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Microwave-induced dielectronic recombination above the classical ionization limit in a static field

C. M. Evans, E. S. Shuman, and T. F. Gallagher
Department of Physics, University of Virginia, Charlottesville, Virginia 22904-4714

~Received 25 November 2002; published 29 April 2003!

The presence of a static electric field substantially enhances the dielectronic recombination~DR! rate below
the classical field ionization limit and suppresses DR entirely above it. The addition of a small microwave field
polarized orthogonally to the static field leads to a substantial DR signal above the classical ionization limit.
We have examined DR from a continuum of finite bandwidth in static fields from 0 to 130 V/cm and with 8–11
GHz microwave fields of amplitudes up to 5 V/cm. We attribute the microwave-induced DR above the classical
limit to the transfer of atoms by the microwave field from autoionizing them50 Rydberg intermediate states
to higherm states. Since higherm states are more stable against field ionization, these states are more likely to
decay radiatively to stable bound Stark states, thereby completing DR. Thism-changing process most likely
occurs by resonantly driving theDn50, Dm51 transitions of the autoionizing Rydberg-Stark states with the
microwave field.

DOI: 10.1103/PhysRevA.67.043410 PACS number~s!: 32.80.Rm, 32.60.1i, 34.80.Lx
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I. INTRODUCTION

Dielectronic recombination~DR!, the recombination of an
ion and an electron via a doubly excited autoionizing state
an important recombination pathway for energetic electr
in high-temperature plasmas@1,2#. Since the bulk of DR
passes through the autoionizing Rydberg states, even
small external electric fields have a substantial effect on
DR rates@1–8#. These fields can be the quasistatic fie
from the ions in the plasma, the rapidly varying fields fro
the electrons in a plasma, or the macroscopic fields that
deliberately applied in controlled experiments to probe D
rates. Irrespective of the source, a static or quasistatic ele
field has two effects@2–8#. First, it lowers the ionization
limit to the classical field ionization limit~which we term the
classical limit!, above which no DR occurs. Second, belo
the classical limit, the DR rate is greatly increased due
Stark mixing of the, states.~We follow the usual convention
that n, ,, and m are the principal, angular momentum, a
azimuthal angular momentum quantum numbers of the R
berg electron.! Although magnetic fields were long thoug
to be of little consequence, it has recently been shown th
magnetic field perpendicular to an electric field can furth
increase the DR rate by mixing them states as well@9–12#.

Here we report the observation of microwave-induced
from a continuum of finite bandwidth@13# above the classi-
cal limit in a static electric field. Presumably the micr
waves, which are polarized perpendicular to the static fi
mix the autoionizingm50 Rydberg states of the entranc
channel with nearly degenerate higherm states, which are
much more stable against field ionization@14,15#. These
higher m states are, therefore, more likely to decay rad
tively to bound Rydberg states, thereby completing DR. T
underlying physics is similar to that described in the study
magnetic field effects on recombination from a continuum
finite bandwidth@12# and in recent reports of recombinatio
in a static electric field induced by a perpendicularly pol
ized half cycle pulse@16,17#. An important aspect of
microwave-induced DR above the classical limit is the s
of the effect. In the presence of a small perpendicular mic
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wave field, the DR signals above and below the class
limit can be comparable.

In the sections that follow, we present a simple physi
picture to explain the microwave field enhancement of D
above the classical limit, relate DR from a continuum
finite bandwidth to true DR, describe our experimental a
proach, and present and discuss our results.

II. ORIGIN OF THE MICROWAVE ENHANCEMENT

The origin of the microwave enhancement of DR is b
understood by starting with a brief discussion of field ioniz
tion. Classical field ionization occurs by passing of an el
tron over the saddle point in the combined Coulomb-St
potential. For a binding energyW of 21/2n2, it is easy to
show that the required ionization field isEdc51/16n4, or
that the classical limit for ionizationWCL occurs at

WCL522AEdc. ~1!

We have used atomic units and shall continue to do so un
units are explicitly given. Equation~1! is written assuming
that atoms are in am50 state, where the field directio
coincides with the quantization axis. States of higherm re-
quire slightly higher fields for ionization@14,15#, because in
these states the electron is kept away from the saddle p
on the quantization axis by the centrifugal barrier.

