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Autoionization of Ba 6p t/ink states in static
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Measurements of the autoionization rates of 6p&/ink states of Ba in the presence of static and 9-
GHz microwave fields have been performed using a multistep laser excitation technique. For field

amplitudes below 1/3n, which defines the Inglis-Teller limit, the measured rates in both static and
dynamic fields are in good agreement with a simple Stark-effect model. The rates show an n scal-
ing rather than the familiar n dependence observed in zero field. We also report the first observa-
tion of forced autoionization by microwaves. Connections between our measurements and the phys-
ical situation in plasmas are discussed, including implications for dielectronic recombination.

INTRODUCTION

When considering dielectronic recombination of im-
purity ions in a plasma, we must take into account the
other effects on the impurity ions due to the large number
of electrons and the positive ions, mostly hydrogen,
present in the plasma. Since the electrons move much
more rapidly than the ions, their effect is usually de-
scribed in terms of collision processes. ' The effect of the
ions, which move slowly, is often described in terms of a
static electric field, the assumption being that the tem-
poral fluctuations of the ionic electric fields are slower
than processes of interest. Using such a model Jacobs
et al. ' have predicted that these microscopic electric
fields can substantially increase the dielectronic recom-
bination rate. The origin of this increase in rate is easily
understood using the hydrogenic model of Jacobs
et a/. ,' which is strictly valid to the Inglis-Teller limit,
defined by E = 1/3n . The Inglis-Teller limit is the point
at which the members of a series are no longer spectrally
resolved. The origin of the relation E =1/3n is as fol-
lows. The energy spacing between the n and n +1 levels
is 1/n, and the Stark shifts of the highest and lowest en-
ergy ~

m
~

=0 Stark states of principal quantum number n

are +3n E/2. Thus when E =1/3n the extreme Stark
status of principal quantum numbers n and n +1 overlap,
producing a nearly continuous distribution of levels. In a
field the good hydrogenic quantum states are the Stark
states, with quantum numbers n, k, m instead of n, l, m
and there exists a linear, field-independent transformation
between the two sets of states with transformation matrix
elements given by Wigner 3-J symbols. Each of the nkm
states has some character from each of the allowed nlrn
states, ~m~ ~ l ~ n —1. As a result, each of the I states is
spread over the entire Stark manifold, leading to an
essentially continuous absorption spectrum from a low-
lying state. In addition, since the autoionization rates fall
rapidly with increasing l, the overall effect is to redistri-
bute the rapid autoionization rates of the lowest l states
over the Stark states. The total recombination rate for a
given n can be written as

A „(I ) A~ ( I)

A „(I)+ A ~ (I )

where A „(1)and A„(l) are the autoionization and radia-
tive decay rates for a given / state and f3 is a constant. In
the lower I, lower n states A ~ && Az, so much of the au-
toionization rate can be shared without any dimunition of
the recombination rate. Therefore the net result is an in-
crease in the overall rate because the high-angular-
momentum states, which previously did not contribute to
the dielectronic recombination rate, have been converted
to Stark states which do. The validity of the theory of
Jacobs et al. ' has been verified by the recent crossed-
beam dielectronic recombination experiments of Dunn
et al. in which small static electric fields have been
shown to dramatically alter the dielectronic recombina-
tion rates. '

One of the assumptions made in treating the ion
microfields is that they are static, or at least slowly vary-
ing, on the time scale of the processes of interest. How-
ever this is not necessarily the case. As we have shown
recently, the autoionization rates of Ba 6pnl states de-
crease very rapidly with increasing l. For n = 11 the
highest-angular-momentum states have autoionization
rates below the radiative decay rate of 10 s '. ' If we
consider a plasma of electron or singly charged ion densi-
ty p and a temperature T, the thermal motion of the ions
generates fields which fiuctuate at frequencies —U~p' ',
where vr is the mean thermal velocity (kT/2m)' . For
p=10' cm and T=10 K this frequency is —10'' Hz,
far in excess of the autoionization rates of the highest l
states. Apparently in a real plasma the initial assumption
of slowly varying ion microfields is not met.

