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Laser-induced stabilization of autoionizing states

Heider N. Ereifej and J. G. Story
Department of Physics, University of Missouri–Rolla, Rolla, Missouri 65409-0640

~Received 7 June 1999!

Stabilization of autoionizing states of barium by laser-induced, stimulated emission of light is demonstrated.
Relative to purely flourescent stabilization, the data clearly show an enhancement of the stabilization process
for laser pulses short compared to the flourescent lifetime of the autoionizing states. Shakeup spectra in which
the principal quantum number of both electrons changes during the stimulated emission process are also clearly
demonstrated.@S1050-2947~99!07711-2#

PACS number~s!: 42.50.Hz
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I. INTRODUCTION

Doubly excited states of atoms with energies above
first ionization limit play an important role in dielectroni
recombination~DR!, a process in which an electron is ca
tured from the continuum by an ion. The doubly excit
states provide the intermediate states into which electrons
initially captured through an electron-ion collision@1#. Once
the doubly excited state is produced, the atom can be s
lized through the emission of a photon leaving the atom i
singly excited bound state. If, on the other hand, the at
decays through autoionization, the captured electron is
leased back into the continuum. The fluorescence branc
ratio determines what percentage of the doubly excited st
will be stabilized. The DR rate is determined by the prod
of the collision excitation rate times the fluorescence bran
ing ratio. In the case in which one of the electrons is in
high-lying Rydberg state and the other electron is in a re
tively low-lying excited state, it has been shown that t
presence of a static electric field can enhance the fluo
cence branching ratio@2–13#. The enhancement is due t
mixing of the angular momentum in the Stark Rydbe
states, which decreases the autoionization rate of the do
excited states. The electric field has no effect on the ph
emission rate which is determined by the fluorescence rat
the low-lying electron.

In the following it will be shown that under certain con
ditions the presence of a laser field can lead to enhan
stabilization of doubly excited states due to stimulated em
sion from the low-lying electron. The presence of the la
field does not change the nature of the doubly excited sta
as is the case with a static field, but simply increases
photoemission rate, effectively increasing the fluoresce
branching ratio. The laser can also have the undesirable
fect of reexciting the atoms to the doubly excited state a
photoemission has occurred. In this case the laser will h
the opposite effect of lowering the yield of stabilized atom
For this reason the temporal parameters of the laser are
cal factors in determining the effects of the presence of
laser. Specifically, the laser pulse used to induce stabiliza
must have a pulse length less than the fluorescent lifetim
the doubly excited states.

A second effect of the laser interaction with the doub
excited states which will be discussed in the following is t
presence of satellite resonances in the stimulated emis
PRA 601050-2947/99/60~5!/3947~5!/$15.00
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spectra. Satellite resonances are the result of a two-elec
transition in which the inner electron undergoes a dip
transition and the outer, Rydberg electron is ‘‘shaken’’ into
state with a different principal quantum number. Satell
resonances are well known in the excitation spectra of d
bly excited states@14,15#. To our knowledge, this is the firs
observation of these resonances in a stimulated emis
spectra.

II. EXPERIMENTAL SETUP

Figure 1 shows the excitation scheme used in the exp
ment. The experiment used the isolated core excitation te
nique @16# in which atoms are initially prepared in a sing
excited Rydberg state followed by excitation of the co
electron to produce a doubly excited state. Two lasers w
used to prepare barium atoms in the 6s11d 1D2 singly ex-

