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Effects of electric fields on doubly excited autoionizing Rydberg states of barium

, K. A. Safinya, J. F. Delpech,* and T. F. Gallagher
Molecular Physics Laboratory, SRI International, Menlo Park, California 94025
(Received 19 February 1980)

We report the effects of static electric fields on the doubly excited 6p,,,n/ states of barium in the region n* = 12.
Using a three-step laser excitation scheme we have measured the electric-field dependence of the positions and
autoionization widths of the 6p,,,-17s, 16p, 15d, 12/ (I = 4-10), 12f, and 16s states at field values of up to 4.92
kV/cm. The photoexcitation spectra of the autoionizing states exhibit interference effects which are well understood
and provide a better understanding of the character of these states in electric fields. The systematic study of the
spectra and positions allows us to explain the field dependence of the autoionization widths in terms of electric-field
mixing of the discrete portions of the autoionizing states. The relationship of these effects to dielectronic
recombination rates of ions and electrons in plasma microfields is discussed.

I. INTRODUCTION

The experimental study of bound Rydberg states
in static electric fields has received a great deal
of attention in previous years. Of particular note
is the extensive work by Zimmerman et al.! on
the Stark structure of most alkali metals and the
investigation of Zimmerman et al.? of the Stark
structure of the bound Rydberg states of Ba around
n*=12. The effects of electric fields on quasibound
autoionizing Rydberg states, however, have not
received the same attention as the bound Rydberg
states mentioned above. Autoionizing Rydberg
states are physically interesting since they are
a discrete set of states embedded in a continuum
of states. An electric field will not only affect
the coupling between the discrete parts of the
states, analogous to bound Rydberg state behavior
in electric fields, it may also change the coupling
between the discrete and continuum parts of the
states. In the first experimental observation of
electric-field effects on the autoionizing states
of Sr, Freeman and Bjorklund® reported that the
shapes and widths of the autoionizing resonances
could be strongly influenced by electric fields.
They suggested that the variations in the observed
line shapes were due to the influence of the elec-
tric field on the bound portion of the autoionizing
states. ‘

In this work we have extended our investigations
of doubly excited Rydberg autoionizing states of
Ba to the region of nonzero electric field. Specif-
ically, we have mapped out the doubly excited
states of barium with a 6p,,, core between 678
and 797 cm™ below the 6p, ,, ionization limit in
electric fields of up to 4.92 kV/em. This corre-
sponds to the effective quantum number n* of the
Rydberg electron ranging from about 11.7 to 12.7.
In addition, we have measured the widths of these
states as a function of the electric field. Since the
range of states studied constitutes one complete
n cycle we were able to observe a wide variety

of spectra whjch are described in Sec. III. This
study is of particular interest because of the close
relationship between autoionization of doubly ex-
cited Rydberg states and dielectronic recombina-
tion of ions and electrons in plasmas.* The de-
tailed experimental study of the electric-field
effects on Rydberg autoionizing states is vital to
an understanding of microfield effects on dielec-
tronic recombination rates in plasmas. This
relationship is discussed indetail in the Appendix.

Included in this work are the higher angular-
momentum states of the n=12 hydrogenic manifold
which exhibit field-independent widths in the linear
Stark region, as expected from the model discussed
in the Appendix. We have also observed field
varying line shapes and widths of nonhydrogenic
levels which are not inconsistent with the earlier
observations of Freeman and Bjorklund.?

In Sec. II we describe the experiment and the
technique used. In Sec. III we present the exper-
imental results and discuss the positions and
widths of the different states observed. In this
section we attempt to explain, by simple physical
arguments, the various line shapes observed and
the effects of electric field mixing on the auto-
ionization widths of the states. In Sec. IV we
conclude with a brief discussion and summary
of the main findings of this work.

