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Inner-electron ionization of Sr 5s16 states
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We have measured the probability of inner-electron ionizafl&h) of Sr 55161 atoms when exposed to
intense 230-fs laser pulses. We find that the probability of IEI rises sharpty&tand is approximately equal
to one forl>5. Forl =5 the classical inner-turning point is atdg far greater than the size of the ‘Sronic
core, ruling out core penetration as the factor governing inner-electron ionization. For tpg365states of
I>5 the autoionization lifetime, which is due to the electrostatic interaction between two-valence electrons, is
greater than the Kepler orbit time. These comparisons suggest that both inner-electron ionization and autoion-
ization are governed by long-range electrostatic interactions.
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[. INTRODUCTION by Maedaet al. [3] has shown this picture to be basically
correct. When thad electron is far from the core, IEI occurs
Photoionization of multielectron atoms, even two-electronand Si* Rydberg states are produced, but whenrtdeslec-
atoms, is a problem of long-standing interest. If the initialtron is near the core it does not.
state is the ground state, there are two parts to the problem; it Although the wave-packet experiment shows that the
is not clear which electron acquires energy from the lighttime-domain picture is essentially correct, it is not com-
nor is it clear how the energy will be shared among thePletely so. At highn, with 5-ps pulses, whenr <7
electrons subsequent to the absorption of the light. If thedtapelfeldtet al. observed IEI[1], but with 200-fs pulses
initial state is an excited state, however, it is often true that'te and Gallagher only observed IEI from Bardl states
one electron plays a dominant role in the absorption of th&/hen 7 <27y [4], contrary to the observation of Stapelfeldt
photon, substantially simplifying the problem and allowing €t &l- Furthermore, in the wave-packet experiment by Maeda
us to unambiguously address the question of how the energﬁ} al. the observed final SrRydberg state distribution does

is partitioned subsequent to absorption of the light. ot match what would be expected if the Rydberg electron

An interesting excited-state photoionization process inere simply projected onto the Srfinal states. The final

two-valence-electron atoms is inner-electron ionizatid) states I?ri Io;\(er—lylng statt)es than ﬁxpec{fﬂd idered

of bound Rydberg statgd,2]. The essential idea is easily . In all the discussion above we have considered IE| start-
. g ing from states in which the Rydberg electron is in rach

understood using the Bas®d Rydberg states as an example.

orbit. However, if the outer Rydberg electron is in a high-

When Ba &ndRydberg atoms are exposed to intense, shortyng,jar-momentum state, so that it never comes near the

e.g., 5 ps in the experiments of Stapelfetdtal. [1], laser  jonic core, IEI would be possible even thoughs ry . In
pulses, the inner $core electron is ejected from the atom fact Rosenet al. observed IEI of states af ranging from
while the outemd Rydberg electron remains a spectator andps<n< 48 andl ~ 10 by single photon absorption when they
is projected onto Ba Rydberg states, the highest lying hav- exposed Sr nl atoms to nanosecond pulses ©650-nm
ing the same size as the orbit of the initizdréd Rydberg  |ight [5]. In this caser, ~2600r, . We can estimate the inner
state. This process is observed to occur only if the duratiopadial-turning pointr; for a Rydberg state, which has a van-
of the laser pulse is shorter than the classical Kepler orbit jshingly small binding energy, by equating the centrifugal

time, 7«=2mn® (a.u), of the Rydberg electrofil]. barrier to the coulomb potential, which yields
Why IEI occurs when it does, for, <7, was originally
explained using a time-domain picturg,2]. If 7 <7y, for ri=I1(1+1)/2, (D)

