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Multiphoton ionization dynamics of barium Rydberg states in intense femtosecond pulses
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Department of Physics and Astronomy, Colby College, Waterville, Maine 04901

T. F. Gallagher
Department of Physics, University of Virginia, Charlottesville, Virginia 22901

~Received 9 February 1998!

We have investigated multiphoton ionization of Ba 6snl Rydberg states by intense 200-fs laser pulses.
Specifically, we have excited Ba atoms to the 6sns and 6snd 15,n,` states using two nanosecond lasers.
The atoms were then irradiated with the fs pulses produced by a mode-locked, regeneratively amplified
Ti:sapphire laser that is stepwise-tunable between 790 and 850 nm. We have used both the fundamental light
and the second harmonic~395–425 nm! to investigate the ionization dynamics in these two wavelength
regions. In contrast to previous experiments, in which laser pulses 5 ps or longer were used, our results indicate
that excitation of Ba1 Rydberg states and Ba21 photoions is relatively insensitive to the femtosecond laser
wavelength. In addition, we find that, as the Kepler orbital period of the Ba Rydberg electron becomes
comparable to this very small laser pulse width, the inner electron ionization process no longer appears to be
instantaneous to the outer electron, and the outer electron is not projected onto Ba1 Rydberg states.
@S1050-2947~98!03110-2#

PACS number~s!: 32.80.Rm, 31.50.1w
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I. INTRODUCTION

The photoionization dynamics of Rydberg states of tw
electron atoms when irradiated by intense picosecond
femtosecond laser pulses is a topic of significant inte
largely because it is possible to drive transitions of the io
core while the outer Rydberg electron is almost unaffec
@1–5#. One of the more striking phenomena is the proces
inner electron ionization, observed by Stapelfeldtet al. @6#
and Jones and Bucksbaum@7#. In both cases the author
observed that if excited bound Ba Rydberg states were
posed to an intense laser pulse of duration short compare
the classical orbital period of the Rydberg electron that m
tiphoton ionization of the ionic core occurred while the R
dberg electron remained bound. Jones and Bucksbaum
posed bound 6snk Stark states in an electric fieldE
51/3n5 to 70-ps pulses of 355-nm light. In a classical vie
of the Stark states the orbital angular momentuml oscillates
between 0 andn with a periodTS52pn4 when the field is
E51/3n5. Whenl is small the Rydberg electron comes ne
the ionic core and can interact with the 6s electron or absorb
a visible photon. Forn.26, TS exceeds the laser pulse d
ration and multiphoton ionization of the inner electron w
observed while the outer electron remained bound, form
Ba1 Rydberg states.

Stapelfeldt et al. exposed the zero-field Ba 6sns and
6snd states to 5-ps pulses of a dye laser at 620 nm, a wa
length matching the three-photon Ba1 6s→7p transition.
Classically, ans or nd electron returns to the core in th
Kepler timeTK52pnI

3, wherenI is the effective quantum
number of the 6sns or 6snd state and is given bynI

5A22W, whereW is the energy of the 6snsor 6snd state.
Consequently, multiphoton ionization of the inner 6s elec-
tron without removal of the outer electron should occur
values ofnI>32, for which the Kepler time exceeds the las
PRA 581050-2947/98/58~4!/3058~10!/$15.00
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pulse duration. In fact, it was observed to occur fornI>35,
in reasonable agreement with expectation.

In both experiments, starting from a single bound Ry
berg state leads to a range of Ba1 Rydberg states that is
approximately consistent with projecting the bound Rydb
state wave function onto Ba1 wave functions, as would oc
cur if the inner electron were removed instantaneously fr
the atom. If the initial bound state has an effective princip
quantum numbernI , the maximum value of the effective
quantum numbernII of the Ba1 Rydberg states resulting
from such a projection is expected to benII'&nI . In prac-
tice the values observed by Stapelfeldtet al. and Jones and
Bucksbaum werenII /nI51.32 and&, respectively.

The experiments reported here were begun with the g
of learning more about why inner electron ionization cea
to occur asn is decreased. We have used substantia
shorter pulses than used before, as short as 200 fs. With
200-fs pulse we expected to see inner electron ioniza
from initial Ba Rydberg states ofnI as low as 11, a value
much lower than those observed in the previous experime
but it is only observed fornI as low as 14. Inner electron
ionization fails to occur when the outer electron is remov
along with or instead of the inner electron. Initially we ha
expected inner electron ionization to fail either because
outer electron was directly photoionized by the laser or
cause a doubly excited resonance was excited, which
cayed by autoionization. In fact, the results of the expe
ments described here suggest that at lown failure occurs
because the departure of the inner electron is not insta
neous and that the departing inner electron knocks the o
electron out of the atom. In the sections that follow we d
scribe the experimental approach, the results, and the con
sions we draw from them.

II. EXPERIMENTAL APPROACH

The basic experimental apparatus is shown in Fig. 1. T
5-ns pulses from dye lasers are used to excite Ba grou
3058 © 1998 The American Physical Society
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state atoms in an effusive atomic beam to the 6snsand 6snd
states. The first laser is tuned to excite the 6s2 1S0
→6s6p 1P1 resonance transition at 554 nm, and the sec
laser is tunable between 432 and 417 nm, enabling u
drive the 6s6p 1P1→6sns 1,3S and 6s6p 1P1
→6snd 1,3D transitions where 15,n,`. Both lasers are
weakly focused using a 500-mm focal length lens, and
laser fluence is sufficient to significantly deplete the grou
state atom population in the interaction region.