FIG. 1. Energy levels of barium involved in the experiment a
shown along with the relevant laser transitions. Two photons w
used to excite the 6s11d 1D2 state. A third laser then excited
doubly excited state in the energy range of 6p1/2nd Rydberg series.
A fourth laser was used to drive the transition from the 6p1/2nd
states to the 6snd states.
3947 ©1999 The American Physical Society
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cited state. A third laser tuned near the 6s to 6p3/2 ionic
transition was then used to excite the 6p3/211d doubly ex-
cited state which overlaps in energy with the 6p1/2nd doubly
excited Rydberg series. The energy eigenstates produce
this excitation have both 6p3/211d and 6p1/2nd character due
to interaction between the two electrons. This excitat
scheme has previously been used to study fluorescent s
lization of doubly excited states@17# and the effects of static
electric fields on the DR process@13#. Stabilization of the
atoms can occur when a photon is emitted by the ionic c
which returns atoms to a singly excited state. The previ
experiments have examined the fluorescence proces
which the barium atoms emit a photon on the 6p1/2nd to
6snd transition and in the case of Stark states the 6p1/2nk to
6snk transition. In the present experiment, a fourth laser w
tuned near the 6s to 6p1/2 ionic transition for the purpose o
driving the 6p1/2nd to 6snd transition through stimulated
emission of a photon. The driven process has two main
ferences from the fluorescent process. Re-excitation of
atoms can occur in the driven process, which makes the
sults of the stabilization process highly dependent on
temporal parameters of the laser pulses. Second, the
creased strength of the transition due to the driving fi
allows the examination of weak transitions such as
6p1/2nd to 6sn8d transition in which the initial and finaln
states are different.

The four lasers used in the experiment were pulsed
able dye lasers, pumped by either the second or third
monic of aQ-switched Nd:YAG laser which produced 8 n
pulses at a 20 pulse per second repetition rate. The two
laser pulses used to excite the 6s11d 1D2 state were timed to
arrive at the interaction region slightly before the two puls
used to perform the ionic core transitions (;10 ns). The
two pulses used in the ionic transition were temporally ov
lapped and had pulse durations in the range of 1.2–1.6
The four laser beams were focused and crossed in the i
action region. The first three lasers were tightly focused
the interaction region. The fourth laser was slightly de
cused in the interaction region so that the intensity of t
laser was relatively uniform over the range in which doub
excited states were produced.

The atomic beam was produced by a resistively hea
barium oven. A 1 mm aperture was used to collimate th
atomic beam which crossed the laser beams in the interac
region at a right angle inside a vacuum chamber. Capac
plates were placed above and below the interaction reg
with a screen mesh in the upper plate which allowed e
trons to pass. A pair of microchannel plate charged part
detectors located above the interaction region was use
detect electrons produced in the experiment and data w
collected on a digital oscilloscope and stored on a compu

Stabilization of the doubly excited states through pho
emission was detected by measuring the final-state distr
tion of barium atoms in the highn, 6snd states. These state
could be populated only by the emission of a photon via
6p1/2nd to 6snd transition. Detection was accomplished b
field ionizing the Rydberg atoms using a ramped nega
voltage which was applied to the lower capacitor plate. El
trons produced by the field ionization process were driv
through the screen in the top capacitor plate into the char
particle detector. The ramped voltage allowed the meas
by
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ment of the finaln state distribution, since the differentn
states field-ionize at different values of the electric fie
Calibration of then versus time measurement was acco
plished using only the first three lasers responsible for
excitation of the doubly excited states. The laser used
drive the 6s to 6p3/2 transition was tuned to different know
energies which overlapped with the 6p1/2nd series. The final
bound-state population produced by fluorescence of
6p1/2nd to the 6snd states was then detected. In the case
fluorescence, the probability is extremely small that the R
dberg electron will change its value ofn during the core
transition since the transition moment is heavily weight
near the ion resonance where the Rydberg state remains
changed@18#.

Measurements of the enhancement of stabilization of
autoionizing states were performed by comparing the fi
6snd population for data taken both with and without th
presence of the fourth laser. In the first measurement,
fourth laser was tuned to the 6s to 6p1/2 ionic transition and
measurements were made over a range of Rydberg state
second measurement consisted of detuning the fourth l
from the ion transition to drive the 6p1/2nd to 6sn8d transi-
tion, where the finaln8 was determined by the specific las
tuning. These transitions correspond to ‘‘shakeup’’ tran
tions in which both electrons change state. These meas
ments were accomplished by detecting the change in
final-state population distribution using the ramped fie
technique described above.