II. EXPERIMENT

The experimental technique is similar to the
methods we have used previously® in studying .
autoionizing states of alkaline earths and is de-
picted by the level diagram in Fig. 1. The first
two dye lasers at 5535 and ~4300 A excite Ba atoms
in an atomic beam from the 6s? ground state to the
6s6p state, and then to a bound Rydberg Stark (RS)
state 6s12k. The third laser at ~4935 A drives
the transition to the autoionizing 6p, ,12% RS state
which yields an ion which we detect. Only when

’
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FIG. 1. Level diagram of Ba as a function of electric

field E showing three-step laser excitation scheme used.
The figure is not drawn to scale. The dashed line repre-
sents the first ionization limit of Ba.

the third laser is tuned to the 6512k - 6p12k res-
onance do we see an ion signal, and from the
frequency and width of the resonance we can de-
termine immediately the energy and autoionization
rate of the 6p, ,12% state.

A schematic drawing of the experimental ap-
paratus is shown in Fig. 2. A collimated barium
beam passed between a pair of stainless steel
plates 1.22 cm apart used to apply the electric
field. The three laser beams were roughly co-
linear and intersected the atomic beam at right
angles, into the plane of the paper in Fig. 2. The
ions produced by the autoionizing transition were
swept into the multiplier through a Ni mesh in the
top plate by the electric field. The output of the
multiplier was amplified and fed into a boxcar
averager gated by the laser trigger pulse. The
voltages applied to the two plates were opposite
in sign and equal in magnitude to keep the atomic
beam at about ground potential. This balanced
voltage configuration reduced the change in the
time of flight of the Ba* ions as a function of the
applied electric field and allowed us to leave the
boxcar gate position fixed throughout the exper-
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FIG. 2. Schematic diagram of beam apparatus.

iment, with one exception. The exception was
when the dc field was equal to zero. In this case
the Ba* ions were swept into the multiplier by
applying a 1.5-kV positive pulse to the bottom
plate roughly 3 ps after autoionization, in which
case the boxcar gate had to be delayed by ~3 us.

The first part of the experiment involved the
mapping out of the bound RS structure of Ba around
n* =12, essentially reproducing the Stark state
map of Zimmerman et al.? by a different technique.
The electric field was set at a particular value
and kept on at all times. The mapping out of the
bound Stark states was a simple two-step process:
The first step was the excitation to a bound RS
state; the second step was the detection of that
state by driving the autoionizing 6s - 6p, , Ba core
transition and detecting the Ba* ions produced due
to autoionization. In step one Ba atoms were ex-
cited in an electric field to the bound Rydberg
states by two fast pulse dye lasers at 5535 and
roughly 4310 A (see Fig. 1). These two lasers
overlapped in space and time. In the second step,
a third dye laser was spatially overlapped with
the first two, but temporally delayed from them
by 10 ns, and served to produce Ba* ions by driv-
ing the 6s - 6p, 5, autoionizing core transition of
Ba. The positions of the Ba resonance transition
at 5535 A and the autoionizing 6s — 6p, ;, transition
at ~4935 A are insensitive to the electric fields
that were applied here (E,, =4.92 kV/cm. Also,
because of their large oscillator strengths, these
transitions were saturated by the lasers. There-
fore, we were able to set the first and third dye
laser wavelengths fixed at all field values and
merely sweep thewavelength of the second laser
to get the desired map of the bound RS states as
a function of electric field. The wavelength of
the second laser was swept from ~4290 to 4330
A, covering the states (in zero field) from 6s17s
to 6s14d.

With the bound RS levels identified, the Stark
structure of Ba with the 6p,, core was obtained
by simply altering our experimental procedure.
As before, the electric field was set at a partic-
ular value; however, now with the aid of the bound
state map, the wavelength of the second laser was
selected so as to populate a particular bound RS
level. Then the wavelength of the third autoioniz-
ing laser was swept to produce the spectrum of
the 6p,/, core RS level. The map of the 6p, ,, core
RS level was thus obtained by setting the second
laser wavelength to the different bound RS levels
and sweeping the third laser wavelength for dif-
ferent values of the electric field. In this way
the positions and widths of the autoionizing states
as a function of electric field were obtained. The
wavelength of the third laser was calibrated by
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populating a high Rydberg state near the first
ionization limit of Ba in zero field and sweeping
the third laser. The line center of the autoioniz-
ing state was used as the wavelength of the Ba*

6s - 6p, 4, transition. The third laser wavelength
was then calibrated relative to the Ba* ion line

by using a 2-mm quartz etalon with a free spectral
range (FSR) of 1.7 cm™. The laser linewidth was
<0.4 cm™ and was therefore adequate for the line-
width measurements presented below.

