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Enhancement of dielectronic recombination by an electric field

Lung Ko, Victor Klimenko, and T. F. Gallagher
Department of Physics, University of Virginia, Charlottesville, Virginia 22901

~Received 3 August 1998!

Dielectronic recombination from a continuum of finite bandwidth has been examined down to very low
electric fields, 60 mV/cm, with very high resolution. A tunable laser is used to excite atoms to the continuum
of finite bandwidth, the broad Ba 6p3/211d autoionizing state, which straddles the Ba1 6p1/2 limit. Atoms
which make transitions into the high-lying Ba 6p1/2nd states and radiatively decay to the bound 6snd states
are detected by field ionization. The recombination, integrated over energy, has been measured for fields from
60 mV/cm to 28 V/cm, showing a peak at 0.5 V/cm, in agreement with expectation based on calculations done
for other systems. The final-state distribution has been measured, showing that the outer electron remains a
spectator in the radiative decay. At fields below 1.0 V/cm and binding energies less than 12 cm21 below the
Ba1 6p1/2 limit we find a deviation of our experimental results from the isolated resonance approximation.
@S1050-2947~99!03803-2#

PACS number~s!: 32.80.Rm, 32.80.Dz, 34.80.2i
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I. INTRODUCTION

Dielectronic recombination~DR! is an important mecha
nism for the recombination of ions and electrons in hig
temperature plasmas. However, measuring it in a clean q
titative way is a challenge. The first merged and cros
beam measurements@1,2#, were heroic efforts. Electron
beam ion sources and electron beam ion traps made it v
easier to measure DR, and storage rings, with cold ions, h
made possible an unprecedented energy resolution, 0.01
in measurements of DR@3#.

One drawback of all these approaches to measuring D
that electric and magnetic fields are unavoidable, beca
beams must be merged and products separated. As a r
there are always fields present. The effects of fields h
long been appreciated, and it is possible to take them
account in calculating DR rates. However, there have b
no measurements of DR in zero field, and there remain s
uncertainties about field effects.

Here we report measurements of DR from a continuum
finite bandwidth in Ba. We have made measurements fr
60 mV/cm to 28 V/cm to address the above questions. Us
the high resolution (0.2 cm21) of our approach, we have
also measured the final bound-state distribution after D
confirming one of the usual assumptions made in calc
tions. Finally, our data show the breakdown of the isola
resonance approximation when its limits of validity a
reached.

This paper is organized in the following manner. In S
II we outline a model of DR from a continuum of finit
bandwidth. Section III is a description of the experimen
approach. In Sec. IV we present and discuss our results,
Sec. V is our conclusion.

II. MODEL FOR DIELECTRONIC RECOMBINATION
FROM A CONTINUUM OF FINITE BANDWIDTH

IN AN ELECTRIC FIELD

The model for DR through a continuum of finite ban
width we adopt in this work is basically the same as the o
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used in an earlier paper~from now on referred to as SLG! by
Story, Lyons, and Gallagher@4# and therefore we shall only
state the key points here.

Dielectronic recombination between a free electron an
ground state Ba1 ion can occur through the process:

Ba1 6s1e2→Ba 6pnl→Ba 6snl1hn. ~1!

The first step of the process, the capture, is simply the
verse of the autoionization process Ba 6pnl→Ba1 6s
1e2, and therefore by the principle of detailed balance m
be characterized by the autoionization rateGs(nl), where the
subscripts refers to the Ba1 6s continuum. After the cap-
ture, the electron in the Ba 6pnl state may either deca
back into the Ba1 6s continuum, at the rateGs(nl), or into
the Ba1 5d continuum, at the rateGd(nl), or remain in the
nl orbital while the core electron undergoes radiative sta
lization, Ba1 6p→Ba1 6s, at a rateA. Note that the cap-
tured electron remains a spectator in last step.A is therefore
a constant irrespective of the values ofn and l. The contri-
bution to DR from the process in Eq.~1! is therefore

S~nl !}Gs~nl !
A

Gs~nl !1Gd~nl !1A
. ~2!