III. THEORY

For a case in which atoms are excited to an autoioniz
state and left to themselves, the fraction of atoms which
stabilized through fluorescent decay can be determined
calculating the fluorescence branching ratio given by

B5
Rfl

Rfl1Rai
, ~1!

whereRfl is the fluorescence rate andRai is the autoioniza-
tion rate. Consider a simple case such as the 6p1/2nd doubly
excited states of barium in zero electric field, wheren repre-
sents the principal quantum number of a Rydberg state.
fluorescence rate is equal to the fluorescence rate of the 6p1/2
ionic state and is independent ofn. The autoionization rate
on the other hand, scales asn23. In the presence of a stati
electric field sufficiently strong to form Stark states, the flu
rescence rate is unchanged but the autoionization rate s
as n24. In both cases the branching ratio approaches u
for large values ofn.

The branching ratio defined in Eq.~1! is independent of
how the autoionizing states are excited. It is also independ
of the time scale over which the autoionizing states are p
duced. If a laser is used to stimulate the emission of a pho
in the stabilization process, a time-independent branching
tio cannot be defined. The fraction of atoms which will b
stabilized is strongly dependent on the temporal parame
of the excitation and stabilization lasers. There are th
separate time scales of interest which are determined by
laser pulse time. The first time scale involves laser pu
durations which are short compared to the autoionizat
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PRA 60 3949LASER-INDUCED STABILIZATION OF AUTOIONIZING . . .
lifetime of the doubly excited states. In this temporal regim
a fully quantum-mechanical treatment of the atoms mus
employed to account for the wave-packet nature of the d
bly excited states@19–22#. The second temporal regime in
volves laser pulse durations which are long compared to
autoionizing lifetime but short relative to the fluorescent lif
time of the autoionizing states. In this regime, the atom-la
interaction can accurately be modeled by transition r
equations. The third temporal regime in which the la
pulses are long compared to the fluorescent lifetime of
doubly excited states is of little interest due to the proces
reexcitation of stabilized atoms to the autoionizing stat
The net effect of reexcitation is a large reduction of the fi
number of atoms which are stabilized. In this paper we w
examine the intermediate temporal regime for the 6p1/2nd
autoionizing states, which requires laser pulses which
short compared to the 6.2 ns fluorescent lifetime of th
states. The rate equations which govern the evolution of
atoms in this regime can be stated as follows:

dN1~ t !

dt
5P1~ t !2RflN1~ t !2RaiN1~ t !2P2~ t !N1~ t !

1P2~ t !N2~ t ! ~2!

and

dN2~ t !

dt
5RflN1~ t !1P2~ t !N1~ t !2P2~ t !N2~ t !, ~3!

where N1 represents the population in the doubly excit
state andN2 represents the population in the final sing
excited state.P1(t) is the excitation rate into the doubl
excited state which depends on the excitation laser pulse
large values ofP1(t), depletion of the initial singly excited
Rydberg population would have to be included. In t
present experiment the excitation rate was kept sufficie
low that depletion could be neglected.P2(t) is the rate of
population transfer between the doubly and singly exci
states due to a laser pulse tuned to the 6s to 6p1/2 ionic
transition.P2(t) is given by the product of the photoemi
sion cross section times the laser flux.Rfl represents the fluo
rescence rate between the 6p1/2 and 6s ionic states andRai
represents the autoionization rate of the doubly exc
states.Rfl is simply given by one over the fluorescence lif
time of the ionic states.Rai depends on the particularn state
and on the amount of Stark mixing of the Rydberg states