III. RESULTS

The discussion presented in the first section
describes a simple physical system to be studied.
The results of the experiment show that although
the simple physical picture of a set of Stark-shifted
Rydberg levels with an excited 6p, 5, core is basi~
cally correct, one must also be aware of many
subtle effects which complicate the picture and
also make it more interesting. The spectra ob-
tained in sweeping the wavelength of the autoioniz-
ing laser in zero-field experiments® generally
show symmetric features with possible satellites.
Recall that since the Rydberg electron is in a large
orbit about the core electron, we may treat its
state as independent of the core electron state.

In this approximation, the autoionizing spectrum
corresponds to the core electron making a strong
dipole transition, basically the Ba* 6s - 6p tran-
sition, with the Rydberg electron slightly readjust-
ing its orbit. This approximation has been shown
to be valid in cases where configuration mixing is
small and where the presence of any satellites in
the spectrum usually indicates an overlap between
the Rydberg wave function with a ground -state
core and Rydberg wave functions with an excited
core.® In this experiment the same model applies,
except that now the Rydberg states are mixed with
each other and show satellites of different vari-
eties.

The different types of spectra can be classified
as follows: (i) symmetric lines with no satellites;
(ii) satellites that show clear evidence of interfer -
ence effects between two discrete autoionizing
states (bound parts of the states are interfering),
producing asymmetric Beutler-Fano profiles sim-
ilar to our earlier observations?; (iii) satellites
that show no interference effects but appear as
symmetric lines appearing in the wings of the
main transition being studied; (iv) satellites that
are Beutler-Fano profiles due to interference
between the direct photoionization excitation and
the excitation to a discrete autoionizing state,
characteristic of the more conventional Beutler -
Fano excitations observed in single-photon-absorp-
tion spectroscopy.® Jn almost all cases, the sat-

ellites are identified. In fact, complications arise
only for the p and d states, where the effects of
spin complicate the spectra. However, the Stark
structure of the main features can be extracted
from the data with minimal effort. In addition,

we were able to measure the widths of most of

the states as a function of the electric field. We
will first discuss the position of the excited-core
states and will follow later with the results of the
width measurements.

Figures 3(a) and 3(b) summarize the position
measurements of the excited-core states around
n* =12 in the electric field E. In Figure 3(a),
we present the raw data, indicating the energy
W, relative to the Ba* 6p, ,, limit of these states.
At any particular value of E, the points in this
map correspond to the centers of the main fea-
tures observed in the photoexcitation spectra of
the autoionizing states discussed above. Each
state is represented by a symbol defined in Fig.
3(a). We have used zero field labels to identify
the states. In all cases the three lasers were
polarized along the electric direction. Since the
initial state of the system is 'S, all the states in
this map are m, =0 states. Figure 3(b) is a sim-
plified version of Fig. 3 (a) with lines drawn to show
the state positions in a more conventional manner.
This figure is intended to aid the reader to inter-
pret Fig. 3(a) and should not be used to extract
the state position. The symbols in Fig. 3(b) cor-
respond to the same symbols in Fig. 3(a) and mere-
ly serve to identify the lines. In addition, we have
labeled the lines with the zero field angular-mo-
mentum values (S, P, D, F) of the states for
easy reference in the discussion that follows. In
the discussion of this map we will systematically
examine the different states observed. Since all
of the spectra discussed are photoexcitation
spectra from a bound RS state to an autoionizing
RS state, “initial” and “final” states will refer
to the initial and final states in this excitation.
We will generally refer to the states by their
field-free labels for the sake of simplicity; how-
ever, we also use the parabolic quantum number
n, defined by Bethe and Salpeter.®

s states. These states showed normal sym-
metric spectra and did not mix with the hydrogenic
manifolds, as can be seen by the insensitivity of
their energies to the electric field. Since the
initial state in the autoionizing excitation was
1S,, the final state observed at zero field must
be (6p,,,ns,p) =1, m ;=0 for both »=16 and 17.
Figure 4 shows a typical spectrum of the
6p,,16s,,)J =1 state at 2.46 kV/cm.