The autoionization rates follow the well-known scalin
Gs(nl)5gs( l )n

23 and Gd(nl)5gd( l )n23. Both gs( l ) and
gd( l ) are rapidly decreasing functions ofl @5#. The total DR
rate S is obviously given by multiplying Eq.~2! by the de-
generacy factor 2l 11 and summing over all values ofn and
l. As discussed by SLG, the summation yields

S}
3

2
NA, ~3!

whereN is the number of states for whichGs(nl)1Gd(nl)
.A.

Although Eq.~3! pertains to DR in zero field, it sugges
that if one can increase the number of states for which
autoionization rate exceeds the core fluorescence rate,
2126 ©1999 The American Physical Society
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PRA 59 2127ENHANCEMENT OF DIELECTRONIC RECOMBINATION . . .
can enhance the total amount of DR. In fact, this can
accomplished by application of an external field, and is
mechanism for DR enhancement in any external field,
gardless of whether the field is electric or magnetic. T
essential idea is as follows. Since autoionization rates
crease very rapidly withl , in zero field many high-l states
have autoionization rates less than the radiative decay
and do not contribute to DR. When a field is presentl is no
longer a good quantum number, and thenl zero-field states
are converted tonk Stark states, which are linear superpo
tions of thenl states. To a first approximation the autoion
ation rates of thenk Stark states are equal to the average
the autoionization rates of the zero-fieldnl states. In essence
the high autoionization rates of the low-l states, ten orders o
magnitude in excess of the radiative decay rate, are redis
uted over all thenk Stark states, thus increasing the numb
of states for which the autoionization rate exceeds the fl
rescence rate, leading to enhanced DR. On the other h
the external electric field can also field ionize the stabiliz
states which lie above the classical field ionization thresh
thus contributing negatively to DR. The rate equation for D
in an external electric field has a form similar to Eq.~2!:

SE~nk!}Gs~nk!
A

Gs~nk!1Gd~nk!1A
. ~4!

In this work we have studied the enhancement of D
from a continuum of finite bandwidth~CFB! @6# instead of a
true continuum. The CFB is the broad 6p3/211d autoionizing
state which straddles the 6p1/2 limit with its tail extending
below the Ba1 6p1/2 limit, as shown by the energy-leve
diagram of Fig. 1. In this region configuration interactio
couples the broad autoionizing state to the 6p1/2nd states.
Atoms excited to the 6p3/211d state may undergo an intern

FIG. 1. Scheme for laser excitation to the 6p3/211d autoionizing
state using the isolated core excitation technique. The step th
analogous to the dielectronic capture of an electron by an ion ta
place when internal conversion 6p3/211d→6p1/2nd occurs, and the
core radiatively decays: Ba1 6p1/2→Ba1 6s.
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conversion process, in which the core undergoes a qua
pole transition upon colliding with the outer electro
6p3/211d→6p1/2nd. This process mimics the capture step
true DR. After the capture into the 6p1/2nd state, the atom
may either autoionize to the Ba1 5d or Ba1 6s continua,
revert back to the CFB, or undergo stabilization. Thus, D
from a CFB is completely analogous to true DR, and t
corresponding rate equation is therefore

S~nd!}R~nd!
A

R~nd!1G~nd!1A
, ~5!

whereG(nd) is the sum of decay rates into the real continu
R(nd)5rn23, and G(nd)5gn23. In an external electric
field, the obvious analog of Eq.~4! is

SE~nk!}R~nk!
A

R~nk!1G~nk!1A
, ~6!

whereR(nk) is the 6p3/211d→6p1/2nd transition rate spread
over all the 6p1/2nk states. Since the 6p3/211d state is unaf-
fected by the electric field we applied, it is coupled only
the 6p1/2nd component of the Stark states, and therefo
R(nk)5rn24. Similarly, G(nk)5gEn24, where gE is re-
lated tog( l ) as follows@7,8#:

gE5 (
l 50

n21

g~ l !. ~7!

The quantity we measured in this experiment was
population of stabilized states as a function ofn, or equiva-
lently as a function of their energies, and the measurem
were compared to our model for DR from a CFB as follow
For zero electric field (E50), we compared the data to Eq
~5! recast in terms of DR rate per unit energy~W! of the
stabilized states. Specifically, usingW520.5n22, we reex-
press Eq.~5! as

dS0

dW
}

rA

~22W!3/2~r 1g!1A
, ~8!

where the subscript 0 refers to the fact thatE50. Similarly,
Eq. ~6! is rewritten as

dSE

dW
}

rA

~22W!2~r 1gE!1A
. ~9!