some of the 6nd atoms thend Rydberg electron does not

come near the ionic core during the laser pulse, and in thesa a.u.[6]. Forl =10 Eq.(1) gives a value of 5&,, wherea,
atoms the Rydberg electron remains a spectator while this the radius of first Bohr orbit, so tHe= 10 Rydberg elec-
inner 6s electron is ejected by multiphoton ionization. If the tron of the §nl atom never comes at all close to the ionic
6s electron is ejected suddenly compared to the orbit time otore, and the fact that, > 7 is therefore irrelevant. A sec-
the Rydberg electron, it is reasonable to suppose thatdhe ond interesting point about the experiment of Roseal. is
Rydberg electron is projected onto the B&ydberg states, that they excite the innerfSelectron to an energy just above
with the most probable principal quantum numbej  the SF* ionization limit, so that it does not leave the atom
=,2n, (wheren,=n). If, on the other hand, the Rydberg suddenly, and the inner electron is not projected onto tfe Sr
electron comes near the core during the laser pulse, the twRydberg states. Instead of observimg= /2n, they observed
electrons interact during the laser pulse, and it is likely than,~n,, which they attribute to long-range electrostatic in-
the loosely bound Rydberg electron will be ejected from theteraction between the two electrof.

atom, with the result that no BaRydberg states are formed.  The fact that IEI does occur froi=10 states with long
A recent experiment using a SsBd Rydberg wave packet laser pulses is not surprising, but it does raise the following
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E (eV) nique[7] to produce the Sr&l6l states. Specifically, using

/] “Field ionization” two 5-ns laser pulses we excite Sr atoms in an electric field

16.7 Sr2+ 4p® from the ground state to as&6k Stark state, wher& is the

sr Stark quantum number. The first dye laser drives the
5s? 1S,-5s5p 1P, transition ath;=460.9 nm[8], and the
second one drives thes5p!P;-5s16k transition at\,
~420 nm[9]. The electric field is turned off slowly, and the

A 5s16k state evolves adiabatically to the zero fiekllsl state

to which it is adiabatically connected. Once the atoms are in

the 5516 state we can ionize them in one of two ways. First,

we can drive the IEI transition by exposing the S186l

A atoms to an intense, 230-fs, 416-nm pulse. To detect that IEI

has occurred, we monitor the ‘SRydberg ions(which we

denote by St*) by field ionization. Second, we can drive
—A— the isolated-core excitatiodCE) [10] 5s16l-5p4,,16 tran-

116 651

8.6 5pys

5.7

A= ~416 nm

5516k /%‘

A, =~420 nm

Sr* 5s

5s16l
“Stark switching”

sition at 422 nm with a 230-fs laser pulse of reduced inten-
sity. In this case the resultingp,,161 atoms autoionize, pro-
ducing low-lying states of Sr. Since it is straightforward to
drive all atoms in the Sr&l6l state to the Sr p,,16 state,

we use ICE to determine the number of atoms in the initial
5s16l state. Irrespective of whether we are observing the IEI

signal or the ICE signal we collect our experimental data by
scanning the wavelength of the second dye laser, which
drives the $5p-5s16k transition and populates a specific
5s16 state, and recording either the ICE or the IEI signal.
By taking the ratio of the IEI signal to the ICE signal we
obtain the relative probability of IEI as a function bof

5s5p P, #
A, =460.9 nm

0 Sr 5g?

FIG. 1. Excitation and ionization scheme of Ss1®l |m|=1
states.

guestion: Does the outer electron need to penetrate the core
or merely come close enough for an electrostatic interaction
to suppress IEI? In other words, is this interaction respon- A resistively heated oven produces an effusive atomic
sible for the fact that IEI does not always occur fgr<7¢?  beam of Sr, which is collimated te-1 mm diameter and
To address these questions we have examined tiepen- passes between a pair of capacitor plafeandB in Fig. 2,
dence of IEI from Sr 5nl states. In the following sections separated by a distance of 2.1 mm, where the atomic beam is
we describe our experimental approach, our observationsfossed at nearly a right angle by three laser beams. The third
and the conclusions we draw from them. harmonic of a pulsed Nd:YAG laséwhere YAG represents
yttrium aluminum garnegtoperated at a 20-Hz repetition rate
is used to pump two dye lasers to excite stepwise Sr from the
5s? 1S, ground state to highly exciteds®6k Stark states, via
the 5s5p P, intermediate state in an external field of up to
The essence of our experiment is shown in the energyt250 V/cm, as shown by Fig. 1. The first dye laser, of the
level diagram of Fig. 1. We use the Stark-switching tech-standard Littman configuratiofl1], is operated at a wave-