To explore the effect of rapid time variations we have
measured autoionization rates of Ba ink states in static
and 9.25-GHz microwave electric fields, which provide a
reasonable approximation to the time varying microfields
in a plasma. In the sections that follow we describe our
experimental approach, present the results, and discuss
the implications for dielectronic recombination.
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EXPERIMENTAL APPROACH

Fi. 1

e use a multiste laserp er excitation scheme, shown in
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FIG. 3. Schematic of the interaction region in the vacuum
chamber. The three dye-laser beams interact with the atomic
beam inside a microwave cavity. After autoionization the Ba+
ions are pushed toward the detection region by applying a volt-
age to the septum.

broadening' of the resonance, and the autoionization
rate can be taken as the FWHM of the observed
Lorentzian profile.

Scans of the third laser frequency have been performed
for a series of states with effective quantum numbers be-
tween 15 and 20. The changes in the autoionization
widths and profile positions and shapes are observed, for
a constant effective quantum number, as the static or mi-
crowave field amplitude was increased from zero to
0.28/n . For these scans the second laser is tuned so as
to excite the zero field s or d states, and the third laser is
fired within 10 ns after the second laser and in the pres-
ence of the field. Typical scans for levels with effective
quantum number n =15.3 at various microwave powers
are shown in Fig. 4. Similar scans in static fields are
shown in Fig. 5. Figures 4 and 5 clearly show the change
in the composition of the wave function of the energy lev-
el studied with changing field. In zero field the profile is
the simple Lorentzian profile of the 6p, &218d state. With
increasing field, character of the nearby p state is gradual-
ly mixed into the 18d level and eventually becomes dom-
inant. At fields —1.3n the original 18d state becomes a

For static field measurements, all three dye lasers are
fired in dc fields which range from zero up to the classical
ionization limit of 1/16n, where n is the eff'ective quan-
tum number of the Rydberg state. The static fields are
produced by simply applying a constant voltage to the
septum in the cavity.

Our microwave source is a variable frequency oscilla-
tor which is tunable from 8 —12 GHz. The oscillator is
tuned to excite the TE&O9 mode of the microwave cavity
at 9.25 GHz which has an antinode at the position of the
extraction aperture. The microwave frequency is kept at
the cavity resonance by constantly monitoring the
reflected power from the cavity with a crystal detector
and also by observing the oscillator output with a fre-
quency counter. The microwaves are amplified by a trav-
eling wave tube amplifier before being coupled to the cav-
ity through a probe one-quarter wavelength from one end
of the cavity. Fields of up to 2SOO V/cm can be reached
in the cavity which has a resonant frequency to band-
width ratio Q =1025. The field strength in the cavity is
ajdusted using a variable attenuator located between the
oscillator and the TWT amplifier. Since microwave fields
ionize Ba Rydberg levels at fields greater than 0.28/n, "
rather than 1/16n, measurements in microwave fields
are only done in fields less than 0.28/n .

th
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EXPERIMENTAL RESULTS

Autoionization of the 6p &/& nk levels
in static and microwave fields

The autoionization rates and energies of the 6p&&2nk
levels are determined by scanning the third laser frequen-
cy over the autoionizing resonance near the Ba 6s-6p
transition. The power of the third laser is maintained at
a level such that the ion signal amplitude is a linear func-
tion of laser power. In this way we prevent depletion