Let us focus for a moment on hydrogen. For extreme
m50 hydrogen Stark states, in which the electron is loc
ized near the saddle point, ionization occurs at the field gi
by Eq. ~1!. By a red or blue Stark state we mean one tha
shifted to lower or higher energy, respectively, by the fie
These extreme red Stark states are shifted down in energ
23n2Edc/2 so, in terms of their principal quantum numbe
ionization occurs at the fieldEdc51/9n4. In the blue-shifted
hydrogenic Stark states the electron is localized on the
of the atom opposite the saddle point and kept away from
saddle point by a potential analogous to a centrifugal pot
tial. As a result, the bluest state, for any given value ofn,
©2003 The American Physical Society10-1
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requires the highest field for ionization. For the extreme b
m50 Stark state, the required field for ionization isEdc
51/4n4, in spite of the fact that the Stark shift of the state
13n2Edc/2. If we combine the energy of the bluestm50
Stark state, namely,W521/2n213/2n2E, with the ioniza-
tion field Edc51/4n4, we obtain the classical ionization lim
for the bluest hydrogenic states. Explicitly,

WHB52 1
4 AEdc. ~2!

Thus, in hydrogen, there are no classically unstable st
belowWCL @i.e., Eq.~1!#, and there are no stable ones abo
WHB @i.e., Eq.~2!#. Stark states between the reddest and b
est states ionize at fields between 1/9n4 and 1/4n4. Since the
bluer states have higher energies but ionize at higher fie
there are necessarily stable blue states that are degen
with ionizing red states of highern. However, these states a
not coupled to each other, implying that stable blue states
exist aboveWCL .

In Ba, or in any non-hydrogenic atom, the finite-siz
ionic core couples the red and blue Stark states of differenn.
The degree of coupling is proportional to the quantum
fects of the zero field, states of a givenm. For m50 states,
all the quantum defects play a role; while form55 states,
only those of,>5 are important. For low-m Ba states above
the classical limit,WCL , ionization of states other than th
reddest states occurs by core coupling into the rapidly io
ing degenerate red states of highern @18#. For high-m Stark
states of Ba, those with near-zero quantum defects, the
coupling is so small as to be negligible. Thus, high-m states
in the nonhydrogenic atoms such as Ba behave similarl
hydrogen, that is, substantially higher fields are required
ionization in comparison to low-m Ba states.

After this brief discussion of field ionization it is easy
understand the profound effect of a microwave field pol
ized orthogonally to a static electric field. In Fig. 1~a!, we
schematically depict DR in the presence of a static elec
field with no microwaves. The classical limits of Eq.~1!,
WCL , below the Ba1 6p1/2 and 6s1/2 limits are shown as
broken lines. As illustrated, an electron incident on a B1

6s1/2 ion with an energy below the 6p1/2 classical limit can

FIG. 1. ~a! Schematic level diagram for DR in the presence o
static electric field.~b! Schematic level diagram for DR in the pre
ence of crossed static and microwave fields. The bold solid li
represent the zero-field ionization limits. The broken lines repres
the classical field ionization limitWCL . The dotted lines represen
the hydrogen blue state ionization limitWHB .
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be captured into a stable 6p1/2 Stark state, and then radiativ
decay to the analogous stable 6s1/2 Stark state to complete
DR. An incident electron with an energy above the 6p1/2
classical limit ionizes from the very unstable 6p1/2 Stark
states before radiative decay to stable 6s1/2 Stark states, and
therefore DR can occur.

When the perpendicular microwave field is present, it
lows the additional process shown in Fig. 1~b! to occur. An
electron initially captured into an unstablem50 Stark state
above the classical limitWCL is transferred to a higherm
state by the microwave field. Below the classical limit f
hydrogenic blue states,WHB , shown by the dotted line, ther
are stable hydrogen-like high-m states that can radiate t
bound 6s Stark states, thus completing DR. Note that t
microwave field must be turned off immediately after t
laser pulse, otherwise atoms in high-m states will return to
low-m states and field ionize. In summary, the microwa
field transfers the atoms from unstable nonhydrogenicm
50 states to stable hydrogenlike states of highm ~i.e., m
>4).