B. Details

II. EXPERIMENT

A. General

| N
c
Sr+, Sr2+, Sr+* Pulsed voltage
B . . . .
? Stark pulse FIG. 2. Diagram of the interaction region and
Plates a timing sequence of electric fields applied to the
E |||. & 100 V/cm pulse platesA—E. See the text for details.
S |
D
% 250'0 ns s Laser pulses
c Pulsed
voltage
B Stark pulse
fs | I A Dye | I
s laser pulse 6o bear ye laser pulses
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- r - T 1 highestl =15 and the second highelst 14 states and from
a0k 1 the adiabatic conditioml\W/dt<AW?. We estimate the en-
[ 19p / ergy spacing of very high-states of then=16 manifold
F based on the assumption that quantum defects of such high-
F | states originate mainly from the adiabatic-dipole-core po-
-420 F larizability of the Si'5s core[7,14]. We estimate that the
[ fastest allowed slew rate near zero field is 50 Viesy/

S 516 which is higher than our experimental rate of 3 V/gi®/ The
g - Stark field is applied to the upper plaB whereas a small
N T ’ voltage is constantly applied to the lower pldtéo compen-
% sate for a small offset voltage of the Stark-switching device
5 and ensure that the IEI laser is fired at zero field. The re-
sidual electric field is estimated to be less than 50 mV/cm.

440 [ When the field reaches zero, the excited Sr atoms are in
the 5516l state and we further excite them by IEI or ICE. In
i IEI an intense, short laser pulse irradiates the &réb atoms
-450 F ] to multiphoton ionize the § core electron. This ionization

! laser pulse is obtained from a continuous-wave, self-mode-
0 200 400 600 800 1000 1200 Iockgq Ti:AI2Q3 laser which is amplified by a regenerative

amplifier running at a 20-Hz repetition rate to produce 2-mJ,

F (Vicm) 230-fs(FWHM) pulses at 832 nm. The output of the femto-

FIG. 3. Calculated Stark map of Sis8al|m|=1 states. Note S€cond laser system is frequency doubled by a 0.5-mm-long

that quantum defects of the states for4 are set to zero in this B-barium boratgType |) crystal to 416 nm, which is nearly
diagram. resonant with the Si5s,,,-5p4,, transition at 422 nn8], so

that it becomes possible to efficiently multiphoton ionize the

length of 460.9 nm, and has a linewidth of less tha@.66  inner electron and produce highly excited Rydberg ions,
cm™ L. The second dye laser is built in a dual grating LittmanSr™* [3]. We note that the laser wavelength of 416 nm is
configuration[12], and its typical linewidth is estimated to deliberately detuned from the SBs;,,-5p4,, core transition
be ~0.3 cm ! in the present experiment. The second lasemt 422 nm to avoid populating thepd6k states during the
is scanned in wavelength around 420 nm to excite indi-  Stark-switching time of-3.5 u s by an ICE from the §16k
vidual 5s16k Stark states from thessp 'P, state[9]. Both  states. If the wavelength is set to the resonance at 422 nm the
dye lasers have a pulse width e ns at FWHM(full width weak train of pulses leaking from the regenerative amplifier
at half-maximun. The polarizations of the two dye lasers drives the $16k-5p16k transition while the Stark-switching
are linear and perpendicular to each other, and the polarizdield is still present. The 416-nm light is focused by a
tion of the second laser is parallel to the external electric00-mm focal length lens, giving a peak intensity o
field in order to excitgm|=1 states, as the structure of the x 10*® W/cn?.
Stark map of|m|=1 states is much simpler than that of  Approximately 40 ns after the irradiation by the femtosec-
m|=0 states. Avoided crossings between thetate and ond laser pulse, a 30-V positive voltage pulse of 10-ns rise
other lowerl states make the Stark-switching technique moreime is applied to field platé in Fig. 2, providing approxi-
delicate forjm|=0 states. mately a 100-V/cm field to push the ions produced,