FIG. 4. Frequency scans of the third dye laser showing the
evolution of the 6pl/&nk autoionizing state which has an initial
Rydberg state with effective quantum number 15.3. Scans were
taken with the third laser appearing after (i) and before (ii) the
microwaves were removed from the cavity. Field values shown
are (a) 0 V/cm, (b) 140 V/cm, (c) 260 V/cm, (d) 475 V/cm, (e)
875 V/cm, and (f) 1635 V/cm. The Inglis-Teller limit occurs at
n =15 for F. =2.26 kV/cm. The fields used in (a) —{f) corre-
spond, respectively, to 0%, 6%, 11%, 21%, 39%, and 72% of
this field. Arrows mark the Ba' 6s-6p, /, ion transition at
20261.6 cm ' and the frequency scale for all scans is shown in
the lower left.
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FIG. 5. Frequency scans over the same autoionizing states
shown in Fig. 4, but in static instead of microwave fields. Fields
displayed are (a) 200 V/cm, (b) 500 V/cm, (c) 1000 V/cm, and
(d) 2000 V/cm. The Inglis-Teller limit occurs at n =15 for a
field of 2.26 kV/cm. The fields used in (a) —(d) correspond, re-
spectively, to 9%, 22%%uo, 44%, and 89% of this field, Arrows
mark the ion transition line at 20261.6 cm ' and the scale for
the scans is shown in the lower left.

mixture of high-angular-momentum levels which leads to
a very sharp resonance at, or very near, the ion transi-
tion.

Also shown for comparison in Fig. 4 are frequency
scans of the third laser when its temporal position has
been delayed until after the microwaves have been turned
off in the cavity, allowing the 6snk atoms to relax to one
or many zero field 6sn1 states. As shown in Figs.
4(b) —4(d) the major difference between having the mi-
crowaves on or off' is that when they are turned off the
second component corresponding to the 6s19p~6p19p
excitation disappears. Note that up to the field corre-
sponding to Fig. 4(f) most of the excitation strength is
concentrated in the 18d or 19p resonances, with very lit-
tle in the feature at the ion transition frequency. Only at
the field of Fig. 4(f) are the d and p states well mixed with
the high-angular-momentum states of the Stark manifold.
Therefore at fields less than 1/3n, neither p nor d char-
acter is well mixed into the manifold. Furthermore, if the
inner manifold states contain no p or d character, then
they will not interact with s levels. Thus, if these simple
arguments hold, only angular momentum values with
l ) 3 are well mixed in the manifold for microwave field
amplitudes, E &1/3n . We will discuss some implica-
tions of this observation in proceeding sections.

The excitation profiles of autoionizing resonances in dc
fields exhibit a wide variety of widths and shapes for
fields between 1/3n and 1/16n . The origin of the vari-

ation is easily understood. In this field regime the Stark
manifolds of several different principle quantum numbers
overlap, and there are many avoided level crossings be-
tween states of different n. Near these avoided level
crossings the wave function composition of the interact-
ing levels changes drastically. Thus, it is expected that
the autoionization rates should show wi1d variations with
changing field or effective quantum number. Scans of the
third laser frequency at static fields which are 80%%uo of the
classical ionization field (E= 1/16n ) were taken for a
range of effective quantum numbers between 15 and 20.
The excitation profiles exhibited varying widths and often
multiple peaks instead of the characteristic single
Lorentzian profile with widths scaling as n . In addi-
tion, studies of the 6p&&2nk states for n between 13 and 20
have been performed in dc fields of 80%%uo of the mi-
crowave ionization limit. The average widths (FWHM)
of the observed features of the resonances are shown in
Fig. 6(a). The values plotted in Fig. 6(a) are obtained by
deconvoluting the Gaussian width of the laser line from
the observed Voight profiles. Measurements have also
been carried out in microwave fields from 70% to 100%
of the microwave ionization field of 0.28/n . For these
studies the third laser pulse has been delayed after the
second laser pulse by 10—1000 ns in an attempt to ob-
serve any time dependence of the state mixings. Howev-
er, the third laser frequency scans are unafFected by this
variation in temporal separation between the last two
laser pulses. For measurements made in microwave fields
of 0.28/n, electron current is measured rather than ion
current. This procedure allows us to time resolve the au-
toionization signa1 from the microwave ionization signal.
In all cases the profiles observed are sharp resonances at
the Ba+ 6s, &2

—6p»2 transition, and the FWHM of the
Lorentzian resonances are obtained by deconvoluting the
Gaussian laser line from the observed Voigt profile. Ob-
served autoionization widths in the microwave fields are
plotted in Fig. 6(b), which shows a clear n scaling.