p and d states. Here the effects of spin become
important and complicate the p and d spectra. As
can be seen from Fig. 3, the spacing between the
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FIG. 3. Stark map of 6py /onk autoionizing states showing the main features of the autoionization spectra. The energy
scale is relative to the Ba* 6py/; limit. (a) The raw data. The position W of each state relative to the Ba* 6py 2 limit is
plotted for different values of the electric field E. We have used one symbol for each state as we plot its position ver-
sus E. The key to the symbols identifying the states is given in the upper portion of the figure. (b) This figure is
drawn to aid the reader with (a): The solid lines were drawn through the points in (a); each line is identified by the cor-
responding symbol as defined above. The n=12,n;=4 —10 states are represented by the shaded area. The dashed line

represents the 6p13f state.

three J components of the p state are roughly
equal. This indicates that even though the spin

of the inner 6p electron is coupled to its orbit

(the 6p, 4,-6p,, splitting is roughly 1690 cm™),

the spin-orbit coupling of the 16p electron is
comparable to the Coulomb repulsion between

the two electrons and, therefore, the zero-field
states are neither jj coupled nor LS coupled, but
are somewhere in between (intermediate coupling).
The tentative assignments of the total J values for
these states were made by populating the 6s, ,16p
states using the Stark switching technique original-
ly suggested by Freeman and Kleppler'® and used
previously to populate higher I states of Sr,® and
exciting the autoionizing transitions in zero field.
Here the bound 6s16p states were populated in a
field of ~80 V/cm; the field was turned off (E<3
V/cm) in 10 ns, 20 ns after the first two dye
lasers were fired. The third laser was then fired
30 ns after the field had dropped to ~5% of its max-
imum value. By polarizing the third laser either
along the polarizations of the first two lasers or
perpendicular to it and by observing the changes
in the resulting spedtra, we were able to identify
the various J states of the 6p, ,16p manifold. In
the presence of the dc electric field the 16p and

15d states show a strong mixing as expected. The
mixing manifests itself both in the observed re-
pulsion in Fig. 3 of the (6p,, ,16p,, ;) J =2 state from

the (6p, ,15d,,,)J =3 state and in the core excitation
spectra in Fig. 5 which were observed when the
bound Rydberg state populated by the second laser
was (6s15d)'D, (6s15d)°D, (6s16p)'P, and (6s16p)°P,
respectively, at 820 V/cm.
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FIG. 4. Typical spectrum obtained for 6s165‘So
—(6p1 /216s)d =1 (zero-field state labels) showing sym-
metric behavior.
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FIG. 5. Photoexcitation spectra for p and d autoioniza-
tion transition at an electric field of 820 V/cm showing
the ion signal as the third laser wavelength is swept.

(a), ®), (c), and (d) correspond to the initial states
(6s15d)'D, (6s154)°D, (6s16p)'P, and (6s16p)3P re-
spectively, of the excitation. The satellites in each of
the spectra show strong electric-field mixing of the p
and d states.

In all four cases in Fig. 5 the sharp p state at
W~1T27 cm™ is visible. When the initial state in
the excitation is D [Fig. 5(a)], we observe one
large peak corresponding to the (6p, ,15d,,W =3
(zero field) state and two smaller peaks which
we identify as p states. Zero-field scans of this
spectrum indicate that the (6p, ;,15d,,W =1 level
is also excited, however, the peak height is <6%
of the main peak. The spectrum obtained when

the initial state in the excitation was 3D [Fig. 5(b)]
clearly shows an interference between the bound
portions of the p and d states at W~727 ecm™ sim-
ilar to interference effects observed previously.’
The other two components in this spectrum were
identified as (6p, ;,15d; ,)/ =3 and (6p, ,15d; ;,)J =

1. This was done in zero field, where p state
mixing is absent, with the light from all three
lasers circularly polarized. The resulting spec-
trum showed only one symmetric peak, which
was identified as the J =3, m, =3 component of
the 6p,,,15d,,, state, since the ground state of

Ba is !S,. When the polarization of all lasers was
vertical, as was the case throughout most of the
experiment, the zero-field spectrum showed an
additional peak to the red side of the previously
identified J =3 component. This second peak must
be due to a J =1 state, since the final states
reached by the lasers must have J odd. The split-
ting between those two states is ~11 ¢m™, which
we attribute to the 1/7,, interaction since a split-
ting of this size is much too large to be due to

the spin-orbit interaction for the 15d electron.