Approximately 30 ns after the nanosecond lasers have
cited the Ba atoms to a Rydberg state, the atoms are irr
ated with 200-fs pulses derived from an amplified mod
locked Ti:sapphire oscillator. The femtosecond puls
propagate at 180° to the nanosecond pulses, and both
perpendicular to the atomic beam. The excitation takes p
between a pair of capacitor plates separated by 3 mm. U
this device, we can either field ionize Rydberg states of
and Ba1 using a 50-kV/cm, 500-ns rise-time electric fie
pulse, or gently push the Ba1 and Ba21 photoions out of the
interaction region towards a dual microchannel plate dete
~MCP! with a 100-V pulse. The field ionization pulse rise
quickly enough to ionize Ba1 Rydberg ions before expelling
them from between the field plates. In both cases the i
leave the interaction region via a 50-mm-wide, 3-mm-long
slit aligned along the laser beam propagation direction
travel through an 8-cm-long field free region to the MC
The 30-ns delay between the ns and the fs laser pulses
sures that the Ba atoms with which the short-pulse laser
teracts are all in either the ground state or the Rydberg s
of interest. The femtosecond laser is stepwise tunable
tween 790 and 850 nm, and we can frequency double
light in a 0.5-mm-long BBO crystal to produce pulses b
tween 395 and 425 nm. The pulses obtained from the fs l
have a maximum energy of 2 mJ for the fundamental a
250mJ in the second harmonic. The ion time-of-flight sign
from the MCP is displayed on a digitizing oscilloscope, a
selected time bins of the digitized signal can be gated
averaged using a computer to observe the behavior of th

FIG. 1. Diagram of interaction region between Ba atoms in
atomic beam and lasers. Initially, Ba atoms initially in the grou
state are excited to 6snsand 6snd states by two nanosecond las
pulses. Some 20–30 ns later, the femtosecond laser ionizes th
atoms. A large field-ionization pulse then pushes Ba1 and Ba21

photoions toward a microchannel plate detector, and also field
izes Ba and Ba1 Rydberg states.
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and Ba1 field-ion and Ba1 and Ba21 photoion yields as the
second ns dye laser is tuned over the Ba Rydberg states

III. EXPERIMENTAL RESULTS

We discuss our data in the following three sections. Wh
we use the field-ionization pulse the signals due to photoi
ization and field ionization of Ba and Ba1 Rydberg states are
resolved in time. To provide some feeling for the signals,
first show the time-resolved signals obtained using the f
damental and second harmonic of the femtosecond laser
then present the spectra obtained by setting the detection
on specific parts of the time-resolved signal, typically t
Ba1 Rydberg signal, and scanning the nanosecond laser
the Rydberg states. Finally, we describe the data obta
from observing the Ba1 and Ba21 photoion signal as the
nanosecond laser was tuned over the Ba 6snl Rydberg se-
ries.

A. Field ionization time-of-flight signals

An example of a time-of-flight spectrum of species arisi
when a field ionization pulse is applied to the atoms and i
after the interaction of the Ba Rydberg states with the fe
tosecond laser can be seen in Fig. 2. This spectrum
obtained with the fundamental of the Ti:sapphire laser at 8
nm, with the Ba atoms initially in the 6s24d state. Figure
2~a! shows the field-ionization signal when the femtoseco
laser is blocked, i.e., the entire signal arises from the fi
ionization of the 6s24d 1D state created by the dye laser
Figure 2~b! shows the Ba1 and Ba21 photoions created by
just the femtosecond laser from the Ba 6s2 ground state
when the dye lasers are blocked. There are several intere
features to this spectrum. First, the Ba21 yield is comparable
to that of Ba1, in direct contrast to the situation of Refs.@6#
and @7# where Ba21 production was insignificant unless th
laser was tuned to a multiphoton resonance in Ba1 ~Ref. @6#!,
or unless the Nd:YAG third harmonic was used~Ref. @7#!.
Second, the generation of Ba21 photoions in the most intens
part of the laser focus leads to a clearly observable deple
in the center of the Ba1 signal. Finally, there is also direc
excitation of Ba1 Rydberg states by just the femtoseco
laser at this wavelength, which appears in the spectrum
the feature labeled ‘‘A.’’ This observation is somewhat sur
prising, given that the two routes for formation of Ba1 Ry-
dberg states are either the direct 10-photon process from
6s2 ground state of Ba, or the 7-photon process from eit
the 6s or 5d states of Ba1. ~Ten photons above the Ba 6s2

state is 2200 cm21 below the Ba21 limit, while 7 photons
above the Ba1 6s and 5d states is respectively 8000 an
2700 cm21 below the same limit, at zero laser intensity!
Most likely the Ba1 Rydberg states are brought into res
nance by ac Stark shifts during the pulse, as observed pr
ously @8–11#. The ac stark shifts are quite large. Under t
conditions of this experiment the ponderomotive shift at
peak intensity is 6 eV~48 000 cm21!, and we estimate tha
the low-lying levels of Ba1 shift by about 1 eV~8000 cm21!.
Together these shifts can easily bring the Rydberg states
resonance during the laser pulse.

Figure 2~c! shows the time-of-flight spectrum which re
sults when the 830-nm femtosecond pulses irradiate the
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3060 PRA 58D. A. TATE AND T. F. GALLAGHER
6s24d 1D Rydberg state. The most significant feature in t
spectrum is the enhancement of the Ba1 Rydberg state signa
~labeled ‘‘B’’ !, and a corresponding reduction in the Ba21

photoionization signal, a clear signature of inner-elect
ionization. Related to this effect is the decrease in the B1

photoion signal, a consequence of ‘‘shelving’’ population
the Ba Rydberg states, which are less easily ionized than
ground state. Finally, the removal of population from the
Rydberg states to the Ba1 Rydberg states is evident as a di
labeled ‘‘C,’’ in the Ba field ionization spectrum immedi
ately after its rising edge. In Fig. 2~a!, the falloff of the Ba
field ion signal is relatively slow, whereas in Fig. 2~c!, there
is a hole immediately after the field ion signal maximu
followed by a rise again immediately before the Ba1 photo-
ion signal.