III. DIELECTRONIC RECOMBINATION
FROM A CONTINUUM OF FINITE BANDWIDTH

True DR in Ba is a recombination of a free electron w
a ground state Ba1 6s1/2 ion, as shown in Fig. 1. In DR from
a continuum of finite bandwidth, the free continuum electr
is replaced by one from the continuum of finite bandwid
namely, the 100 cm21 wide 6p3/2 11d state, which straddles
the 6p1/2 limit. In addition, the initial state of the Ba1 ion is
6p3/2. In zero field the two processes may be written as

Ba1 6s1/21e2→Ba 6p1/2n,→Ba 6s1/2n,1hn ~3!

for true DR, and

Ba 6p3/211d→Ba 6p1/2nd→Ba 6s1/2nd1hn ~4!

for DR from a continuum of finite bandwidth.
The differences between the processes of Eqs.~3! and~4!

are that the 11d electron is not truly free; it circulates abou
the Ba1 core for roughly 20 orbits before autoionizatio
Thus, the 11d orbit is, in effect, a small storage ring. Fu
thermore, the ionic transition is a quadrupole transition, no
dipole transition; however, this difference is of little cons
quence in electron scattering. The advantage of using
continuum of finite bandwidth to study DR is that, unlik
traditional storage ring experiments, zero electric and m
netic field studies are possible.

IV. EXPERIMENTAL APPROACH

Ba atoms in an atomic beam are excited to the continu
of finite bandwidth, the Ba 6p3/211d state, by three 5 ns dye
lasers~cf. Fig. 2!. The first two lasers are fixed in energy
drive the transitions 6s2→6s6p and 6s6p→6s11d. The
third laser, which drives the 6s11d→6p3/211d transition, is
scanned in frequency near the Ba1 6p1/2 limit. The excita-
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tion occurs in the presence of a static electric field an
microwave field, which is typically switched off 3 ns afte
the third dye laser pulse. A field ionization pulse of 380 V/c
is applied 3.5ms after the third laser pulse to ionize atom
which DR has left in high lying, bound Ba 6snd or 6snk
Rydberg states. We detect the electrons from these atom
the frequency of the third laser is scanned.

The geometry of the interaction region is shown in Fig.
The Ba atomic beam passes down the axis of a set of

FIG. 2. Barium energy level diagram for dielectronic recom
nation from a continuum of finite bandwidth. Three dye lasers
used to drive the transitions from the Ba 6s2 ground state to the
6p3/211d state, which is the continuum of finite bandwidth. From
the 11d electron can either autoionize into the true continuum~rep-
resented by the horizontal dotted lines! or be captured into degen
erate 6p1/2n, states~represented by the horizontal solid line!. If
capture occurs, the 6p1/2n, state can either autoionize or deca
radiatively down to a stable 6sn, state. In the latter case, dielec
tronic recombination has occurred and is detected by field ion
tion of the 6sn, Rydberg states.

FIG. 3. Schematic diagram of the experimental apparatus sh
ing ~1! the oven,~2! the atomic beam,~3! the collimator,~4! the
microwave horn for parallel field experiments,~5! the microwave
horn for perpendicular field experiments,~6! the microwave absorb
ers, ~7! the mesh,~8! the microchannel plate detector,~9! the col-
linear first and second dye laser beams, and~10! the third dye laser
beam.
04341
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parallel rods 0.24 cm in diameter and 1.9 cm apart. The st
and pulsed electric fields are vertical, and the laser beams
all polarized vertically so as to excitem50 states, although
we did not see any significant difference with other las
polarizations. The intersection of the laser beams with
atomic beam defines the interaction region. As depicted
Fig. 3, there are microwave horns below and to the side
the interaction region that allow the application of micr
wave fields parallel and perpendicular to the static elec
field. Based on the mechanical precision of this arrangem
and the variation in direction of the static field over the i
teraction volume, we estimate that the static and microw
fields are parallel and perpendicular to within 5°.

The microwave source is a Hewlett-Packard~HP! 8685B
oscillator, which produces 10 mW of output at 5–12 GH
The output of the oscillator is formed into pulses, using
ARRA high-speed microwave switch with a rise and fa
time of 5 ns. The microwave pulses are then amplified t
W and sent to one of the two microwaves horns. The 8.0
11 GHz microwave field amplitudes were calibrated by co
paring the effect of the microwave field on the DR signal
zero static field to similar data published previously@19–21#.
The maximum 8.0 GHz microwave field that we can produ
is 5 V/cm and the maximum 11.0 GHz microwave field is
V/cm. The uncertainty in the microwave field is625%.