Figure 5(c) shows three main p components; the
center feature is seen to be asymmetric with un-
resolvable structure to its blue side. This could
either be the 15d state or another p state. The
spectrum of Fig. 5(d) shows the same three p
states with considerable loss in signal toc noise.
This is because the initial state in the excitation
is °P and more difficult to populate. Here the
signal to noise is too low to make any meaningul
statements about d-state mixing. We see, how-
ever, that whether the initial state in the excita-
tion is 'P or °P, the final states reached are the
same. This is also true of the d states. Thus the
electron spins appear to be decoupled in some
sense, with the inner electron in the 6p, ,, state.
The similarities between Figs. 5(a) and 5(c), and
5(b) and 5(d) with regard to the ratios of the dif-
ferent peaks, however, suggest that the spins may
not be completely decoupled.

f state. The effects of spin here are not impor-
tant. One striking feature here is that the f state
with an excited 6p, ,, core is substantially depres-
sed in energy from its value with a smaller 6s,,
core; the quantum defect of the f states has almost
tripled. In fact, the changes in quantum defect
for the observed Rydberg states are all positive
(6 final > initial) and increase with increasing
angular momentum for I <4. Table I shows this
effect for the s, p, d, and f states observed. The
f state also mixes quite appreciably with the higher
angular -momentum states from the » =12 mani-
fold. Figure 6 shows the excitation spectrum of
this state at 4.10 kV/cm showing very strong
discrete state interference effects” which also
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TABLE I. Quantum defects of barium Rydberg states
with 6s and 6p cores.

6(6s core)? 6(6p core) Ad
16s 4.19 4.27(1) +0.08(1)
16p 3.67 3.74(1) +0.07(1)
15d 2.64 2.78(1) +0.14(1)
12f 0.087 0.27(1) +0.18(1)

2See Refs. 2 and 11,

affect the width of the f state as discussed below.
n=12, 10=>n,>4 states. These states appear

to be well described by the linear Stark effect

approximation using hydrogenic states and are

typically positioned +2 em™ around the Ba* 6s

-~ 6p, s, ion line.

In concluding the discussion of the map of Fig.
3, we wish to note a feature which is not present
in Fig. 3. This is the absence of the 5d7d perturb-
er, which is present in the bound-state spectrum
of the Ba Rydberg Stark states at ~830 cm™ below
the first ionization limit of Ba.? When this state
is initially populated, the photoexcitation spec-
trum obtained as the third laser swept is shown
in Fig. 7. We see two peaks at the positions of
the (6p, ,15d) and (6p, ,14d) states. The widths
of the 5d7d -~ 6pl4d and 6s14d — 6p14d transitions
were measured as a function of laser power and
found to show roughly equal values as a function
of the laser power. This means that the character
of the 5d7d state is mainly 'D,. This designation
agrees with the assignment made by Zimmerman
et al.? and disagrees with the assignment of °F,
of Rubbmark et al.!' An interesting feature of the
spectrum of Fig. 7 is the shape of the 15d reso-
nance. This Beutler-Fano profile shows clear
evidence of interference of the discrete part of
the state with the direct photoionization amplitude
with an estimated Fano ¢ parameter of 9(2). This
means that the transition to the 6p15d state from
the 5d7d state is roughly 130 times more likely

[ ! ! [ I T
12F > (6pyp12) E =4.10 kV/cm
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FIG. 6. (6512/)'F — (6p1 /212f) (zero-field labels)
photoexcitation spectrum at E=4.10 kV/cm showing in-
terference between the discrete portions of the F state
at the higher angular-momentum states from the n=12
manifold.
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FIG. 7. Photoexcitation spectrum of the 5d7d pertur-
ber in zero field. The first two dye lasers populate the
5d7d state at W~ 830 cm™ below the Ba I %S, /; limit;
the ion signal is recorded as the third laser wavelength
is swept. The two peaks in the spectrum occur at the
positions of the (6py /215d)‘Dz and (6py/214d) 1D, states,
suggesting that the 5d7d state should be designated 1D2.
The asymmetric profile at the position of the 15d state
indicates an interference between the autoionization and
direct photoionization amplitudes.

than direct photoionization to the continuum in a
bandwidth equal to the autoionization width of the
6p15d state.