After excitation of the 516k Stark states of Sr in the Sr*,SP", and SF*, out of the interaction region between
external field, the field is reduced to zero slowly enough thatapacitor plate#\ and B through a grid in the center of the
the 5516k state passes adiabatically to s16l Rydberg state plateB into a second field region defined by platésndD,
in zero field. As can be seen in Fig. 3, a Stark map of the Swhich are separated by 10 mm. Note that the 100-V/cm field
5s16k |m|=1 manifold, there are only two avoided cross- is insufficient to field ionize the bound Sr Rydberg atoms.
ings below the field strengtk =1250 V/cm; one between After all ions produced have moved into the second field
the =15 andl =1 states aF~1070 V/cm, whose energy region, an adjustable pulsed positive volta@e-12 kV) of
separation is~0.5 cm'! and the second between the 500-ns rise time is applied to pla@and indirectly to plate
=14 and =1 states aF~1230 V/cmwithal cm!sepa- D, through the 25Q) resistor, so there is only a small field
ration. Hence we only need to pay close attention to controlapplied to the ions while they are between plaizandD.
ling the slew rate near zero field, where the Stark states ar€he primary purpose of the second field region is to keep the
most nearly degenerate. Following the method of Pruvos8r'* ions in a relatively low field during the 500-ns rise time
et al. [13], we first reduce the field strength by approxi- of the field-ionization pulse. These ions pass through the
mately 95% of its initial value in 1u s of switching time, aperture of plat® after a 450-ns flight time. Since plakeis
and then reduce the residual field to zero in the followinggrounded and is 4 mm from plate, the field in the third
~2.5 us to fulfill the adiabatic condition near zero field. region, between these plates, is up to 30 kV/cm. We estimate
The upper limit to the slew rate of this slowly relaxing field the minimum required threshold field for ionization of the
is determined from the energy spacidgV between the Sr'* ions using n,=,2n, and Fth=8/16nﬁ (a.u)
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(a) Const. field F=900 V/cm (a) Const. field F=1100 V/cm
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FIG. 4. Typical trace ofa) a field-ionization signal of the s 6k FIG. 5. Typical trace ofa) a field ionization signal of the &6k

Stark states excited in a constant 900-V/cm external filldau-  giark states excited in a constant 1100-V/cm external fieldau-
toionizing ICE signal of the p,;16 states excited from thesi8l  igjonizing ICE signal of the p,,,168 states excited from thes3él
states, which are populated using the Stark-switching techniqugtates, which are populated using the Stark-switching technigue,
and(c) IEI signal from the 516 Rydberg states populated by the anq(c) |E| signal from the 516 Rydberg states populated by the
same Stark-switching scheme applied to the ICE measurementgme Stark-switching scheme applied to the ICE measurement,
plotted ag_aln'st the wavelength, of the second dye_ laser. In all plotted against the wavelength, of the second dye laser. In all
cases excitation of thesi6k Stark states takes place in the external c5ses excitation of thesik Stark states takes place in the external
field of F=900 V/cm. Thin curves given irtb) and (c) are de-  fje|g of F=1100 V/cm. Thin curves given ifb) and (c) are de-
convoluted peak intensities of each of the states. convoluted peak intensities of each of the states.