The autoionization rates A „(nk) of Fig. 6 can be fit to
n scalings with the following results. For static fields

A„(nk)=6. 7X10 n (cm ')

=0.31n (a.u. )

and for microwaves

A„(nk)=5. 4X10 n (cm ')

=0.25n (a. u. ) .

It is somewhat ironic that the microwave-field data of
Fig. 6(b) exhibit such a clear n scaling. At the outset it
was by no means apparent that we would find such a sim-
ple result. To understand the n scaling in both these
cases we consider the Stark-effect model first used by
Jaffe et al. ' We begin with the static field case. In the ap-
proximation that all the 6pnk Stark states of m =0 have
the same autoionization rate, the rate is given by the
mean of the values of the autoionization rates of the 6pnl
states, A~(nl), i.e.,
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A „(nl)
A„(nk)= g

I=O n

autoionization rates to define the total scaled autoioniza-
tion rate Az(m) which is independent of n .Specifically,
form =0,

From the l dependence discussed previously, it is clear
that the low I states have vastly higher autoionization
rates than the high I states. Thus a Stark state, which is a
mixture of l states, has an autoionization rate that reflects
the amount of low l character. For the m =0 states, 9S%
of the total autoionization rate is derived from the states
of I ~4.

We can take advantage of the dominance of the low I

n —1

A „(nl) .

Using Eq. (2) we can rewrite Eq. (1) as

A „(0)
A„(nk) =

n4
(3)

1.5

10 n

Fortunately, the autoionization rates of the Ba 6pnl states
have been measured previously by various authors. "' '
The scaled rates, n I, are listed in Table I. Using the
rates from Table I and Eq. (3) we obtain
A„(nk)=0.53n in atomic units. Considering the sim-

plicity of our model, this value is in relatively good agree-
ment with our static field measurements and with those
reported previously by Safinya et aI. '

Although this simple model seems pefectly reasonable
for static fields, the fact that single, sharp resonances are
observed in microwave fields is somewhat surprising. If
we think of the Stark effect in quasistatic terms, an n =20
atom in a microwave field of 1 kV/cm undergoes energy
variations over a wide range of as much as +24 cm
during each microwave cycle, and we excite several Stark
states with the first two lasers, yet we observe widths & 1

cm '. %'hy is there no broadening or additional struc-
ture? Previous experiments' show that, as expected
theoretically, each of the 6snk Stark states is only optical-
ly connected to the analogous 6pnk Stark state, so we
only need to consider one Stark state at a time. A partic-
ular 6snk ~6pnk transition is between two nearly identi-
cal Stark states which shift up and down in energy to-
gether as the microwave field oscillates. Thus there is
negligible differential energy shift, and the result is no ad-
ditional structure or broadening above the intrinsic width
of the 6pnk level. This notion can be written more for-
mally by writing the 6snk and 6pnk' Stark-state wave
functions in atomic units as'

O. 5

TABLE I. Scaled autoionization rates of Ba 6p„,nl states in

atomic units.

n'I

0.5 1.0 2.0 2.5

10 n

FIG. 6. (a) Plot of autoionization rates measured in static
fields of 0.21/n vs n . The best linear fit shown has a slope of
6.7X10 cm ' and the uncertainties in the data are 0.05 cm
(b) Plot of autoionization rates measured in microwave fields vs

n . Data were taken in microwave fields of 0.21/n' and
0.28/n' (the Ba microwave ionization limit). Measurements
shown were taken with the third laser firing in the presence of
the microwaves and delayed by 10—500 ns after the second
laser. Uncertainties in the data points are 0.05 cm '. The best
linear fit shown has a slope of 5.4X 10 n cm

"See Ref. 14.
"See Ref. 16.
'See Ref. 15.
'See Ref. 17.
'See Ref. 4.
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i(r„,.„„(r, t ) = i(r,.„.( r )e
~ EPl,

e
—im erat (4a)

and

& 6pnk'IpI6snk &

= &6p IpI6s && nk'Ink &e'