Figure 8 shows a plot of the widths of the
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FIG. 8. Autoionization rates of 6py/315d3,2(0),

@1 /216173 /2(0), 6p1 /zlzf(A), and 6?1 /2163(0) states as a
function of electric field.
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(6p15d)J =3, (6pl16p)J =2, 6p12f, and 6pl6s states
as a function of applied dc field. The field depen-
dence of these widths can best be understood by
considering the mixing of the bound portions of
the states with other states shown in the map of
Fig. 3.

The s state does not appreciably mix with any
other state which can be seen from its excitation
spectra as well as its independence of electric
field as shown by the Stark map (Fig. 3). Its width
seems to reflect this, showing little variation as
a function of applied field.

The p -state component studied also shows little
variation in its width; again, if we examine a typ-
ical spectrum like the one shown in Fig. 5(c) or
5(d), we see that interference effects are small,
and any mixing with the d states is small.

The main component of the d state, however,
shows a marked decrease in its width between
0 and ~800 V/cm. We attribute this to the mixing
of this state with the sharp, and narrow, p state
to its blue side. At E=1 kV/cm the p state be-
comes less visible in the d-state spectrum. Its
width also rises back to its zero-field value,
where it rem: ins until about E=3.5 kV/cm. At
this point the 7-state spectrum shows a satellite
on the blue sice of the main peak due to mixing
with the 6p13f state descending on it from above
[see dashed line in Fig. 3(b)]. This mixing in-
creases the width of the d state as shown in Fig. 8.

The f state mixes strongly with the »=12 hydro-
genic manifold of states, as can be seen in Fig.

6. As the field strength increases so does the
mixing, thereby reducing the width of the f state.

The widths of the »=12x, >3 states are shown
in Fig. 9 for three different field values. These
field values were chosen for two different reasons.
The lower limit of the field strength was deter -
mined by the oscillator strength from the (6s6p)
P, state to the 6snn, states in an electric field.
For fields <2 kV/cm the oscillator strengths are
so small that we could not observe usable signals.
The upper limit was set by where the »=12 mani-
fold mixes with higher lying states and the spectra
become quite complicated. For this reason the
n, =11 state has been ignored here, since it was
difficult to observe at low fields and mixed with
other states quite rapidly due to its position. Ex-
cept for the two cases (n, =4 at 3.69 kV/cm and
n, =10 at 2.05 kV/cm) discussed below, the 7,
Stark states have roughly comparable widths.
Using an approximate formula!? for the zero-field
autoionization rates of the higher ! states (in a.u.):

__3 a?fa? 1)
"o8mgn® (I-2NQ+2)(+32)’

where g is the multiplicity of the core state (6p, ),
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FIG. 9. Autoionization rates of the 6p1,212n4(ny =4 —10)
Stark states at field values of 2.05 (a), 2.87 (e), and
3.69 (0) kV/cm. The dashed curve indicate the theoreti-
cal calculations using Ref. 12 and the linear-Stark-effect
approximation. The solid line indicates the unweighted
average of the calculated rates.

f is the Ba* 6s - 6p, , oscillator strength, X is the
wavelength corresponding to the Ba* 6s —~6p, ,
transition, and a is the fine structure constant,
we may compute the average autoionization rate
for the Stark-mixed ! states. Here, we took g =3,
f=1, x=4935 A. If we take a straight average

of the widths of all states that are observed to
mix, i.e., =3, then we obtain for the average
width T (in em™);

r=4 ﬁ: Ty, =2.6 )
a3

which is indicated by the solid line in Fig. 9. Using
a slightly more sophisticated average, we approx-
imate the », states as being hydrogenic Stark
states. If we assume the linear Stark-effect ap-
proximation is valid, then we may use the para-
bolic basis sets |nn,m)°® to describe the states.