The creation of Ba1 Rydberg states from Ba Rydber
states by the femtosecond laser is very different from
behavior observed in previous experiments@6,7#. In the pre-
vious works, no Ba1 Rydberg state excitation was observ

FIG. 2. Time-of-flight Ba ion spectra obtained using the 830-
fundamental of the Ti:sapphire laser.~a! shows the field-ionization
spectrum of the Ba 6s24d state when there is no femtosecond las
light. In ~b!, the Ba1 and Ba21 ion signals resulting from photoion
ization of the Ba 6s2 ground state by 830-nm light from the fem
tosecond laser is shown. Note the creation of Ba1 Rydberg states
directly by just the femtosecond laser~labeled ‘‘A’’ !. In ~c! the ion
spectra taken with the fundamental of the femtosecond laser at
nm when the 6s24d state is initially excited by the nanosecon
lasers. Inner electron ionization is evident from the enhancemen
the Ba1 Rydberg state field-ionization signal~labeled ‘‘B’’ ! and the
decrease of the Ba1 photoion signal. Also evident is a ‘‘hole’’ in
the Ba field-ionization signal~labeled ‘‘C’’ ! due to inner electron
photoionization converting Ba Rydberg states into Ba1 Rydberg
states.
e
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unless the short-pulse laser was tuned to a multiphoton r
nance in Ba1 @6#, or the photon energy was sufficient t
ensure that the excitation pathway did not contain transiti
through the spectral region containing a high density
short-lived Ba autoionizing states~i.e., a single photon of the
short-pulse laser had to reach approximately 30 000 cm21

above the Ba1 6s state! @7#.
When we used the second harmonic of the femtosec

laser we obtained time-of-flight signals that were sligh
different from the ones shown in Fig. 2. An example, o
tained by populating the Ba 6s31d 1D2 Rydberg state and
exposing the atoms to a 415-nm femtosecond pulse an
29-kV/cm field pulse, is shown in Fig. 3. Figure 3~a! shows
the field-ionization signal from just the Ba Rydbe
6s31d 1D state, obtained when the femtosecond laser
blocked. In Fig. 3~b!, the photoion signal from just the fem
tosecond laser is shown. The other experimental parame
~Ba oven temperature, MCP voltage! are the same as in Fig
2. As can be seen, the Ba21 yield is much lower, by a factor
of 30, than the Ba1 yield, which is itself comparable to the
Ba1 yield when the 830-nm fundamental light is used. Al
visible in the signal are Sr1 and Sr21 photoions that are
present due to the small strontium contamination in

r

30

of

FIG. 3. Time-of-flight Ba ion spectra obtained using the 415-n
second harmonic of the Ti:sapphire laser.~a! shows the field-
ionization spectrum of the Ba 6s31d state when there is no femto
second laser light. In~b!, the Ba1 and Ba21 ion signals resulting
from photoionization of the Ba 6s2 ground state by 415-nm secon
harmonic is shown. Note the creation of Sr1 and Sr21 from stron-
tium contamination of the Ba in the oven. In~c! the ion spectra
taken with the second harmonic of the femtosecond laser at 415
when the 6s31d state is initially excited by the nanosecond lase
Inner electron ionization is evident from appearance of the B1

Rydberg state field-ionization signal~labeled ‘‘A’’ !.
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barium sample in our oven. Since no evidence of the str
tium ions can be seen in Fig. 2~b!, it is clear that Sr1 and
Sr21 ions are much more efficiently generated by the b
light than by the infrared light. This contrasts with barium
where the singly charged and doubly charged ion yields
greater with the infrared light. Given that Sr and Sr1 both
have resonance lines near 415 nm while Ba and Ba1 do not,
this contrast is hardly a surprise.

When the Ba 6snl states are irradiated with the 415-n
light from the femtosecond laser, Ba1 n8l 8 states are excited
with a corresponding reduction in the Ba21 signal. There is
one clear difference that is apparent when the data in F
2~c! and 3~c! are compared, which is that the Ba1 n8l 8 and
Ba21 signal amplitudes are comparable in Fig. 3~c!, whereas
the Ba1 Rydberg state signal is only some 20% of the Ba21

photoion signal in Fig. 2~c!. Presumably the 830-nm ligh
excites the inner electron through regions where it is m
more efficiently coupled to the outer electron than wh
415-nm light is used, resulting in the formation of short-liv
autoionizing states that decay to low-lying Ba1 states, which
then photoionize.

Although the Ba and Ba1 resonance lines are not near 4
nm, there are transitions between excited states of Ba
Ba1 that suggest the possibility of resonances near 400
Consequently, we carried out a preliminary survey of
excitation efficiency for creating Ba21 photoions from Ba1

ions in the 6s state at various wavelengths between 395 a
425 nm. The Ba1 ground-state ions were generated using
nanosecond lasers, with the second laser tuned to 417
just above the threshold for photoionization of the
6s6p 1P1 state. Since the Ti:sapphire laser is not contin
ously tunable, we stepped the laser wavelength in 5-nm s
from 790 to 850 nm, each time reoptimizing the mod
locked laser, the grating stretcher and compressor sys
and the BBO frequency doubling crystal. However, the
sulting photoion spectrum showed no resonant structure.
also measured the relative yield for production of Ba1 and
Ba21 photoions starting in the Ba 6s2 ground state as a func
tion of the wavelength of the femtosecond laser for wa
lengths between 395 and 425 nm, and found that the m
mum yield of Ba21 was approximately 30% of the Ba1

photoion yield at the same wavelength.