For Ba, in atomic units,A53.8831029 @9#, r 50.05, g
50.05 @7,10,11#, andgE50.53 @12#.

As a matter of experimental approach, DR from a co
tinuum of finite bandwidth differs from true DR in one re
spect. In Eqs.~8! and~9! we assume an even distribution o
the number of incoming electrons from the CFB for all bin
ing energies. Stated another way, we have assumed tha
our region of interest, below the Ba1 6p1/2 limit where the
6p3/211d and 6p1/2nd states interact, the laser excitatio
strength to the CFB is constant. This, however, is not
case. Figure 2 shows an excitation spectrum of the 6p3/211d
state in this region. From the figure, it is clear that super
posed on the slowly varying envelope of the 6p3/211d state
are two series of peaks. The larger series of peaks reflect
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2128 PRA 59LUNG KO, VICTOR KLIMENKO, AND T. F. GALLAGHER
presence of channel interaction with the 6p1/2nd states,
while the smaller series comes from interaction with t
6p1/2ns states.

The slowly rising profile of the 6p3/211d state, as oppose
to a true continuum, mandates a slight modification of
rate equations given above. That is, one needs to take
account the varying number of atoms excited to the CFB
different parts of the 6p3/211d excitation spectrum. Thus
Eqs. ~8! and ~9! should be multiplied by a weighting facto
proportional to the profilef of the CFB:

dSE,0

dW
→

dSE,0

dW
f . ~10!

The line-shape functionf is approximately Lorentzian an
has been thoroughly studied using the isolated core ex
tion technique@7,8,13–15,10,16# In comparing our data to
the model, we found it more convenient to normalize o
measured recombination signals by dividing them by
measured line shape of the CFB such as the one show
the broken line in Fig. 2 before comparing them to Eqs.~8!
and ~9!.

III. EXPERIMENTAL APPROACH

The objective of the experiment was to excite barium
oms to the broad 6p3/211d autoionizing state, which serve
as the continuum of finite bandwidth, and measure the n
ber of atoms which underwent radiative stabilization a
ended up in bound 6sndRydberg states. The broad 6p3/211d
autoionizing state was prepared using the isolated core e
tation approach, as shown in Fig. 1. Barium atoms were
cited sequentially by three nanosecond Littman dye las
which were pumped by the second and third harmonics
Q-switched Nd:YAG~yttrium aluminum garnet! laser. The
first two lasers, which overlapped in space and time, exc
the atoms to the 6s11d 1D2 state. Approximately 10 ns
later, the third laser arrived and drove the Ba1 6s1/2 to 6p3/2
transition near 455.3 nm. The linewidth of the third laser w
kept between 0.2 and 0.4 cm21. The atomic source was
thermal beam of barium atoms which effused from a re
tively heated oven. The three lasers crossed the atomic b
at slight angles between a pair of capacitor plates space

FIG. 2. Excitation profile of the 6p3/211d state relative to the
Ba1 6p1/2 threshold. Solid line: experimental spectrum obtained
collecting all ions formed. Dotted line: average excitation for n
malization.
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1.27 cm. Polarization of the lasers was typically along
direction of the electric field, but for a subset of the da
presented below they were circularly polarized in the sa
sense. Approximately 200 ns after the laser excitation, a fi
pulse was applied to the bottom plate to accelerate ei
electrons or ions upward through a group of holes in the
plate and into a microchannel-plate detector situated;2 cm
above the top plate. The field ionization signal from the d
tector was then gated and integrated by a boxcar integr
before being digitized and recorded on a personal compu
The data consisted of the field ionization signal recorded
the frequency of the third laser was continuously tuned b
synchronous motor over many shots of the laser. The e
tation and data acquisition process was repeated at the 2
repetition rate of the Nd:YAG laser.