If the fourth laser is detuned slightly from the 6p1/2 to 6s
ionic transition, then the Rydberg electron must changn
during the transition, to conserve energy. This type of tr
sition, known as a shakeup transition, is commonly seen
photoabsorption experiments@14,15#. The change inn is a
result of the changing ionic charge distribution seen by
Rydberg electron during the core transition@19#. The transi-
tion moment for the shakeup transition is given by@18#

T5mA~nf* !
sin@p~nf* 2ni* !#

1

2~nf* !2
2

1

2~ni* !2

, ~4!
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wherem is the ionic dipole moment,A(nf* ) is the density of
final states, andni* andnf* are the effective quantum num
bers of the initial and final Rydberg states, respectively. T
final Rydberg state is determined by the detuning of the c
laser from the ionic resonance, where zero detuning wo
give nf* 5ni* . The transition moment drops off rapidly wit
detuning from the ionic resonance. This expression can
be used to give the final-state Rydberg distribution due
fluorescence decay of a doubly excited state. In a fluores
decay event, it is possible for the atom to emit a pho
slightly off of the ionic resonant frequency leading to
shakeup transition. This type of transition has never b
observed in fluorescence due to the dominance of the
resonance transition moment. In an absorption transition
possible to increase the size of the shakeup spectra relati
the on-resonance signal by saturating the on-resonance
sition. In the present experiment, saturation can also be u
to enhance the shakeup spectra in the stimulated emis
process.

IV. RESULTS AND DISCUSSION

Figure 2 shows stabilization data for three tunings of
third laser corresponding to three different values ofn in the
6p1/2nd series. The light curve shows data corresponding
fluorescence to the 6snd states without the presence of th
fourth laser. The bold curve shows data with the fourth la
tuned to the 6s to 6p1/2 ion transition. In these data the thir
and fourth lasers were temporally overlapped and had a p

FIG. 2. Field ionization signal vs time is shown for three tunin
of the third laser. The data represent atoms which were stabil
via photon emission. The bold curve represents data taken with
fourth laser tuned to the 6s to 6p1/2 ionic transition. The light curve
represents data taken with the fourth laser blocked. The corresp
ing n states produced by the three tunings are~a! n568, ~b! n
540, and~c! n537. The data in~b! are magnified by a factor of 15
relative to the data in~a!, and the data in~c! are magnified by a
factor of 60 relative to the data in~a!. The data clearly show an
enhancement of stabilization due to the presence of the forth la
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3950 PRA 60HEIDER N. EREIFEJ AND J. G. STORY
duration of 1.6 ns. The data clearly show an enhancem
due to the presence of the fourth laser for the three ca
shown.

Figure 3 shows a plot of the enhancement versus bind
energy of the Rydberg electron. The enhancement facto
simply given by the ratio of the two signals, with and wit
out the fourth laser, as shown in Fig. 3 . The circles represen
the measured enhancement factors. For very-high-lying
dberg states, corresponding to small binding energy, the
hancement approaches 1. This limit is due to the fact that
autoionization rate goes to zero for highn states so that al
atoms are stabilized regardless of whether the fourth las
present or not. The dashed line represents the calculate
hancement factor using the rate equation given in Eqs.~2!
and ~3!, with an autoionization rate appropriate for th
6p1/2nd states. The two equations were numerically in
grated to obtain the final-state population in the singly
cited state. The solid line represents the calculated enha
ment factor using an autoionization rate appropriate for
6p1/2nk Stark states. Both calculations used Gaussian la
pulses forP1(t) and P2(t). Comparison of the two calcu
lated curves shows that there is only an appreciable dif
ence for the highn states. The excellent agreement betwe
the data and the Stark calculation suggests the presen
stray electric fields in the interaction region. The fields n
essary to produce Stark mixing down to a binding energy
40 cm21 are of the order of 5 V/cm. These fields may
produced by stray fields from the capacitor plates.