V. OBSERVATIONS

In Fig. 4 we show typical scans of the third laser fr
quency under several conditions. In Fig. 4~a! we present the
DR signals obtained with no static field~dotted line! and
with a static electric fieldEdc of 56 V/cm and no microwave
field ~solid line!. Above WCL5245.81 cm21, the classical
ionization limit, we see no DR in the 56 V/cm trace an
below WCL , there is a substantial increase in the DR sig
in comparison to the signal in the absence ofEdc . This in-
crease is due to the Stark mixing of, states by the static

e

a-

w-

FIG. 4. Dielectronic recombination signals as observed wh
scanning the third laser of Fig. 2.~a! DR with no microwave field.
~•••••! no static electric field and~—! 56 V/cm static electric field.
~b!–~d! DR with a 8.0-GHz microwave fields from 0 to 5.2 V/cm i
~•••••! parallel fields and~—! perpendicular fields. The traces a
offset in intensity by the microwave field. All data are intensi
normalized in the same spectral region. The energy is relative to
zero-field 6p1/2 ionization limit.
0-3
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EVANS, SHUMAN, AND GALLAGHER PHYSICAL REVIEW A 67, 043410 ~2003!
electric field. As illustrated by Fig. 4~b! which depicts the
DR signal atEdc556 V/cm with an 8.0-GHz microwave
field of 0.9 V/cm, we see a clear DR signal above the cl
sical limit if the microwave field is polarized perpendicul
to the static electric field~solid line!, but a barely visible
signal with the microwaves polarized parallel to the sta
field ~dotted line!. In an 8.0-GHz, 2.1-V/cm microwave fiel
@cf. Fig. 4~c!# the DR signal with perpendicular polarizatio
~solid line! fills in the gap between the peak of Fig. 4~b! and
the classical limitWCL . Moreover, the peak 50 cm21 above
the classical limit is now clearly visible with parallel pola
ization ~dotted line!. At the higher microwave field of 5.2
V/cm @cf. Fig. 4~d!# the classical limit is no longer obviou
with a perpendicular microwave field~solid line!, and the
DR signal above the classical limit now covers a broa
energy range with parallel polarization~dotted line!.

As mentioned earlier, we usually turn off the microwav
with a 3-ns delay after the third laser pulse, for most of
DR signal disappears quickly with increasing time delay. T
decrease of the signal with time delay is shown explicitly
Fig. 5, obtained with a static field of 75.5 V/cm and a 5
V/cm, 8.0-GHz microwave field. Two points are evident
Fig. 5. First, the peak at an energy of225 cm21, 30 cm21

above the classical limit of253.19 cm21 disappears very
quickly. Second, as the energy above the classical limi
increased, the DR signal decays more rapidly. Only the
signals just above the classical limit persist for a 100-ns
lay in turning off the microwave field.

As described in Sec. II the origin of the above thresh

FIG. 5. Dielectronic recombination signals observed with diff
ent lengths of microwave pulse obtained by scanning the third l
of Fig. 2. There is a 5.2-V/cm, 8.0-GHz microwave field perpe
dicular to a 75.5-V/cm static electric field. The traces are offset
the time delay between the third laser pulse and when the mi
waves are turned off. Different traces are intensity normalized in
energy region,2120 cm21,W,2100 cm21. ~•••••! is the DR
signal without the microwave field and~—! is the DR signal in the
presence of the microwave field. The thick solid line is the class
field ionization limit. The energy is relative to the zero-field 6p1/2

ionization limit.
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DR signals shown in Figs. 4 and 5 is that the microwav
mix relatively unstablem50, 6p1/2nk Stark states, which are
the entrance channel from the 6p3/211d state, with more
stable, high-m 6p1/2nk Stark states. These high-m states are
more likely to radiate to bound 6snk states than to field
ionize. To demonstrate that the origin is not decay from
rapidly ionizing 6p1/2nk state to a rapidly ionizing 6snk
Stark state followed by a transition to a stable state, we h
directly excited the 6snk states above the classical limi
with the second laser, in the presence of a microwave fi
In these experiments, the timing of the microwaves w
identical to the timing during the study of DR. Only jus
above the classical limit indc fields greater than 50 V/cm
can we observe a signal, which is comparable to the lo
time delay signals of Fig. 5.