For m =0 states n, corresponds to the zero field

I states. If we expand the |nn,0) states in terms

of the zero-field |7l0) states, then we obtain an
expression for the width of each n, state:
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1
=§a |(12nlo|1210)[2rm_

2 | (12n10[1210)|2
1=8

n

®3)

In the linear Stark-effect approximation the coefficients {nn,m|nlm) are field independent and are express-

ible in terms of the Wigner 3-j symbols®®

imym | nimy = (= 1)1 (22 1| 202 =1)

3(n-1)

! )

$(n=-1)=-n Fn=-1)+n+m -m

Substitution of Eq. (4) in Eq. (3) gives us the dashed
curve in Fig. 9. I‘,,1 was only computed for integer
values of 7,; the dashed curve was drawn through
the calculated points to aid the eye in Fig. 9;
therefore, the values of I', should be used only
for an n, integer. In light of the crude approxi-
mations made here we deem the agreement be-
tween experiment and theory quite good and attrib-
ute the differences between them to the inadequacy
of the linear Stark-effect model in taking account
of the width contributions due to mixing with other
n states of large quantum defect. This shortcom-
ing is quite apparent for the two cases mentioned
above, where the disagreement is quite gross.
Here the n, =4 state at E=3.69 kV/cm is mixing
strongly with the 12f state with a large increase

in its width. Similarly, at E=2.05 kV/cm, the
16p state is crossing the n, =10 state, increasing
the width of the state by almost a factor of 4.
Also, in using Eq. (2) to calculate the zero-field
widths, we assumed that the Ba atoms autoionized
to the 6sek states, whereas we have recently ob-
served that in fact an appreciable fraction of the
atoms autoionize to the 5dek states.!* Therefore,
we do not expect the theory to predict accurately
the detailed behavior of the widths as a function

of n,. In fact, as seen in Fig. 9, the experimental
values of the widths seem to oscillate with the
same period and magnitude as the theory predicts,
but with the opposite phase.

In summary we can say that the widths of each
of the autoionizing states are affected by electric
fields only indirectly through electric-field mix-
ing of the discrete portions of the different Stark
states. This conclusion is in basic agreement
with the observations of Freeman and Bjorkland
and, .in the case of the higher angular -momentum
states, confirms the linear Stark-effect model
discussed by Jacobs and Davis.!® There is a sim-
ple physical explanation for this. The autoioniza-
tion rate is basically determined by 1/7,,, which
is largely a core interaction where the effects
of the relatively weak static electric field are
small. Thus it is not surprising that a state which
does not mix with other states would have a field-

—
free autoionization width, as is observed for the
6p, 65 state.

IV. DISCUSSION AND CONCLUSION

We have seen that the Stark spectroscopy of
the Ba 6p, ,nl states in the region about n* =12
can be understood in terms of a simple physical
picture. Basically, the electric field does not
affect the excited 6p,, core electron. The effects
on the Rydberg electron can be understood in
terms of our understanding of the Stark effect for
bound Rydberg levels. Singlet and triplet Rydberg
states with a 6s core project onto the same Ryd-
berg levels with a 6p, , core; however, the over-
laps of the excited-core Rydberg wave functions
with the single wave function differ from the over-
laps with the triplet wave functions, producing
different excitation spectra when the initial state
in the excitation is singlet and triplet.

The effects of the electric-field mixing can be
seen most clearly in the types of photoexcitation
spectra obtained. In all cases the electric field
seems to mix the discrete portions of the auto-
ionizing states with little effect on the coupling
to the continuum states. It is important to realize
that both the initial and final states of the auto-
ionizing excitation are mixed with other states
by the presence of the electric field, and that any
line-shape theory would have to take this into ac-
count.

These mixing effects also manifest themselves
in the electric-field dependence of the energies
of the different states, as shown by the Stark map,
and in the field dependence of the autoionization
widths of the states. An important consequence of
this is that when the mixing between states is in-
dependent of electric field, as is the case for the
higher -angular -momentum states in the linear -
Stark-effect approximation, the autoionization
rates are field independent.