XgJ
mm'

Pk.E immtJ m'
l m Q)te

where p is the electric dipole operator. Equivalently, we
can rewrite Eq. (5) in the form

& 6pnk'I pI6snk &

=
& 6p IpI6s & & nk'Ink &

X e
i( W6 k, —W6 k

—leo)t

l

XgJ PkE J (6)

Using Bessel function identities Eq. (6) may be rewritten
21

& 6pnk'IpI6snk &
=

& 6p IpI6s & & nk'Ink &

6 nk' 6snkX e
l

P~Xjl (7)

The overlap integral &nk'Ink & ensures that the right-
hand side of Eq. (7) vanishes unless k'=k, in which case
pl, =pl, and the argument of the Bessel function is zero.
In this case only the l =0 Bessel function is nonzero '

and Eq. (7) collapses to the static field result

Here 8'6„l, are 8'6p Q are the energies of the two Stark
states in zero field and J is a Bessel function, the argu-
ment of which depends on the microwave-field amplitude
E, the Stark shift of the nk or nk' level, represented by its
permanent electric dipole moment pl, or pk, and the mi-
crowave angular frequency co.

In writing Eqs. (4) we have simply replaced the usual
single 6snk or 6pnk' state by a set of sideband states
separated by the microwave frequency co. The number of
sideband states depends on the amplitude of the mi-
crowave field E, and in the limit E =0 only the original
6snk and 6pnk' states, corresponding to the Jo Bessel
functions, are present. When we calculate the electric di-
pole matrix element from the 6snk sideband states to the
6pnk' sideband states it takes the form' '

& 6p« I@I 6s«& =
& 6p Ip 16s &e """ """ . (8)

A resonance occurs when the laser angular frequency coL

matches the 6snk-6pnk energy. Thus only one line is ob-
served, at the 6snk-6pnk interval. In other words the
effect of the time varying microwave field is the same as
that of a static field.

Inspecting Fig. 6 we see that the slope of the plot of au-
toionization rates versus n " in microwave fields is
slightly smaller than the corresponding plot in dc fields,
we attribute at least some of the discrepancy to the
scatter in the dc field data. The static field measurements
should be much more sensitive to slight changes in Stark
state composition with varying field strength since they
sample the autoionization rates for single field ampli-
tudes. Microwaves, on the other hand, average out small
perturbations in state composition by sampling the con-
tribution to the autoionization rate of numerous Stark
states over many microwave cycles. After the excitation
of a given Stark state by the second laser pulse, the mi-
crowave field makes —100 cycles before the appearance
of the third laser pulse. During these cycles, the mi-
crowaves act as a mechanism to redistribute the popula-
tion over many excited Stark states. In addition we attri-
bute the slightly smaller experimental values of the
widths in microwave fields to incomplete mixing of the
lowest I states with the manifold Stark states, as alluded
to above. In any case, the microwave data are in reason-
able agreement with the prediction of our simple model.

Forced autoionization in microwave fields

Garton et al. observed many years ago the
phenomenon which they termed forced autoionization.
In zero field a perturbing level in a Rydberg series pro-
duces perturbations of the energy levels in direct propor-
tion to the strength of its interaction with the Rydberg
series. In the presence of an electric field strong enough
to convert the Rydberg states into a continuum the per-
turbing level is converted into a forced autoionization
resonance, the width of which is proportional to the
strength of the interseries interaction, as has been verified
in detail by subsequent investigations. -' To a reason-
able approximation the applied field must be large
enough that the Inglis-Teller limit of the Rydberg series
lies below the perturbing level. This static field is not
sufficient to actually ionize the interacting members of
the Rydberg series, but it will convert them into a
quasicontinuum.