%10. I|<(;//cm Ig the th(;rd ﬁ%d re%iorsl,sl* Rydbergl ions d states in then=16 manifold before Stark switching. Typical
are field ionized to produce St, and all ions are accelerated y.o-«q are shown in Figs. 4(eh

toyvard the micrpchannel plate detector. After the h[gh-field Finally, we also detect the IEI signal of Sr Rydberg states
third region the ions pass through an 80-mm-long, field-freg, ;14 field to measure the IEI probability of tisestate,

drift region. Strontium single ions, Sf ions, and field-  pecause in the experiments described above we focus on
ionized Si* reach the detector at different times and aremeasuring IEI probability of thém|=1 states. Note that the

. . o 1 _ : Polarizations of two dye lasers are not changed in the zero-
integrator, set its gate to the St time-of-flight (TOP) Sig-  fje|q measurements, i.e., they are still nominally perpendicu-
nal, and record the signal intensity as a function of the wavey,; ¢4 each other. However, the incomplete perpendicularity
length of the second dye lasksee Figs. 4-@)]. of the laser polarizations allows us to observe a small yet

_ To -obt.ain.the information of relative initial-state popula- measurable signal originating from teestate as well as the
tion distribution of the 516 state, we separately measure j3rge signal from thed state. In this case the initial-state

the ICE signal of each angular momentum state. To deteqfonjation is determined by field ionizing the Rydberg states
ICE signal we simply retune the femtosecond laser from 41

X k stead of detecting the ICE signal. We determine the relative
nm to 422 nm, which matches theSﬁs-Spl,z core transi- g} propability of thes state against the state in zero field,
tion. In addition, we use a combination ofA#2 plate and a and plot the results in Fig. 7 by normalizing the IEI prob-

polarizer to reduce the laser intensity to avoid any saturatioRyjity of d state obtained in the zero-field experiment to that
effects and multiphoton production of r. With this ap- obtained in the Stark-field experiment.

proach there is no sign of populating thpB5k states due to
the small leakage light from the regenerative amplifier, as
mentioned previously. The photoionization signal resulting
from autoionization of the final pl6l states is recorded As mentioned in the preceding section, we collect our
against the second dye-laser wavelength by setting a boxcdata by recording different signals as the wavelength of the
gate on the Sr TOF signal[see Figs. 4—@)]. Taking the second laser is scanned. Typical data are shown in Fig. 4,
ratio of the IEI signal intensity to that of the ICE signal gives taken with a field o =900 V/cm. In Fig. 4a) we show the

us the relative IEI probability of eachstate within then spectrum obtained with the electric field left on after the first
=16 manifold(see Fig. 7. It is also informative to record two dye-laser pulses and the excited atoms are field ionized
field-ionization spectra of thesi6k Rydberg Stark states in with a pulsed field applied after the laser pulses. In other
a constant electric field with no time delay after the secondvords, Fig. 4a) is the excitation spectrum of thesb6k
laser pulse to determine how many atoms we excite to th&tark states. Figure(d) shows the spectrum obtained when

Ill. OBSERVATIONS
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(a) Const. field F=1250 Viem | In Fig. 4(c), we show the spectrum obtained when the
femtosecond laser has the same deta.5 w s relative to
the second laser, as in Fighb4, but is tuned to 416 nm, with
a peak intensity of~2x10' W/cn?, so as to effect IEI.
Inspecting Figs. &) and 4c), we can see that fdr>5 the
IEI signal mirrors the population in thes®6 states when
the IEI pulse arrives, but for lowdrthe IEI signal is rela-
tively lower. The data shown in Fig. 4 are typical of the data
recorded with three different static fields Bf=900,1100,
and 1250 V/cm, as shown in Figs. 4, 5, and 6, respectively.
For each of the 5§16l states we have taken the ratio of the
areas of the signals shown in Figs. 4—6to determine the rela-
tive probability of IEI. For highl it would be reasonable to
consider that IEl occurs with 100% probability, and we
could therefore normalize the signals at high 1. In Fig. 7

lon signal (arb. units)

-4;30 -4'40 -4'30 -4'20 -410 we show the average IEI probability Yconstructed using
p all our data taken in this experiment. Figure 7 shows in a
Energy (cm') more quantitative way what is suggested by Figs. 4—6, that