In conclusion, we have studied the widths and
positions of the main features of the Ba 6p,
Rydberg Stark states near n* =12 and shown that
even though the spectra are not all symmetric
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lines, one can explain their general features in
terms of well-understood physical arguments.
Obvious extensions of this work can be realized
by examining any one of the regions in the Stark
map and studying it in greater detail.

Note added in proof. Aymar and Robaux'? have
labeled the 5d1d perturber at W~830 cm™ 3F,,
which agrees with the designation of Rubbmark
et al.** and disagrees with the designation in this
work and the work of Zimmerman et al.?
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APPENDIX

Doubly excited Rydberg autoionizing states are
of particular interest since they play a major role
in the dielectronic recombination of ions and elec-
trons in plasmas, as described by Burgess.? The
lowering of the ionization balance and the attendant
radiative cooling produced by dielectronic re-
combination is in some cases thought to be one
of the major energy losses in low-density higher-
temperature plasmas. We can describe dielec-
tronic recombination as the radiationless capture
of an electron by an ion into a doubly excited
Rydberg autoionizing state, followed by a stabi-
lizing deexcitation of a core (inner) electron to
a singly excited state with the emission of radi-
ation. The Rydberg electron then cascades down
to the ground state of the atom, emitting more
radiation in the process. Since the radiationless
capture of the electron is the inverse of the auto-
ionization, it is clear that the dielectronic recom
bination rate will be determined by the autoion-
ization rate.

An important consideration in the calculation
of the recombination coefficient in a real plasma
is the effect of microscopic electric fields pro-
duced by the charged particles in the plasma on
the atomic system undergoing the recombination.
Jacobs et al.'® have considered the effect of stat-
ic electric fields on the recombination rates and,
using the linear-Stark-effect approximation, have
found that in general one expects an enhancement
of the recombination rate in the presence of elec-
tric fields.

This can perhaps be best understood by recalling
that the recombination coefficient a,(j,n—~k,n)
for an ion in the state 7 recombining with an elec-
tron via an autoionizing state j,n (» is the Rydberg

electron principle quantum number) and stabilizing
to a lower state k,n is given by'®

. A (j,ndm—~1
ad(];n-k:n) =B ;‘W- (A1)

A (j,nlm ~i,€,) is the autoionization rate for the
inverse of the radiationless capture process, and
A(j,nlm) is the total decay rate of the doubly ex-
cited state j,nlm via autoionization and radiative
decay to all of the allowed final states. B includes
a Boltzmann factor and other numerical factor
which are not relevant for the purpose of this dis-
cussion. In zero field, for each ! state, the ratio
in the sum in Eq. (Al) approaches unity as the
autoionization rate increases. For large ! the
field-free autoionization rates are small, and
hence the ratios are small. The main contribu-
tion to the sum is from the lower ! states where
the ratios are relatively large. With an electric
field present, it is no longer appropriate to use
the |nlm) basis for the Rydberg electron, since
all states of different  mix with one another. If
we assume that the linear -Stark-effect approxi-
mation is valid, we may replace the |7m) basis
by |nnm) in Eq. (Al), where n, is the parabolic
quantum number defined by Bethe and Salpeter.®
In the approximation the parabolic basis states,
and therefore their projections onto the spherical
basis states, (#lm|nn,m), are field independent.
Thus the autoionization rates A (j, nn,m —i,€,)
can be expressed simply in terms of the field-
free rates by a transformation of basis. The ef-
fect of the field is to increase the autoionization
rates of the higher angular-momentum states.
However, the relative increase in the ratios of
the rates in Eq. (Al) for the higher angular-mo-
mentum states more than offsets the decrease
of the ratios for the lower angular -momentum
states, resulting in an overall enhancement of
the recombination rate. This approximation is
expected to be valid in electric fields where states
of different » do not mix, i.e., fields <1/x°

The experimental studies of autoionizing states
in electric fields have not specifically addressed
this problem until now. As we have seen in Sec.
III the linear -Stark-effect approximation appears
to be in reasonable agreement with the data when

- the hydrogenic manifold of states is not mixing

with states of a different manifold. Therefore,
we feel that the overall enhancement of the di-
electronic recombination rates in electric fields,
as calculated by Jacobs et al.'® is to be expected
in cases where states of different # do not mix.
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