In Fig. 6 we present the DR signals observed in a rang
static fields with an 11-GHz microwave field. Similar da
were taken at 8.0 GHz and are not shown for brevity. Th
data show two interesting features. First, we note that the
signal never extends aboveWHB , the highest energy a
which we expect to find a blue, hydrogenic Stark state~cf.
Fig. 6, dashed line!. Second, in Sec. II we suggested that t
mechanism for the microwave enhancement above the c
sical limit is transitions from the initialm50 states to
higher-m states. Evidence for the resonant nature of th
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-
y
o-
e

l

FIG. 6. Dielectronic recombination signals as observed wh
scanning the third laser of Fig. 2 in a 4.1-V/cm, 11.0-GHz mic
wave field perpendicular to a sequence of static electric fields.
data are offset by the static electric field and are intensity norm
ized in the energy,2120 cm21,W,2100 cm21, for static fields
down to 38.5 V/cm. At lower static fields higher energy ranges w
used. The thick solid line is the classical field ionization limitWLC

@i.e., Eq.~1!#. The broken line is the classical ionization limit for th
blue-most hydrogen Stark states,WHB @i.e., Eq.~2!#. The dotted line
corresponds to Eq.~6!. The gray shaded area in the upper part of t
graph corresponds to the stable Stark states that undergo thv
51/n3 resonant transition. The gray shaded area in the lower pa
the graph corresponds to the stable Stark states that underg
v53nE/2 resonant transition. The energy is relative to the ze
field 6p1/2 ionization limit.
0-4
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MICROWAVE-INDUCED DIELECTRONIC . . . PHYSICAL REVIEW A67, 043410 ~2003!
microwave transitions can be seen in Fig. 6. In fact, there
two different resonances.

At zero field the expected enhancement at theDn51
resonance@19–21#,

v51/n3, ~5!

which occurs atW5215.51 cm21, is quite apparent. This
resonance persists above the classical limit and well bey
the Inglis-Teller limit, where the Stark states of adjacenn
overlap. In spite of the large Stark shifts, the resonance
quency is almost unchanged fromv5n23 because there ex
ists a strong propensity forDn51 transitions between Star
states with similar Stark shifts@14,22#.

An estimate of the range ofn over which theDn51
resonance occurs can be obtained by comparing the
frequency for the transition to the detuning. TheDn51 Rabi
frequency is given approximately byV50.3n2 Emw/2. The
factor of 2 in the field comes from the rotating wave appro
mation. Thus, forn585, the location of the 11.0 GHz,Dn
51 resonance,V51.3 GHz atEmw51 V/cm. TheDm51
transition probability for a long microwave pulse isT
5V2/(V21D2), whereD is the detuning of the microwav
frequency from theDn51 interval. To stabilize the atom
that initially havem50, we expect to drive them to the hy
drogenicm>5 states. A reasonable estimate for theDm55
transition probability is given byT5@V2/(V21D2)#5. The
half maximum for this expression occurs atD50.4V
52 GHz, atEmw54 V/cm, which implies that theDn51
resonance condition is fulfilled forn58566 for Emw
54 V/cm. This model predicts the breadth of the zero-fie
resonance to be 4 cm21, in reasonable agreement with o
observations. In an electric field far larger effects are
energy spreading of them50 Stark states of a givenn,
DW563n2Edc/2 @14#, and the field ionization of the Star
states. The spreading of the stable hydrogenic Stark stat
shown by the gray area on the top six traces of Fig. 6. I
clear that the observedDn51 resonance falls mostly within
the band defined by this area. Another interesting featur
that the resonance shifts to slightly higher energy, and
obviously cut off atWHB . The shift to higher energy occur
because the resonance condition requiresn;85, and for
Edc.10 V/cm only the bluest hydrogen-liken585 states are
stable.