IV. RESULTS AND DISCUSSION

A. Dielectronic recombination vs static fields

By scanning the third laser in the region below t
Ba1 6p1/2 limit and collecting the field-ionized electrons
we obtained stabilization signals~or simulated DR signals!
versus the binding energies of the 6p1/2nd states for various
static fields, as shown in Figs. 3 and 4. In these figures,
noisy traces are the data, the solid smooth curve is the
culated signal level given by Eq.~6! for the case of complete
Stark mixing, and the dashed smooth curve is the calcula
signal level for zero field according to Eq.~5!. Let us first
focus on Fig. 3. In these traces two features are particul
noteworthy. First, for a given static fieldE, there is a sharp
cutoff in the stabilization signal at the position given by t
classical field ionization thresholdWC522E1/2. Second, the
bulk of the stabilization signal is concentrated between
field ionization limit and the Inglis-Teller limit, which is in-
dicated by an arrow.~The Inglis-Teller limit is the binding

y
-

FIG. 3. Simulated DR signals vs static field. The arrows indic
the Inglis-Teller limits. Solid curve: calculated signal level for com
plete Stark mixing. Dashed curve: calculated signal level for z
field.
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energy at which the Stark manifolds of adjacentn’s begin to
intersect, and we shall assume in a model calculation gi
below that for states lying above this limit Stark mixing
complete.! This constitutes an incontrovertible manifestati
of the enhancement of DR by way of character mixi
among the high-l and low-l zero-field states. In these trace
we also note the curious hump-shaped structures in the
cinity of the Inglis-Teller limits. In the bottom two traces o
the figure, these structures are quite distinct. Clearly,
simple model is inadequate to accommodate these l
structures. Nevertheless, the overall agreement between
data and the model is good. Just below the field ionizat
limit, the signal reaches the calculated Stark-mixed lev
and below the Inglis-Teller limit, the signal eventually dro
to nearly zero.

In Fig. 4, we show the stabilization signals for vario
fields below 1.0 V/cm. The presence of stray fields at
interaction region prevented us from measuring the stabil
tion signal in strictly zero field. For the top trace in the fi
ure, the nominal field value of 60 mV/cm was estimat
from the location of the midpoint of the field ionization edg
using the classical field ionization formulaWC522E1/2.
The stray fields originated at least in part from the ambi
plasma of ions formed as a product of autoionization. Th
is a hint of a departure of the data from the calculation in
1.0-V/cm trace of Fig. 3, but, in Fig. 4, one finds unambig
ous departure of the measured signals from the model ca
lation. While the Inglis-Teller limit moves to higher energ
with decreasing field, as expected, the stabilization sign
above the Inglis-Teller limits fall below that given by th
isolated resonance approximation. In Fig. 4, this pheno
enon becomes increasingly distinct as the static field
creases. Due to signal fluctuations, there is some uncerta
in determining at exactly what binding energy the data de
ate from the curve, save for the fact that the deviation beg
in the neighborhood of212 cm21. We further note that the
stabilization signals do not differ from the model cur
merely by a constant factor or offset, but rather by th
general shapes.

FIG. 4. Simulated DR signals vs static field. The arrows indic
the Inglis-Teller limits. Solid curve: calculated signal level for com
plete Stark mixing. Dashed curve: calculated signal level for z
field.
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Various reasons could be responsible for the differe
between the measured and calculated stabilization sign
The reduction in the experimental signal might be an exp
mental artifact. A possible effect which would lead to th
sort of reduction we have observed is collisional ionizati
of the high Rydberg states by the background ions and n
trals at the interaction region. By ionizing the stabilized R
dberg states with a fast field pulse~10-ns rise time!, and
varying the time delay between laser excitation and the fi
pulse, we could determine the effects of collisions. Howev
we have found no significant change in the field electr
signal for delays ranging from 100 to 600 ns. We have the
fore ruled out the effect of collisional ionization. We hav
also ruled out the possibility of photoionization of the sta
lized states by the third laser via the Ba1 6s→6pj transi-
tions. Since the Ba1 6p1/2 level is approximately 2000
cm21 below the Ba1 6p3/2 level, photoionization through
the Ba1 6s→6p1/2 transition is out of the question. On th
other hand, based on the fact that the profile of the ampli
spontaneous emission~ASE! of the third laser was centere
at more than 200 cm21 below the Ba1 6s→6p3/2 transition
frequency, and that the laser was not focused at the inte
tion region, we believe that ASE had no material effect
our data. We believe that the experimental curves of Fig
are correct, so we must examine the model. Varying the
rameters of the modelr , gE , g, and A obviously will not
lead to better agreement between the model curve and
data, since they differ in their general shapes. Based on t
considerations, we believe that our data indicate the bre
down of our model for DR near the Ba1 6p1/2 threshold.
This possibility will be discussed in Sec. IV C.