The one free parameter in the calculation was the int
sity of the fourth laser. It was found that the final result
the calculation was relatively insensitive to the intensity
the fourth laser. The intensity of the fourth laser was defin
in terms of the saturation intensity, where saturation is

FIG. 3. Circles represent the ratio of the stabilization sign
with and without the presence of the fourth laser for a numbe
tunings of the third laser. The solid line represents the calcula
ratio assuming complete mixing of thel states by a static electri
field. The dashed line represents the calculated ratio without fi
mixing. Both calculations used laser pulse durations of 1.6 ns
maximum laser field strengths of five times the saturation inten
for the 6p1/2 to 6s ion transition. The data are in good agreeme
with the mixedl calculation, which is consistent with the estimat
stray fields in the interaction region of 5 V/cm.
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fined as the point at which the peak value ofP2(t) is equal to
the fluorescence rateRfl . The calculation showed little
change in the enhancement factor for intensities betw
four and eight times the saturation intensity. For intensit
both above and below this range, the enhancement
found to decrease. The decrease at lower intensity is sim
due to too small of a pump rate out of the doubly excit
state. The decrease at higher intensity is due to repumpin
the stabilized atoms during the tail of the Gaussian temp
pulse. This effect was also observed in the experiment.
data shown in Fig. 3 represent the optimal intensity for
pulse durations used in the experiment. The intensity use
the calculation shown in Fig. 3 was five times the saturat
intensity, which maximized the enhancement and gave
best agreement with the experiment. The intensity of
fourth laser was not measured, since the actual value
pended not only on the spatial parameters of the laser bu
the exact spatial overlap between the fourth laser and
other three lasers, which is extremely difficult to measu
with any accuracy. The spatial overlap was particularly d
ficult to determine in this experiment since the alignme
was set to maximize the stabilization signal. As discus
above, the stabilization signal has an optimal intensity ran
so that for a given peak intensity at the center of the beam
slight misalignment may produce a maximum stabilizati
signal. It was found that an increase in the intensity of

FIG. 4. Stabilization signal is shown for several tunings of t
fourth laser near the 6s to 6p1/2 ion transition. In all of the figures
the third laser was tuned to 446 nm, which producedn540 Ryd-
berg states.~a! shows the purely flourescentn540 signal with the
fourth laser blocked. In~b!–~e! the fluorescence signal is subtracte
from the stabilization signal so that only the signal due to stim
lated emission is shown. The arrows correspond to the calcul
positions of the laser-induced stabilization, which are in go
agreement with the actual positions for all tunings of the stabili
tion laser. The four tunings of the laser shown correspond to de
ings from the 6s to 6p1/2 ion resonance of~b! 26.4 cm21, ~c!
0.0 cm21 , ~d! 3.6 cm21 , and~e! 7.4 cm21.
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fourth laser did reduce the stabilization signal in agreem
with the calculation.

The stabilization enhancement was found to be extrem
sensitive to the duration of the laser pulses and the temp
overlap of the laser pulses. Longer laser pulses reduced
enhancement due to repumping of the stabilized atoms. A
as one would expect, the third and fourth laser pulses nee
to be precisely overlapped in time to see any enhancem

Figure. 4 shows the effect of detuning the fourth las
from the ionic resonance. As discussed earlier, these tra
tions require the Rydberg electron to change energy in o
to conserve the total energy in the stimulated emission p
cess. This process represents a shakeup transition in
stimulated emission process. For clarity, the purely fluor
cent signal has been subtracted from the data, leaving
the signal due to stimulated emission. The arrows in the
ure correspond to the calculated position of the field ioni
tion signals using the measured detunings and the calibr
Rydberg state versus time data. The signal drops off rap
with detuning. However, the signal drops off much slow
with detuning than the cross section would predict. T
slower rate of decrease is due to the fact that the stimul
emission process is saturated. This effect is common in
sorption spectra, in which the satellite resonances are
creased relative to the central resonance due to saturatio
the central resonance. In principle, these satellite resona
.
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should appear as very small sidebands in a purely fluores
signal. They are sufficiently small that they have never be
observed in a purely fluorescent transition. This experim
represents, to the best of our knowledge, the first direct
servation of the shakeup transition in a photoemission p
cess.