B. The field-ionization spectrum

It is instructive to observe the field ionization signal fro
Rydberg states of Ba1, as a function of the wavelength of th
nanosecond laser driving the Ba 6s6p 1P1→6snl transi-
tion. An example of such a scan is shown in Fig. 4, wh
was obtained using the 830-nm light from the femtoseco
laser~the 415-nm data were essentially identical!. The region
of excitation of the initial Ba Rydberg states is from 41 7
to 42 020 cm21, or from just below the 6s21d 3D state al-
most up to the ionization limit. To obtain the data shown
Fig. 4, several gates were placed on the time-of-flight sig
Figure 4~a! is the signal from a gate placed over the Ba fie
ionization signal and the Ba1 photoion signal, while Fig.
4~b! is the signal from a gate placed over the Ba21 photoion
signal. Figures 4~c! through 4~f! are from gates placed a
successively earlier times just before the Ba21 photoion sig-
nal so as to capture the signals from Ba1 Rydberg states
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Each of the four gates in Figs. 4~c! through 4~f! was 25 ns
wide, whereas the gate in Fig. 4~b! was 40 ns wide, and tha
in Fig. 4~a! was 250 ns wide. Apparently, the gate in Fi
4~f! was at too early a time to catch a significant amount
the Ba1 field ionization signal, but in Fig. 4~e!, a field ion
signal from Ba1 states generated when the femtosecond la
irradiates the Ba 6s23d states and higher 6sns and 6snd
states is quite apparent. No signal is visible from Ba1 Ryd-
berg states resulting from irradiation of Ba 6s22d and lower
states either because no Ba1 n8l 8 states are produced, o
those that are are too tightly bound to the Ba21 core to be
field ionized in the 44.5-kV/cm pulse we applied. The lack
a Ba1 Rydberg signal for lown states is surprising since th
previous results suggest that it should be visible down
approximately the 6s14d state~i.e., whennI511, since the
quantum defect of the 6snd states is'2.7!.

As the nanosecond laser is tuned to higher Ba 6snl states,
the Ba1 field ionization signal moves to later times, as ev
denced by its disappearance from the gate in Fig. 4~e!, and
its successive appearance and disappearance from the
in Figs. 4~d! and 4~c!. Finally, for very high Ba 6snl states,
the resulting Ba1 field-ionization signal becomes indistin
guishable from the Ba21 photoion signal, resulting in the
gradual decline in signal from the high frequency end of F
4~c!. ~The high Ba1 n8l 8 states ionize early in the pulse, an
so observe a temporal field variation that is almost ident
to that of the Ba21 photoions. The low Ba1 n8l 8 states ionize

FIG. 4. Ba1 and Ba21 photoion, and Ba and Ba1 Rydberg state
field ion signals, as a function of the initial Ba 6snl state. The
femtosecond laser wavelength was 830 nm, and the amplitud
the field-ionization pulse was 44.5 kV/cm. The energy range of
initial Ba Rydberg states excited is from 41 700 to 42 020 cm21,
i.e., from just below 6s21d up to the ionization limit.~a! through~f!
correspond to progressively earlier time gates:~a! is the Ba1 pho-
toion and Ba 6snl field-ionization signal~250-ns-wide gate!; ~b! is
the Ba21 photoion signal~40-ns gate!; ~c! through~f! are Ba1 n8l 8
field-ionization signals~25-ns gates!, each successive gate being s
earlier than the previous one. Clearly, the gate in~f! is set too early
to catch any of the Ba1 n8l 8 signal, but in~e! through~c!, the Ba1

field ionization signal arrives progressively later as then of the
initial Ba 6snl state is increased. In~b!, the depletion of the Ba21

photoion signal when the nanosecond lasers are resonant with
Rydberg state can be seen. The depletion disappears at highn since
the gate also captures the high-n8 Ba1 field-ionization signal.
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3062 PRA 58D. A. TATE AND T. F. GALLAGHER
later, and consequently the resulting Ba21 ions gain a larger
impulse from the electric field than the Ba21 photoions, and
so arrive at the detector at an earlier time.! Another feature
visible in Fig. 4~b! is the depletion of the Ba21 photoion
signal when the nanosecond laser is tuned to a Ba Ryd
state. This phenomenon is discussed more fully in the n
section.

The principal conclusion of the two previous works o
this subject@6,7# was that the Rydberg states of Ba1 are
formed when the Kepler, or Stark, period of the Ba 6snl
Rydberg electron is longer than the laser pulse being use
photoionize it. On the other hand, when the period is sho
that the laser pulse, the Rydberg electron in Ba ionizes,
lowed by the inner 6s electron, resulting in Ba21. In both
Refs.@6# and@7#, however, this conclusion was arrived at b
changing the Kepler period~by exciting different 6snl
states! from shorter than to longer than the fixed laser pu
length and observing the onset of the Ba1 Rydberg signal. A
more direct test is to change the pulse length of the laser
see if the onset of Ba1 Rydberg state production follows th
pulse length in the expected way.

It is relatively easy to increase the length of the la
pulse by detuning the delay in the grating compressor a
the regenerative amplifier, which enabled us to stretch
pulse from its minimum value of 200 fs to as much as 1.7
~Due to the reduced peak power the doubling efficiency w
substantially reduced, which prevented us from obtain
data with the second harmonic of the Ti:sapphire las!
When the delay in the compressor is detuned from the va
necessary to give the optimum output pulse length, the
sulting pulse has either positive or negative chirp. Hence,
obtained data with the delay either shorter or longer than