From Eqs.~8! and~9!, we can evaluate the amounts~up to
a constant factor! of simulated DR at various field strength
Above the Inglis-Teller limit defined byWI520.5(3E)2/5,
Eq. ~9! holds. For the sake of simplicity, we shall assum
that Eq.~8! prevails below the Inglis-Teller limit. The tota
simulated DR at a given field is then given by integrati
dSE /dW over energy:

SE5E
2`

WI rA

~22W!3/2~r 1g!1A
dW

1E
WI

WC rA

~22W!2~r 1gE!1A
dW. ~11!

The results of the calculation are compared to our meas
ments in Fig. 5. In this figure the data are normalized to
point at 8.0 V/cm. The agreement between the data and
culation is reasonably good. The error bars reflect sig
fluctuations due to thermal instability of the oven and t
power fluctuations of the lasers. It is interesting to note t
our data indicate a maximum enhancement factor of appr
mately 2 at an electric field of about 0.5 V/cm. This is to
compared to a calculation for Mg@17#, giving enhancemen
factors of 2.9, 2.4, 2.1, and 1.5, at 1, 5, 20, and 100 V/c
respectively.

We now examine the stabilization signal in greater det
Figures 6~a! and 6~b! show high-resolution scans of the thir
laser in zero electric field, with all three lasers circularly a
linearly polarized, respectively. The solid traces are the fi
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2130 PRA 59LUNG KO, VICTOR KLIMENKO, AND T. F. GALLAGHER
ionization signals of the stabilized states, and the das
traces are the autoionization signals. Since the autoion
electrons arrived at the detector;50 ns after the laser pulse
their signal was well separated in time from the field ioniz
tion signal. The two signals were recorded simultaneously
the wavelength of the third laser was scanned. Note that
autoionization electron signals have been scaled down t
in the figures. In reality they were typically 200 times larg
than the field ionization electron signals in this region. Th

FIG. 5. Enhancement of simulated DR vs static field. The so
curve is the calculated enhancement. The 8.0-V/cm DR yield
used to normalize the data.

FIG. 6. Stabilization signal~solid trace! vs autoionization signa
~dashed trace!. ~a! Circular polarization.~b! Linear polarization.
The letterd denotes features due to the 6p1/2nd states, ands de-
notes features due to the 6p1/2ns states.
ed
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-
s

he
fit
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s

the autoionization electron signals reflect the profiles of to
excitation, as would be obtained by detecting ions. Fig
6~a!, obtained with circularly polarized excitation, is due
J53 states. The peaks in both spectra are due to
(6p1/2nd)J53 states, and it is perhaps not completely surpr
ing that they occur at the same energies. The situatio
clearly different in Fig. 6~b!, obtained with linear polariza-
tion, which contains both theJ51 and channels. In Fig
6~b!, several features stand out upon casual inspection. F
not only the 6p1/2nd states but also 6p1/2ns states appear in
both the autoionization and the stabilization signals. Furth
more, unlike Fig. 6~a! the autoionization and stabilizatio
signals are quite different. Let us focus first on the featu
associated with the 6p1/2nd states, marked asd in Fig. 6. The
autoionization signal is broader and shifted to higher ene
relative to the stabilization, or field ionization, signal. Th
latter is essentially the same as in Fig. 6~a!. The features
associated with thens states, marked ass in Fig. 6~b!, are
even more surprising. The field ionization signal is appro
mately at the minimum of the autoionization signal. A fin
important aspect of Figs. 6~a! and ~b! is that the autoioniza-
tion signals do not go to zero anywhere but have signific
apparent backgrounds.