At the fields above 50 V/cm, as theDn51 resonance
disappears, a new feature begins to emerge, which we
tribute to theDm51 resonance between the adjacent hyd
genic Stark levels of the samen. In the linear Stark effect
this resonance should occur at

v53nEdc/2, ~6!

which is shown by the dotted line in Fig. 6. The energy ran
over which this resonance appears is determined by the r
of n over which the coupling is resonant, the Stark shifts
these levels, and whether or not the levels are stable ag
field ionization. To calculate the range ofn over which this
resonance can be driven by the microwave field, we need
04341
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matrix elements for theDm51 transitions. At the center o
the Stark manifold the matrix element coupling anm50
level to the nearbym51 level is 0.75n2, while at the edge of
the manifold it falls to 0.5n2. At the edge of the manifold the
Rabi frequency is thusV50.5n2(Emv/2). Assuming again
that five Dm51 transitions are required, we conclude th
the half point of the transition probability occurs forD
50.4V. For an 11-GHz microwave field and a static field
138 V/cm, Eq.~6! is satisfied forn542. For a microwave
field amplitude of 4 V/cm, we calculate a Rabi frequency
2.2 GHz, which implies that the states ofn54263 should
be resonant with the microwave field. In zero field this ba
of states covers 22 cm21, which is smaller than the energ
spreading of each Stark manifold, 3n2Edc , which is 32 cm21

at n542. Thus, the width of the band of states, which co
tribute to the microwave enhancement, is determined by
edges of the Stark manifolds. It is for this reason that
used 0.5n2 as the matrix element to calculate the Rabi fr
quency.

As we lower the static field, raising the value ofn at
which the Dn50, Dm51 resonance occurs, the band
states should become wider due to then2 dependence of the
Dn50, Dm51 matrix element. However, with a microwav
field of 4 V/cm, at the center of then575 Stark manifold the
Rabi frequency511 GHz, and this model is unlikely to
work. Accordingly, we have assumed that the number
resonantn states increases linearly withn from n54263 at
137.8 V/cm ton585622 at 67.0 V/cm, as this assumptio
fits the data. In Fig. 6 the lower gray band shows the sta
that should contribute to theDn50, Dm51 resonance of
Eq. ~6!. At high static field, or lown, it simply reflects the
extent of the Stark manifolds of then states that are resonan
and it is nearly symmetric about the dotted line represen
Eq. ~6!. At lower field and highern the band is cut off on the
high-energy side byWHB and on the low-energy side by th
field ionization of the red Stark states that are hydrogenic
unstable. To take the field ionization into account we assu
that the red states ionize atE51/9n4 and the blue states a
E51/4n4, and that the ionization fields of intermediate sta
are obtained by interpolating between these two valu
Those states, which are hydrogenically unstable, do not c
tribute.

In Fig. 7~a!, we present the difference between the D
signals in crossed static and microwave fields~cf. Fig. 6! and
the DR signals in the absence of the microwave field
Edc.70 V/cm. To make a comparison of these data with
explanation presented above, we have calculated the de
of stable hydrogenicm50 states that are resonant. This ca
culation is essentially the same as that carried out to calcu
the lower gray area of Fig. 6; however, it differs in that
which we have also taken into account the fact that theDn
50, Dm51 matrix element falls from 0.75n2 at the center of
the manifold to 0.5n2 at the edge of the manifold, which
modifies the intensity of the various states contributing
any given point in the calculated spectrum. In calculating
Stark shift, we have included terms up to third order, wh
shift all states to lower energy. The resulting density of re
nant states is shown in Fig. 7~b!, which does indeed look
qualitatively similar to Fig. 7~a!.
0-5
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FIG. 7. ~a! The difference between the DR
signal in perpendicular fieldsS(Edc1EMW) of Fig. 6
and the DR signal without the microwave fiel
SEdc

for Edc.70 V/cm. ~b! Calculated density of
resonant states. See text for discussion. The
ergy is relative to the zero field 6p1/2 ionization
limit.
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Finally, it is useful to compare the Rabi frequencies to
lifetimes of the initial Bam50 states against field ioniza
tion, the point being that the microwaves must transfer
m50 atom to higherm before field ionization if DR is to
occur. As in Sec. II, in the energy rangeWCL,W,WHB , Ba
states field ionize by core scattering of the electron, wh
takes atoms from Stark states other than the red-most sta
unstable red states of highern. As a crude approximation, w
assume that this scattering-induced field ionization occur
the same ionization rate as Ba 6p1/2nk autoionization rates in
a field, that is, we assume that them50 states have a field
ionization rate@23#

GFI50.53n24, ~7!

which gives a rate of;1 GHz at n543, the lowestn we
observed. Thus, it appears thatV.GFl when we observe the
microwave enhancement, which is certainly a necessary
dition.

