble in principle. However, since WKB tunneling ampli-
tudes a're exponentially small (except near the top of a
barrier), we neglect tunneling totally in this paper. The
states we are treating have another more likely decay
route to the continuum, namely, energy exchange be-
tween the Rydberg electron and the Ba+ electron(s).

The theoretical spectra shown in this paper have been
convolved with the 0.5 cm experimental linewidth.
Figure 1 compares as a mirror image the experimental
and calculated spectra of a field strength of 6 kV/cm,
over a broad energy range from below the Inglis-Teller
limit (occurring at v=12.3 for this field) up to energies
well above this limit. This limit is where diferent Stark n

manifolds begin to overlap in hydrogen. One sees at low

energies the hydrogenic high-l manifold centered on in-

teger values of the eAective quantum number vd„, relative
to the Ba+(5d3(2) threshold, while for higher energies the
spectrum becomes substantially more complicated owing
to the numerous overlapping and mutually perturbing lev-
els. This pattern, in which high-l hydrogenic manifolds
fan out and acquire the autoionization width of the
lower-l states, is a characteristic feature that occurs in

the Stark spectra of all autoionizing atoms and molecules.
Generally good agreement is found between the experi-
mental and theoretical features, particularly in view of
the striking complexity of the spectra. The intensities of
many narrow lines are consistently underestimated by
theory, which is most noticeable in the high-l hydrogenic
Stark manifolds below the Inglis-Teller (n-mixing) limit.
This may derive in part from an energy mesh that is not
dense enough to represent the narrowest features in Fig.
1, even though the MQDT calculation was performed at
20000 energy mesh points prior to convolution with. the
experimental resolution. Also, occasional isolated lines
are present in the experiment that have no theoretical
counterpart. Many are caused by a breakdown of the
electronic selection rule for exciting only M =0 final
states in the 18% of natural barium isotopes having
nonzero nuclear spin. This breakdown is documented in

detail elsewhere [11]for the zero-field barium spectrum.
As a second example, Fig. 2 compares the experimental

and theoretical Stark maps over a smaller energy range
covering electric fields from 6 to 9 kV/cm . Such maps
show the continuity of resonances evolving from one field
strength to the next. Some intriguing features in Fig. 2
are avoided crossings between autoionizing resonances
that frequently exchange the resonance characteristics
such as the width and strength. One example is the in-
tense resonance centered near vd„, =13.7 at 6.2 kV/cm.
As the field is increased the resonance strength shows lit-
tle change initially, but at 7.0 kV/cm and higher fields it
has abruptly "disappeared. " Other similar examples can
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be identified. Such features are characteristic of all
parameter-dependent Rydberg spectra in real atoms and
molecules [4,13]. The residual discrepancies between
theory and experiment appear to be caused by small er-
rors in the zero-field reaction matrices whose eA'ects are
especially important when resonance pathways interfere
sensitively.

The experimental Stark measurements presented here,
along with the accompanying calculations, provide de-
tailed evidence confirming that a quantitative description
of autoionizing states of many-electron atoms in an elec-
tric field is now possible. The complexity of the barium
Stark spectrum is evident from the fact that the calcula-
tions show roughly 600 M =0 autoionizing resonances in

the =500 cm ' energy range covered in Fig. 1. (Only
half of these are observable in this polarization scheme
owing to reflection symmetry through any plane contain-
ing the field axis. ) Extension of the present theoretical
approach to include tunneling eAects and the interference
"ripples" near each ionization threshold appears to be
straightforward, following Refs. [6]. This would pose
difhculties, however, for methods based on matrix diago-
nalization, such as Ref. [9],or for perturbative methods.

From the formulas presented above and from the ex-
pressions for hF given in Refs. [6,12], the present calcula-
tions are relatively straightforward once the zero-field
quantities K,d are known. (These have been determined
by methods discussed in [10] and are available from the
authors upon request, and will be discussed in a subse-
quent publication. ) While the Stark e[Yect of one-
electron excited states has been understood for some time
[6,12] and zero-field spectra of doubly excited atoms
more recently [10], this work has shown that nonpertur-
bative field eAects on two-electron atoms can now be de-
scribed with similar accuracy. This opens the door to a
quantitatively correct description of field

effects

on
dielectronic recombination.
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