To understand the spectra of Fig. 6 we need to cons
the origin of the two different spectra, and we begin with t
wavefunction for the autoionizing states. To facilitate o
discussion, in Table I we list the collision channels involv
in our problem. Let us consider theJ53 states relevant to
Fig. 6~a! first. For a given energy, the atomic wave functio
may be written as

CJ535Z1u6p3/2ndj&J531Z2u6p1/2nd5/2&J53

1u continua &J53 , ~12!

where Z1
2 and Z2

2 are spectral densities of the respecti
channels and depend strongly on the energy. We have
nored the 6p1/2ngj states, for they are not coupled to th
6p1/2ndj states@15#. For simplicity the continuum channel
are denoted collectively by one ket state. Throughout t
paper, the fine structure of the outer electron will be specifi
only for labeling purposes. Our experimental data do
resolve these fine structures. The laser excitation probab
is given by the autoionization signalSAI , which is expressed
as simply

SAI}Z1
2 , ~13!

since the variation of the overlap integral of the 6s1/211d
→6p3/211d transition is negligible over this energy interv
@16#. The excitation spectrum of the 6p3/211d state is given
by Z1

2 , and Fig. 2 is theJ51 analog ofZ1
2 . Above the 6p1/2

d
is

TABLE I. Relevant collision channels for the spectral analysis

J51 J53

6p3/2nd5/2,3/2 6p3/2nd5/2,3/2

6p1/2nd3/2 6p1/2nd5/2

6p1/2ns1/2

Continua Continua
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limit Z1
2 is approximately Lorentzian, but below the limit it i

structured by the interaction with the 6p1/2nd states. The
transition of the excited atoms undergoing the internal c
version 6p3/2nd→6p1/2nd is proportional toZ2

2 , and it fol-
lows that the recombination signalSRC is given by the prod-
uct Z1

2Z2
2 , i.e.,

SRC}Z1
2Z2

2 . ~14!

Thus from Fig. 6~a! one infers that the maxima inZ1
2 andZ2

2

are coincident on the energy scale. On the basis of Eqs.~13!
and ~14! we expect the recombination signal to be narrow
than the autoionization signal. However, we are at the li
of our spectral resolution and both signals of Fig. 6~a! have
the same widths.

To discuss the combinedJ51 andJ53 spectra of Fig.
6~b! we begin with theJ51 analog of Eq.~12!,

CJ515Z1u6p3/2ndj&J511Z2u6p1/2ndj 8&J51

1Z3u6p1/2ns1/2&J511ucontinua&J51 . ~15!

Let us first concentrate on thend features of Fig. 6~b!. Pre-
vious measurements@12# have shown that, away from pe
turbing 6p3/2nd states, the 6p1/2nd J51 and 3 states hav
the same widths, showing that both interact equally stron
with continua above the 5d and 6s limits. Thus the excess
widths of thed states in the autoionized electron signal a
probably due to stronger coupling between t
(6p1/2ndj 8)J51 states and the (6p3/2ndj )J51 state, either di-
rectly or via the continua. As a result, the peak inZ1

2 is wider
for J51 than forJ53. Nonetheless, the peak inZ2

2 for J
53 is still narrower than our laser resolution, for the reco
bination signal associated with the 6p1/2nd states appears t
be the same forJ51 and 3.

Turning our attention to thens features of Fig. 6~b!, we
find a more surprising result. The features in the stabilizat
signal are aligned with minima in the autoionization signa
The misalignment can only occur if there are multiple int
acting continua in our problem. If there was only one co
tinuum the autoionization signalZ1

2 would go to zero, at the
minima, and the stabilization signalZ1

2Z2
2 would vanish at

that point, unlike what we have observed.