FIG. 5. Variation Ba1n8l 8 field-ionization signal arising from
different initial Ba 6snl states with the length of the femtosecon
laser pulse. The femtosecond laser wavelength was 830 nm, an
amplitude of the field-ionization pulse was 44 kV/cm. The range
initial Ba 6snl states was the same as shown in Fig. 4. The pu
length was changed by changing the length of the compression
of the chirped-pulse amplification system. In~a! through ~d! the
pulse lengths were 1.7, 1.1, 0.5, and 0.35 ps~620%! respectively,
and the laser chirp was positive, and in Fig. 6~e!, the pulse length
was 0.2 ps~620%, no chirp!. In ~f! through~h! the pulse lengths
were 0.35, 0.65, and 0.95 ps~620%! respectively, and the lase
chirp was negative.
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optimum value to see if the chirp had any effect on the da
These data are shown in Fig. 5. The pulse widths in scans~a!
through~h! are 1.7, 1.1, 0.5, 0.35, 0.2, 0.35, 0.65, and 0
ps, respectively. The pulse widths are estimated from
laser bandwidth and the settings of the grating expander
compressor; and have an estimated uncertainty of620%. In
traces~a! through~d!, the pulse has positive chirp, and in~f!
through~h!, it has negative chirp. As can be seen, the po
tive and negative chirps lead to similar results. In traces~a!
and ~h!, where the pulse length is 1.7 and 0.95 ps, resp
tively, the lowest Ba 6snl state that gives rise to an ident
fiable Ba1 field ionization signal is 6s24d, in which the
Rydberg electron has a Kepler period of 1.5 ps. Trace~b!,
taken with a 1.1-ps pulse also shows a Ba1 signal arising
from the Ba 6s23d state, where the Kepler period is 1.3 p
Hence, the data in traces~a!, ~b!, and ~h!, taken with long
pulses, seem to confirm the hypothesis advanced in Refs@6#
and @7#, i.e., Ba1 Rydberg states are observed if the Kep
period is longer than the laser pulse duration. On the ot
hand, the data in traces~c! through ~g!, taken with shorter
pulses, seem to contradict the hypothesis. In these traces
pulse length was between 0.2 and 0.65 ps. However,
lowest Ba state that contributes to the Ba1 field-ionization
signal is the 6s22d state, which has a Kepler period of 1
ps, far longer than the duration of the laser pulse.

Further insight can be obtained by using different amp
tudes of field-ionization pulse to detect the Ba1 Rydberg
ions. In Fig. 6 we show the Ba1 Rydberg signal, obtained
with several amplitudes of pulse, as the ns laser exciting
bound Rydberg states is scanned. In all cases the femto
ond laser wavelength was 830 nm and the pulse length
200 fs. It is not unexpected that as the ionizing pulse am

the
f
e
rm

FIG. 6. Variation Ba1 n8l 8 field-ionization signal arising from
different initial Ba 6snl states with the amplitude of the field
ionization pulse. The femtosecond laser wavelength was 830
The amplitudes of the field-ionization pulses used in each scan~to-
gether with the corresponding maximum effective principal qu
tum number,nII , of Ba1 Rydberg states which arises from a give
Ba Rydberg state! are as follows:~a! 44.4 kV/cm (nII515.5); ~b!
37.6 kV/cm (nII516.2); ~c! 32.5 kV/cm (nII516.8); ~d! 24.6
kV/cm (nII517.9); ~e! 19.5 kV/cm (nII519.1); ~f! 11.6 kV/cm
(nII521.7); ~g! 5.1 kV/cm (nII526.6); ~h! 2.5 kV/cm (nII

531.8); ~i! 1.2 kV/cm (nII538.3); thenII values are determined
from the amplitude of the field-ionization pulseE by E51/(2nII

4).
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tude is reduced the lowest bound Rydberg state leading
signal increases, and it is useful to represent these re
quantitatively. Each field-ionization pulse amplitude impli
the lowest Ba1 effective quantum number that can be io
ized. Thus if no Ba1 Rydberg signal is observed we kno
that any Ba1 Rydberg states produced have a lower effect
quantum number thannII51/(2E)1/4, whereE is the ampli-
tude of the ionizing field pulse. The bound Rydberg state
which the Ba1 Rydberg signal disappears definesnI , and the
values ofnI andnII and the rationII /nI are given in Table I.
Note that for highern statesnII /nI51.22, in reasonable
agreement with the values obtained in the earlier exp
ments. However, as the principal quantum number of
initial Rydberg state is reduced the ratio falls to 0.80, in
cating qualitatively different behavior.

C. Photoion Spectra

The data described above clearly show that Rydb
states of Ba1 are created from Rydberg states of Ba by inn
electron photoionization by the femtosecond laser, in
limit where the Kepler period of the outer electron is mu
greater than the laser pulse width. As the Kepler period
reduced to the laser pulse duration of 200 fs, we expecte
see Ba1 Rydberg states for initial Ba 6sndRydberg states o
nI as low as 11. However, we only see Ba1 Rydberg signals
for nI as low as 19. It is also clear from Table I that as t
principal quantum number of the initial Rydberg state is d
creased towardn520 that the resulting Ba1 Rydberg states
are, increasingly, more tightly bound than expected, rais
the possibility that the Ba1 Rydberg states are created, but
lower-lying states than expected, so that we are unabl
detect them by field ionization. Accordingly, we have us
an alternative method, observing the depletion of the B21

photoionization signal as the ns laser producing the bo
Rydberg states is scanned. Specifically, we observed the
havior of both the Ba1 and Ba21 photoionization signals a
the wavelength of the second nanosecond laser was sca
over the Ba Rydberg series.

The principle of this approach is easily understood
considering the effect of the femtosecond laser on the B1

and Ba21 signals as the wavelength of the second nanos
ond laser is scanned over the bound Rydberg states. For
n, the valence electron is far from the ionic core and pho
ionization of the Ba 6snl states by the femtosecond laser

TABLE I. Experimental determination of the effective quantu
number for the initial Ba Rydberg state (nI) and the highest fina
Ba1 Rydberg state which is formed by inner-electron photoioni
tion (nII).