Here we present an illustration of microwave forced
autoionization of the Ba 6p3/212s&/2 state which interacts
with the Ba 6p«2nsi/2 and 6p&/2nd3/2 series as well as
the continua above the Ba+6s»2 and 5d, limits. To our
knowledge this is the first observation of forced autoioni-
zation of an already autoionizing state. In Fig. 7 we
show the spectra obtained by exciting the bound
6s12s 'So state to the autoionizing 6p3/212s, /2 state in
zero field and several microwave fields. As shown in Fig.
7(a), in zero field we observe a broad resonance which is
highly structured by the interaction of the broad
6p 3/212s & /2 state with the p»2ns»2 and 6p, /2nd 3/2
states. On the low-energy side of the line, 21800cm
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In the low field, 75 V/cm, of Fig. 7(b) only high n states
above -21950 cm ' have diappeared. In Fig. 7(c) the
structure is gone above 21910 cm ', and in Fig. 7(d) all
the structure has disappeared. These observations are in
reasonable agreement with the calculated Inglis-Teller
limits. In the field of 875 V/cm corresponding to Fig.
7(d), the 6p i zz ns, zz and 6p, zz nd3/p series are both
eA'ectively continua, so the 6p3/2ns»2 state is now cou-

pled to continua associated with the 6s
~ &2, 5d&, and 6p, /z

limits. Note that the widths of the 6p3&212s»2 reso-
nances (ignoring detailed structure) of Figs. 7(a) and 7(d)
are the same. This is a direct demonstration that the
zero-field width of the 6p3&212s, &2 resonances of Fig. 7(a)
is not only from its interaction with the continua above
the 6s»2 and 5d limits but also includes a contribution
from the interaction with the discrete 6p, &z ns, &z and

6p, /hand 3/~ series.

CONCLUSION

I

21750 21800
I l t I

21850 21900 21950 22000 22050

Frequency (cm ')

FIG. 7. Third laser frequency scan over the 6p&/&12s autoion-
izing state in the presence of microwave fields. As the mi-
crowave power is increased, the interfering 6p, /, ns(d) series is
gradually converted into a continuum destroying the interfer-
ence pattern. Measurements were performed in fields of (a) 0
V/cm, (b) 75 V/cm, (c) 260 V/cm, and (d) 875 V/cm. The ion-
ization limit of the 6p, /, series in zero field occurs 22062 cm
and the Inglis-Teller limits for (b) —(d} fall at 21 937, 21 857, and
21727 cm ', respectively. The sharp feature in all the scans is
the 6s6p-6s10d transition at 21 938 cm

the 6p3/212s»2 state interacts with 6p»2 states of n =20.
At the center of the line, 21900cm, the interaction is
with 6p»2 states of n =26, and at the 22000 cm ' the
interaction is with 6p»2 states of n =44. %e have used
microwave fields of 75, 260, and 875 V/cm, leading to the
Inglis-Teller limits 125, 205, and 335 cm ' below the
zero-field limit. On the frequency scale of Fig. 7 the
Inglis-Teller limits for Figs. 7(b) —7(d) are 21 937, 21 857,
and 21 727 cm ', respectively. As the microwave field is
increased more of the structure disappears, as the mi-
crowave field converts the 6p»2 series into a continuum.

These experiments show rather clearly that the hydro-
genic Stark model of Jacobs et al. ' gives an excellent
description of autionization in both static and dynamic
fields, even if the time scale of the field variation is rapid
compared to the autoionization or radiative decay rates
of the states of interest. The experiments also show very
clearly that in fields autoionization rates scale as n, not
as n, as is true in zero field.

Our experiments di8'er from a real plasma in an impor-
tant way; the field has a well-defined direction, which
means that m remains a good quantum number. In a real
plasma the direction of the microfields changes random-
ly, so that m is not a good quantum number. As a result
the autoionization rates of the low l, low m states are
mixed not only into the high l states but also into all the
m states as well. Therefore, the rapid autoionization
rates of the low l states are spread over n states leading
to an n scaling of the autoionization rates in random
microfields. Such an n scaling of the autoionization
rates would lead to an even greater increase in the
dielectronic recombination rate than that produced by a
static field.
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