B. Final-state distribution

In the model given in Sec. II, it is assumed that 6p1/2nd
states contribute to stabilization through the proc
6p1/2nd→6sn8d1hn, with n85n. In other words, the oute
electron remains a spectator when the core radiatively
cays. This assumption is always used in the isolated re
nance approximation, and it has been invoked in most th
retical calculations on DR@18–20#. During the past two
decades numerous experiments have been performe
study the inverse process 6snd1hn→6p1/2n8d using the
isolated core excitation technique@7,8,13–15,10,16#. It was
shown that in the shake-up process 6snd→6p1/2n8d transi-
tions to states withn8Þn were possible. By the same toke
the stabilization process is in principle not restricted to sta
with n85n. As we have already noted, the total stabilizati
signal via a 6p1/2nd state is given byZ1

2Z2
2 . The branching

ratio to final 6sndstates is given by the ratios of the squar
-

r
it

ly

-

n
.
-
-

s

e-
o-
o-

to

s

dipole matrix elements connecting them to an initial 6p1/2nd
state. For an initial 6p1/2nd state with effective quantum
numbern8, the squared matrix element connecting it to
6sndstate with effective quantum numbern is given by@16#

uDu25Z2
2~n8!u^6sndur u6pn8d&u25m2Z1

2~n8!O2~nd,n8d!,
~16!

wherem25u^6sur u6p&u2, andO(nd,n8d) is the overlap in-
tegral given by

O~n,n8!>
2n82n2

n1n8

sin@p~n2n8!#

p~n2n8!
. ~17!

We normalize the wave functions per unit energy so t
O2(nd,nd)5n3, for example. Figure 7 shows a scaled gra
of the overlap integral squared, forn8542.26, corresponding
to the peak of the 6p1/245d state with quantum defect 2.7
@10#. Since the overlap integral is proportional to a sinc fun
tion, it vanishes atn5n81 i , where i is a nonzero integer
For a fixed wavelength of the third laser,n8 is a constant,
and so the relative amounts of stabilized population in
satellite states, i.e., the neighboring states of the 6s45d state,
are given entirely byO2(42.26,n). Given that the quantum
defect of the 6snd series is 2.68, the bound satellite stat
are located near the zeros ofO2(42.26,n). As such, the
graph shows that the stabilized populations in the nea
satellite states are two orders of magnitude smaller than
population in the 6s45d state.

To determine experimentally how much the satell
states, i.e., those withnÞn8, contributed to DR, we used th
time-resolved pulsed field ionization technique. A slow pu
of 3-ms rise time was used to field ionize the bound sta
when the third laser~circularly polarized! was set to excite
three neighboring 6p1/2nd states, as shown in the inset o
Fig. 8. The three traces in the main graph are oscillosc
signals. The slow falling edges in these traces are proba
due to the kinematics of the field ionization process. With
background noise level taken into account, the succes
traces show no subsidiary peaks coincident in time with
main features of the adjacent states. For instance, any sig
cant amount of population in the nearest higher-lying sa
lite state around stateB would manifest itself in the dashe
trace as a subsidiary peak coincident in time with peakC in
the upper trace. The lack of such features suggests that

FIG. 7. O2(n,n8) vs the effective quantum number of the 6snd
states for an initial 6p1/245d, for which n8542.26. The amplitude
of the graph is the actual amplitude divided by 63109. The arrows
indicate the positions of the 6snd states.
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bilization into satellite states is totally insignificant, in acco
dance with the assumption made in the isolated resona
approximation. To ensure that the same holds in DR thro
Stark states, we have repeated the measurements in the
ence of a static electric field. Figure 9 shows stabilizat
signals at 0, 20, and 40 V/cm. The third laser was tuned
points (B,C), (B8,C8), and (B9,C9), and the correspond

FIG. 8. Time-resolved field ionization signals. When the th
laser is tuned to the 6p1/244d, 6p1/245d, and 6p1/246d states, la-
beled in the inset byA, B, and C, we obtain the field ionization
traces labeledA, B, andC in the main figure. Since the ionizatio
field is applied as a ramp rising over 3ms, the higher-lying 6s46d
state, labeledC, ionizes earliest. It is clear that each of the thr
6p1/2nd states leads to a different final 6snd state, presumably the
one in which the outerd orbit is unchanged. All three field ioniza
tion traces have sharp rising and slow falling edges due to
kinematics of the field ionization process.