When examined in detail, the isolated structures obser
above the classical limit can be quite striking, as shown
Fig. 8~a!. We interpret this structure as arising from the de
sity of m50 Stark states. Figure 9 is a plot of the calculat
hydrogenicm50 energy levels nearW5215 cm21 in field
around 82 V/cm, using a hydrogenic calculation. At fiel
near the Inglis-Teller field,E51/3n5, using a hydrogenic
model to calculate Bam50 energies, would give meaning
less results due to the large avoided level crossings betw
red and blue Stark states of differentn @24,25#. However, at
the fields shown in Fig. 9 the red states, the major sourc
the differences between hydrogen and Ba are absent. Re
measurements of the Stark structure of Ba in this fie
energy regime show hydrogen-like energy levels@26#. As
shown in Fig. 9~a! for energies aboveW5210 cm21 there
are no stable levels, since the energy is aboveWHB . The
highest stable levels are atW'210 cm21, and for Edc
,81 V/cm they are then563 levels and forEdc>81 V/cm
they are then562 levels. Note that atE581.5 V/cm, the
field of Fig. 8~a!, there are superimposed levels of differe
n. The Stark levels of differentn are superimposed if the
zero-fieldDn spacing is an integral multiple of the spacin
between them50 Stark levels of the samen, i.e., if
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3nE j5
1

n3 , ~8!

where j is an integer. Inspecting Fig. 9 we can see thaj
52. For a field of 81 V/cm andj 52 this condition is satis-
fied for n557, in a reasonable agreement with the res
shown in Fig. 9 for the higher-order calculation. As the e
ergy is decreased the Stark levels of differentn should be
superimposed when Eq.~8! is satisfied for higher values ofj,
and a plot of the energy levels resembles a Moire pattern
shown in Fig. 9.

While Fig. 9 provides a graphical explanation of the o
gin of the well-defined structure evident in Fig. 8~a!, it does
not allow quantitative comparison to the observed spectra
make such a comparison, we use the method discussed a
to calculate the density of states forEdc581.5 V/cm for all
stable Stark states in the energy range shown in Fig. 9.

FIG. 8. ~a! Dielectronic recombination signal observed wh
scanning the third laser of Fig. 1 in a 81.5-V/cm static electric fi
with a 0.5-V/cm perpendicularly polarized microwave field of 1
GHz. ~b! Synthetic dielectronic recombination spectra calculated
a 81.5-V/cm static field with a microwave frequency of 11 GH
The energy is relative to the zero-field 6p1/2 ionization limit.
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all of the states satisfy the resonance condition of Eq.~6! for
the 11-GHz microwave frequency. Accordingly, we sele
only those states that are within the resonance band for
Dn50, Dm51 transition at 11 GHz. This selection corr
sponds to the lower gray area of Fig. 6. The resulting den
of states is convoluted with the laser linewidth to give t
synthetic spectrum shown in Fig. 8~b!. Comparison of

FIG. 9. The hydrogenic Stark map of stable blue states aro
the binding energyW5215 cm21 and the static electric field o
81.5 V/cm. Note the areas along the thick vertical line where
levels are essentially superimposed.
r,
ev

.
n,

,
m,

04341
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Fig. 8~b! to the experimental spectra of Fig. 8~a! shows that
they are quite similar.

VI. CONCLUSION

The presence of a static electric field raises the DR r
dramatically below the classical limitWCL , but eliminates it
above WCL . Adding a microwave field polarized perpen
dicular to the static field makes DR above the classical li
possible, at times with a rate comparable to the rate be
the limit. The above threshold becomes possible because
microwave field mixes them50 states, which are the en
trance channel for DR and have rapid, nonhydrogenic fie
ionization rates, with high-m states that have slower, hydro
genic field ionization rates. These observations imply tha
a true plasma, in which ions provide a quasistatic field a
the electrons provide a randomly oriented time varying fie
DR can still occur above the classical limit imposed by t
ion microfields, raising the DR rate above what would
expected on the basis of the classical limit. Similarly, in co
trolled measurements of DR rates in merged beams or s
age rings, the incoming electrons can be in any, state~not
,52 as we have here!. To an extent that high-,, nearly hy-
drogenic, states are important@27#; our measurements sug
gest that there might be substantial DR above the class
limit in these well-controlled experiments as well.
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