FIG. 6. Typical trace ofa) a field-ionization signal of the &6k IEI becomes very probabl_e f¢p5_ .
Stark states excited in a constant 1250-V/cm external fie)dau- '.I'he. IEI §pec.tra shown n Figs. 4._6 were all taken W'th an
toionizing ICE signal of the B,,16 states excited from thesael  i0nization field in the third field region of 30 kv/cm. While
states, which are populated using the Stark-switching techniqué¥e did not make careful measurements of the field depen-
and(c) IEI signal from the 516 Rydberg states populated by the dence of the IEI signal, we observed that the onset of the IEI
same Stark-switching scheme applied to the ICE measuremengjgnal (10% of its maximum valyeoccurs at 10 kV/cm,
plotted against the wavelengity of the second dye laser. In all and it reaches a plateau at 20 kV/cm. Assuming adiabatic
cases excitation of thes36k Stark states takes place in the external jonization, these two fields imply that &n,<22. This
field of F=1250 V/cm. Thin curves given ifb) and(c) are de-  range of values is reasonable for projection of the initial
convoluted peak intensities of each of the states. Rydberg state onto the ionic Rydberg states. The IEI spectra
of Figs. 4—6, taken with an ionization field of 30 kV/cm,
the 900-V/cm electric field is switched off after the secondshow the entire IEI signal.
laser pulse and the femtosecond ICE laser pulse arrfi&$ In addition to the observations shown using the St&
u s after the second laser pulse, when the field has reachetlates we have used thesyl states as well and obtained
zero. This spectrum represents the population in t8#65  similar, but not as extensive, results. To demonstrate an in-
states~ 3.5 u s after excitation by the first and second laserterestingn scaling would necessitate using a large range of
pulses. In Fig. &) it is quite apparent that the population, values, at least five. Going to higherrequires better laser
which is transferred to low-states, is diminished, due to resolution and going to lowen requires switching much
radiative decay, relative to the population in the initially ex- higher fields, both of which present substantial technical ob-

cited 5s16k states shown in Fig.(4). stacles.
2.0 T T T T T T T T T T T T T T T T
10 T T T T T
215t . l l
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FIG. 7. Plots of the ratio of signal strengths of each angular

momentum states obtained in the IEI measurements to those ob- FIG. 8. Plots of the normalized autoionizing lifetime of the Sr
tained in ICE measurements. 5p,,16 state by then=16 Kepler periodry=0.623 psvsl.
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IV. INTERPRETATION samel at which IEI becomes important, but it seems more
likely that both autoionization and IEI are governed by long-
range electrostatic interactions. In other words, the outer
electron does not necessarily have to penetrate the core to
inhibit IEl. The long-range interaction of the two electrons
during the laser pulse can also lead to the ejection of the
eRydberg electron.

The data of Fig. 7 show clearly that IEl becomes quite
probable al =5, for which the classical inner-turning point
is 158, much smaller than the &5 inner-turning point of
the states studied by Rosenal.[5], but far larger than the
2.5a, radius of the St5s core. Consequently, it is evident
that the onset of IEI is not associated with penetration of th
ionic core by the Rydberg electron.

We next consider the suggestion of Rostral. of the

importance of electrostatic interactions. It is well known that  \ne have observed IEI visfor Sr 5516l atoms exposed to
electrostatic multipole interactions, primarily dipole and 5 230-fs laser pulse, and we have observed that the probabil-
quadrupole, are responsible for autoionization of High-ity of IE| is ~1 for I>5. Since this value of is approxi-
States, and that autoionization rates fall rapldly with increaSmate|y the value for which the autoionization decay time
ing | [10,15. Stated another way, the lifetimes of autoioniz- matches the Kepler period, we infer that the long-range elec-

ing states increase rapidly withIn Fig. 8 we plot the ratio  rostatic interaction between the two-valence electrons gov-
of the lifetime 7, of a Sr 54,16 state vs then=16 Kepler  erns whether or not IEI occurs.

period, 7¢=0.623 ps. The lifetimes are obtained from the
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V. SUMMARY
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