FIG. 9. Stabilized population vs the electric field.~a! Arrows
indicate the Inglis-Teller limits.~b! Higher-resolution scans of th
boxed areas in~a!. An enlarged zero-field scan is included for com
parison.
ce
h
res-
n
to

ing field ionization signals of the oscilloscope are shown
Fig. 10. In this figure, forEÞ0, each signal contains a ban
of Stark states, since the laser linewidth was much wi
than the spacings between adjacent Stark states. The ov
shift of the of the signals to later times with increasing fie
strength is due to the fact that the static field was applied
the direction opposite to that of the field pulse. Thus
higher fields longer times elapsed before the field pulse
large enough to ionize the bound states. Additionally,
separation between and widths of each pair of traces
creased with the static field strength. This is related to
temporal shape of the field pulse, which rose to a maxim
value before decreasing. With increasing static field stren
the atoms were ionized closer to the maximum of the fi
pulse, where it rose more slowly. In any event, the data sh
no evidence of stabilization to satellite Stark states. Thus
assumption that the excited ionic core decays while the o
electron remains a spectator is fulfilled even if a field
present.

C. Limitations of the isolated resonance approximation

The model of DR presented earlier is both simple a
intuitively plausible. However, its validity is questionable
the following situations:~a! when the autoionization rate
become comparable to the radiative rate of the coreG
.A), and ~b! when the autoionizing resonances begin
overlap. It is instructive to see how these two limitatio
would emerge in the DR via Ba 6pnl states in zero field.
Let us first consider case~a!. The validity of a rate equation
such as Eq.~2! is based on the principle of detailed balanc
In the present context, the capture process is envisione
the inverse of autoionization, whose rates scale as 1n3.
However, this implicitly assumes that during the capture
only decay channel for the intermediate Ba 6pnl states is

e

FIG. 10. Time-resolved field ionization signals observed wh
exciting to the 6p1/2 Rydberg states at pointsB, C, B8, C8, B9,
andC9 in Fig. 9. As shown, the static fields are 0, 20, and 40 V/c
With or without the static field, exciting different 6p1/2 Rydberg
states leads to different final 6s Rydberg states, presumably ones
which the outer electron’s orbit has not changed during the radia
decay. The shift to later times with increasing static field does
mean that a higher ionization field is required but is a kinema
artifact.
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autoionization to the continua, and the radiative decay of
core is a slow process. Thus the loss of particle flux from
subspace~in the sense of the Hilbert space! of the doubly
excited states to the singly excited bound states by coup
to the radiation field is neglected. In other words, the capt
and the core fluorescence are regarded as two indepen
processes. This assumption is valid whenG@A, but not for
G<A, which is eventually realized asn→`. Conversely,
we expect the autoionization rates of the doubly exci
states to deviate fromg/n3 whenG<A. SinceG5gn23 the
limit of validity is n5(g/A)1/3.

Now let us consider case~b!. The isolated resonance ap
proximation simply states that each doubly excited state c
tributes to DR independently of other states, and that
total DR is the sum of all such individual contributions. Th
is a reasonable approximation as long as the doubly exc
states are well resolved, and the resonances do not overla
the resonances overlap applying the isolated resonance
proximation seems to introduce multiple counting. Irresp
tive of their autoionization rates, the Ba 6pnl states are cer
tain to overlap whenA51/n3, which is a higher value ofn
than is required to reach the limit of validity in case~a!.

In the presence of an electric field, the limits of validi
due to cases~a! and ~b! are n5(gE /A)1/4 and n51/A1/4,
respectively. They are reached at essentially the same v
,

n

ev

n

e
e

g
e
ent

d

n-
e

ed
. If
ap-
-

lue

of n sincegE50.53. Settingn5(gE /A)1/4 yieldsn5109, or
a binding energy of 10 cm21. This energy coincides almos
perfectly with the energy at which the experimental and c
culated curves of Fig. 4 diverge. Consequently, we take
data of Fig. 4 to be a demonstration of the failure of t
isolated resonance approximation.

V. CONCLUSION

These measurements have shown that DR rate reache
maximum value, twice the zero-field rate, at the very lo
field of 0.5 V/cm. This finding is in accord with calculation
done for Mg@17#, and with a simple model developed usin
the isolated resonance approximation, at least for fields
excess of 1.0 V/cm. At lower fields, we find a deviation
our experimental results from the isolated resonance appr
mation. While such a deviation is not unexpected, it has n
to our knowledge, been previously observed.
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