Ba state nI nII nII /nI

6s34d 31.3 38.3 1.22
6s31d 28.3 31.8 1.12
6s29d 26.3 26.6 1.01
6s27d 24.3 21.7 0.88
6s25d 22.3 19.1 0.86
6s24d 21.3 17.9 0.84
6s23d 20.3 16.8 0.83
6s22d 19.3 15.5 0.80
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less likely than multiphoton ionization of the Ba 6s2 ground
state. Consequently, when the nanosecond dye lasers
tuned to a Rydberg state, there is a dip, or depletion, in
Ba1 signal since a significant fraction of the Ba atoms are
a Rydberg state, which has a lower probability of ionizi
than the atoms left in the ground state. On the other hand
n is decreased the single photon ionization rate of the R
berg state becomes larger than the multiphoton ioniza
rate of the ground-state atoms, the dips in the Ba1 signal
start to fill in, and eventually, for sufficiently lown, become
peaks in the photoion signal. In the case of the Ba21 photo-
ion signal, and for sufficiently highn, the femtosecond lase
ionizes the inner electron, leaving a Ba1 ion in a Rydberg
state. Since this species also has a low photoionization c
section, creation of this species manifests itself by a de
tion of the Ba21 photoion signal. When the dye lasers a
tuned to excite a low-lying Rydberg state, in which the ou
electron ionizes when irradiated by the femtosecond laser
depletion is apparent in the Ba21 signal. The dips in the Ba21

photoion signal are therefore a good signature of when
inner electron of the Ba 6snl state is ionizing in preference
to the outer electron. When only the femtosecond lase
used the Ba21 signal originates from multiphoton ionizatio
of Ba1, which is produced on the rising edge of the femt
second pulse. If the Ba atoms are first excited to a hig
Rydberg state the multiphoton ionization of the inner ele
tron is unchanged. If the outer electron remains on the at
the result is a Ba1 Rydberg state and a decrease in the Ba21

signal. Consequently, even if we are unable to detect
resulting Ba1 Rydberg state by field ionization, we are ab
to detect the production of Ba1 Rydberg states by observin
the decrease in the Ba21 signal.

In these experiments, only a small field is required to pu
the ions out of the interaction region toward the MCP. W
used either a 400-V/cm pulse from an SCR circuit, or a 3
V/cm pulse from a Hewlett-Packard pulse generator, wh
field ionized Ba 6snl states withn>30. Care had to be take
to ensure that there was no significant ionization of the R
dberg states by the nanosecond lasers, especially in the
of the data taken with the second harmonic of the Ti:sapp
laser, where it is possible for the fluence of the light from t
nanosecond dye laser to be comparable to that of the fem
second light at 415 nm. This problem becomes progressiv
worse at lowern, and we took care to attenuate the nanos
ond lasers until we could identify no photoionization, whic
we could attribute to the nanosecond lasers.

Examples of the Ba1 and Ba21 photoion spectra as a
function of the energy of the initial Ba 6snl state are shown
in Figs. 7 and 8. Figure 7 shows the Ba1 and Ba21 photoion
spectra when the Ti:sapphire fundamental at 830 nm is u
to photoionize the barium atoms, and Fig. 8 shows the c
responding spectra when the 415-nm light is used. In e
figure, the upper trace~a! is the Ba1 spectrum, while the
lower trace~b! is the Ba21 spectrum. The energy range of th
6snl states excited by the nanosecond lasers shown in F
7 and 8 is from 41 260 cm21 to 42 020 cm21, corresponding
to a range from just below the 6s15d 1D and 6s15d 3D
states, to just below the Ba ionization limit. In the Ba1 spec-
trum shown in Fig. 7~a!, the dips that occur when the oute
electron is shelved in a Rydberg state are clearly visible
high n, but asn is reduced they slowly decrease in depth a

-
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become peaks at lown. In Fig. 7~b!, the Ba21 spectrum is
shown; at the positions that correspond to the dips in the B1

spectrum in Fig. 7~a!, dips also appear in the Ba21 spectrum,
but where there are peaks in the Ba1 spectrum, the Ba21

spectrum is flat and featureless.~The changes in the back
ground levels of the Ba1 and Ba21 signals are due to ove
temperature changes.! The point at which the dips becom
peaks in the Ba1 spectrum, and the dips disappear in t
Ba21 spectrum appears to be around the 6s17d 1D state,
corresponding to an effective quantum number of the ou
electron ofnI'14. This value ofnI is substantially lower
than the value obtained from the field-ionization spectra
Fig. 4,nI519. Apparently inner-electron ionization and Ba1

Rydberg states production occurs, fornI as low as 14, but the
resulting Ba1 Rydberg states are more tightly bound th
expected, since the 50-kV/cm pulse can ionize Ba1 Rydberg
states ofnII515. However, we note that, even with this d
tection technique we do not see inner electron ionization
low as nI511, the 6s14d state as expected on the basis
the Kepler orbit time.

Also apparent in Figs. 7~a! and 7~b! @and in Figs. 8~a! and
8~b!# is an increase in both the Ba1 and Ba21 signals above
approximately the 6s35l states, which is due to~respec-
tively! field ionization of the Ba and Ba1 Rydberg state in
the '400-V/cm pulse we used to push out the ions tow
the MCP detector. Since the pulse had a slightly differ
amplitude in Figs. 7 and 8, the actual 6snl state that starts to

FIG. 7. Variation of~a! Ba1 and~b! Ba21 photoion yields with
the energy of the initial Ba 6snl state for the fundamental of th
Ti:sapphire laser system~830 nm!. The energy range of the initia
Ba Rydberg states excited is from 41 560 cm21 to 42 020 cm21,
i.e., from just below 6s15d up to the ionization limit. Breaks in the
data are due to each of these figures being comprised of data
different laser scans. Steps visible in~a! and ~b! near 41 600 and
41 750 cm21 are due to oven variations. The sudden rise in the B1

signal near 42 000 cm21 is caused by the onset of Ba Rydberg sta
field ionization in the 300-V/cm pulse used to push the photoi
toward the MCP.
r

f

s
f

d
t

field ionize is different in each figure, being slightly higher
Fig. 8. In addition, it can also be seen that the field-ionizat
signal of the Ba1 Rydberg states turns on much more slow
than that of the Ba Rydberg states. This effect is much m
evident in Fig. 8~b! than in Fig. 7~b!, since the ratio of Ba1