V. CONCLUSION

In the preceding it was demonstrated that under cer
conditions it is possible to enhance the stabilization of
toionizing states through laser-induced stimulated emiss
Unlike the enhancement due to Stark mixing in a static el
tric field, the laser-induced stabilization does not change
atomic structure, but simply increases the probability of ph
toemission. It was also shown that by using a laser to ind
photoemission, it was possible to change the final-state p
cipal quantum number by tuning the laser to a satellite re
nance.

ACKNOWLEDGMENTS

This work was supported by the National Science Fo
dation~Grant No. PHY 9722561! and the University of Mis-
souri Research Board. It is a pleasure to acknowledge hel
conversations with R.R. Jones and T.F. Gallagher.
,

ev.

ill,

ev.

ett.
@1# A. Burgess, Astrophys. J.139, 776 ~1964!.
@2# V.L. Jacobs, J. Davis, and P.C. Kepple, Phys. Rev. Lett.37,

1390 ~1976!.
@3# V.L. Jacobs and J. Davis, Phys. Rev. A19, 776 ~1979!.
@4# D.S. Belic, G.H. Dunn, T.J. Morgan, D.W. Mueller, and C

Timmer, Phys. Rev. Lett.50, 339 ~1983!.
@5# K. LaGattuta and Y. Hahn, Phys. Rev. Lett.51, 558 ~1983!.
@6# G.H. Dunn, D.S. Belic, B. DePaola, N. Djuric, D. Mueller, A

Muller, and C. Timmer, inAtomic Excitation and Recombina
tion in External Fields, edited by M.H. Nayfeh and C.W. Clark
~Gordon and Breach, New York, 1985!.

@7# A. Muller, D.S. Belic, B. DePaola, N. Djuric, G.H. Dunn
D.W. Mueller, and C. Timmer, Phys. Rev. Lett.56, 127
~1986!.

@8# C. Bottcher, D.C. Griffin, and M.S. Pindzola, Phys. Rev. A34,
860 ~1986!.

@9# K. LaGattuta, I. Nasser, and Y. Hahn, Phys. Rev. A33, 2782
~1986!.

@10# K. LaGattuta, I. Nasser, and Y. Hahn, J. Phys. B20, 1565
~1987!.

@11# K. LaGattuta, I. Nasser, and Y. Hahn, J. Phys. B20, 1577
~1987!.
@12# A. Muller, D.S. Belic, B. DePaola, N. Djuric, G.H. Dunn

D.W. Mueller, and C. Timmer, Phys. Rev. A36, 599 ~1987!.
@13# J.G. Story, B.J. Lyons, and T.F. Gallagher, Phys. Rev. A51,

2156 ~1995!.
@14# S.A. Bhatti and W.E. Cooke, Phys. Rev. A28, 756 ~1983!.
@15# N.H. Tran, P. Pillet, R. Kachru, and T.F. Gallagher, Phys. R

A 29, 2640~1984!.
@16# W.E. Cooke, T.F. Gallagher, S.A. Edelstein, and R.M. H

Phys. Rev. Lett.40, 178 ~1978!.
@17# J.G. Story, L.D. Van Woerkom, and W.E. Cooke, Phys. R

A 34, 4508~1986!.
@18# S.A. Bhatti, C.L. Cromer, and W.E. Cooke, Phys. Rev. A24,

161 ~1981!.
@19# W.A. Henle, H. Ritsch, and P. Zoller, Phys. Rev. A36, 683

~1987!.
@20# X. Wang and W.E. Cooke, Phys. Rev. Lett.67, 976 ~1991!.
@21# J.G. Story, D.I. Duncan, and T.F. Gallagher, Phys. Rev. L

71, 3431~1993!.
@22# R.R. Jones, Phys. Rev. A57, 446 ~1998!.