Rydberg states to Ba21 photoions is higher when the 415-nm
light is used, as can be seen by comparing Figs. 2~c! and
3~c!. The slower turn-on of the field-ionization signal from
the Ba1 Rydberg states arises from the fact that the proj
tion of the initial Ba Rydberg state onto the Ba1 Rydberg
state leads to a range of Ba1 Rydberg states when the inne
electron is photoionized.

Behavior similar to that of Fig. 7 is apparent in th
415-nm data, shown in Figs. 8~a! and 8~b!. Clearly, in Fig.
8~b!, the dips in the Ba21 spectrum disappear around th
6s18d 1D state, corresponding tonI'15. As in Fig. 7~b!
this spectrum shows evidence for inner electron ionizat
for lower nI than the field-ionization spectra of Fig. 4, b
not as low a value ofnI as expected from a comparison
the laser pulse width to the Kepler orbit time. The bet
signal-to-noise ratio of the Ba1 spectrum of Fig. 8~a!, as
compared to Fig. 7~a!, shows a more complex and rath
interesting behavior. The peaks start appearing for
6snd 1D states belown518; however, there are also pea
near the 6s26d 3D2 state and at the 6s37d state. On the
other hand, dips in the Ba1 photoion spectrum are still vis
ible for the 6snd 3D states at the lowestn investigated,
namely,n515, and also for the 6snsstates as low as 6s17s.

m

s

FIG. 8. Variation of~a! Ba1 and~b! Ba21 photoion yields with
the energy of the initial Ba 6snl state for the second harmonic o
the Ti:sapphire laser system~415 nm!. The energy range of the
initial Ba Rydberg states excited is from 41 560 to 42 020 cm21,
i.e., from just below 6s15d up to the ionization limit. Breaks in the
data are due to each of these figures being comprised of data
different laser scans. The sudden rise in the Ba1 and Ba21 signals
near 42 000 cm21 is caused by the onset of Ba and Ba1 Rydberg
state field ionization in the 300-V/cm pulse used to push the p
toions toward the MCP.
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Quite possibly the marked difference between the singlet
triplet nd states derives from the fact that the autoionizi
6p3/2nd states accessible from the 6snd 1D2 using 415-nm
light are wider than those accessible from the 6snd 3D2
states at the same wavelength@12#. Off-resonant excitation a
415 nm would be more likely to cause autoionization of t
singlet 6snd states than the triplet 6snd states. The
6s15d 3D state has an effective quantum number ofnI
'12 for the outer electron, while for the 6s17s state it is
nI'13. The Kepler orbital periods for these values ofnI are
262 and 333 fs, respectively, and the pulsewidth of our la
was approximately 200 fs. The peaks in the Ba1 spectrum
near the 6s27d 3D2 and 6s37d states occur because the
states have a significant component of different terms of
5d7d configuration in their wave functions. The 6s27d 3D2
state is approximately 25% 5d7d 1D2 in character, while
the 6snd states nearn535 have a significant percentage
5d7d 3P character@13#. These states photoionize~or au-
toionize! since the 5d7d wave function is localized much
closer to the nucleus than the Rydberg electron wave fu
tion in a 6snl state. On the other hand, there is a distin
behavior for the lower 6snl states. Peaks corresponding
the photoionization of the 6snd 1D states can be seen in th
Ba1 spectrum forn<18 (nI<15), whereas dips correspond
ing to the 6snd 3D and 6sns states are clearly appare
down to the lowest states investigated,n515 (nI512) for
the 6snd 3D states, andn517 (nI513) for the 6snsstates.
Clearly, the photoionization of the 6snd 3D and 6snsstates
is in agreement with the expected behavior when one c
pares the Kepler periods of these states with the pulse le
of the femtosecond laser. However, the 6snd 1D states seem
to ionize even when their Kepler periods are over twice
long as the pulse length.

IV. DISCUSSION

As we have already noted, with a 200-fs laser pulse
would expect to see inner electron ionization fornI as low as
11, whereas we actually observenI512 for the 6snd 3D
states, andnI513 for the 6sns states, giving reasonabl
agreement between experiment and theory. On the o
hand, there is significant disagreement between theory
experiment for the 6snd 1D states. This deviation from ou
expectation can be understood in the following way. For
intense short laser pulse the probability of the Rydbergnsor
nd electrons being ionized by the laser pulse is unity if t
electron comes within some small volume,;50a0

3 at the
ionic core. Thus for a pulse durationTL the probability of
ionization Pion , of a Rydberg electron is given by the fra
tion of the Kepler orbit timeTK represented by the lase
pulse durationTL . Thus forTK>TL

Pion5
TL

TK
. ~1!

The laser pulse durationTL corresponds to the Kepler orb
time for a value of the effective quantum numbernL defined
by TL52pnL

3, so we can rewritePion for a state with effec-
tive quantum numbernI.nL as
d

er

e

c-
t

-
th

s

e

er
nd

n

Pion5S nL

nI
D 3

. ~2!

The probability of the electron’s remaining bound is,
course,

Pb512S nL

nI
D 3

. ~3!

The probability of multiphoton ionization of the inner ele
tron should be independent of the state of the outer elect
and we therefore expect the fraction of bound 6sndRydberg
atoms which undergoes inner electron ionization to be p
portional toPb .

The best measure of inner electron ionization of t
6snd 1D states is the decrease in the Ba21 signal, and to
obtain a fractional yieldPb for each bound state we divid
the depth of the dip in the Ba21 signal of Fig. 8, the 415-nm
data, by the amplitude of the Ba field-ionization signal
Fig. 4~a!, a measure of the initial population in the Ba 6snd
states. ~The much poorer signal-to-noise ratio of th
6snd 3D and 6snsdips precluded our being able to analy
these states by the same method.! The resulting yields are
then multiplied by a normalization factor, which gives
yield of 0.8 atnI525, and the resulting normalized yields a
plotted in Fig. 9. Also plotted in Fig. 9 are graphs ofPb
using two values ofnL , 11 and 15, corresponding to las
pulse durations of 200 and 500 fs. The data match the
culated curve for a 500-fs pulse, but not the 200-fs pu
This discrepancy is presumably a manifestation of the n
resonant transition from the 6snd 1D states to the rapidly
autoionizing 6p3/2nd states at 415 nm.

FIG. 9. Plots of the experimental and theoretical values ofPb ,
the probability of the Ba 6snl Rydberg electron remaining bound a
a function of the Rydberg electron’s effective principal quantu
number,nI . The experimental data points, labeled~3!, are for the
6snd 1D states, and are obtained from the Ba21 photoionization
depletion data shown in Fig. 7~b!. The estimated uncertainty in th
values ofPb is 610%. Also shown are the values ofPb calculated
from the equationPb512(nL /nI)

3, for two cases:nL511, corre-
sponding toTL5200 fs ~ !, and nL515, corresponding to
TL5500 fs ~ !.
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A second clear difference between these experiments
the previous experiments occurs in the apparent distribu
of final Ba1 Rydberg states. We use the word apparen
reflect the fact that deriving ann distribution requires an
assumption about how field-ionization occurs. In the pre
ous experiments the authors assumed that the Ba1 Rydberg
states ionized classically in the field ionization pulse, at
field E51/(2nII

4). With this assumption they concluded th
the initial state of effective quantum numbernI led to values
of nII consistent with the projection of the neutral Ba Ry
berg state onto the Ba1 Rydberg states. The approxima
range wasnI,nII,&nI . The highest values ofnII were
1.32nI @6# and 1.4nI @7#. Using the same assumption of cla
sical field ionization to analyze our data we find the values
Table I. At highernII51.22nI , close to the value reported i
the previous work. However, asn is decreased we findnII
decreases to 0.80nI . It appears that asn is decreased progres
sively more of the highnII part of the expected distribution i
missing. Since the yield curves of Fig. 9 suggest that ther
the expected abrupt change in the yield atnI'nL , most
likely the final state distribution is not the one expected fo
projection, shown in Fig. 10~a! but more like the distribution
shown in Fig. 10~b!, i.e., the final-state distribution is mor
heavily weighted at lowernII , which have smaller orbita
radii. Since Table I contains values ofnII /nI,1 it is worth
bearing in mind that we have assumed field ionization
occur atE51/(2nII

4). In fact, if Ba1 Rydberg states ofm
.4 are made the ionization will occur at fields in excess
E51/2nII

4 and thenII values of Table I are too low.
The important point is that as the initial state is decrea

from nI532 to nI522 the final-state distribution change
dramatically. A projection corresponding to the instan
neous removal of the inner electron does not happen. W
we see is a reflection of the interaction between the
electrons in the finite time it takes the inner electron to
cape from the atom. That the removal of the electron app
instantaneous when the outer electron is in a highn but not a
low n state is not so surprising when one considers that
natural atomic time for the outer electron is the Kepler tim
TK , which is shorter for lown than for highn. Eichmann
et al. have studied inner-shell electron ionization starti
from high-l Sr 5d5/2nl states, and they have observed resu
similar to ours, i.e., that the outer electron is not simp
projected onto the Sr1 Rydberg states. They have, in add
tion, done classical calculations of the energy exchange
tween the two electrons during the ejection of the inner e
tron, and the results are consistent with both sets
experimental results and our comments above@14#.

V. CONCLUSIONS

We have investigated multiphoton ionization of Ba 6sns
and 6sndRydberg states by intense 200-fs laser pulses u
both infrared~830 nm! and blue~415 nm! wavelengths. Spe
cifically, we investigated the evolution of the photoionizati
process from inner electron ionization to Rydberg elect
ionization as a function of the effective principal quantu
nd
n
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number of the Ba 6snl state,nI , and as a function of the
laser pulse length,TL . In contrast to previous experiment
in which ps laser pulses were used, our results indicate
excitation of Ba1 Rydberg states and Ba21 photoions is rela-
tively insensitive to the femtosecond laser wavelength@6,7#.
Our results also imply that inner electron ionization giv
way to Rydberg electron ionization at a highernI than one
would expect from a comparison of the classical Kepler
riod, TK , with TL , at least for 6snd 1D states, though this
conclusion is less clear for 6snd 3D states. In addition, we
find that, as the Kepler orbital period of the Ba Rydbe
electron becomes comparable to this very small laser pu
width, the inner electron ionization process no longer a
pears to be instantaneous to the outer electron, and the o
electron is not projected onto Ba1 Rydberg states of effec
tive principal quantum numbernII wherenI,nII,&nI , but
rather onto a narrower range ofnII'nI .
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FIG. 10. Final Ba1 Rydberg state distributions when the Ba 6s
electron is photoionized by the femtosecond laser for different
tial values of the effective principal quantum number of the
6snl state,nI . ~a! shows the final-state distribution fornI.30, as
reported in Refs.@6# and@7#, and in general agreement with the da
shown in Fig. 6~i!. ~b! shows the final-state distribution fornI

<25, as inferred from the data in Figs. 6~a! through 6~d!.
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