PHYSICAL REVIEW A, VOLUME 62, 033405
Short-pulse laser-induced stabilization of autoionizing states
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Atoms in doubly excited states above the first ionization limit can decay via autoionization in which an
electron is emitted leaving an ion, or by photoemission which leaves the atom in a singly excited state. In this
paper, it is demonstrated that interaction between the atoms and a laser pulse that is short compared to the
autoionization lifetime can lead to large enhancement of the photoemission process by stimulating the atoms to
emit a photon. Since the resultant singly excited atoms do not autoionize, this process can be viewed as an
enhancement of the stabilization of the doubly excited atoms against autoionization. A simple theoretical
model is outlined that shows good agreement with the experimental results.

PACS numbd(s): 42.50.Hz

[. INTRODUCTION In a previous work, we have shown that the application of
a pulsed laser field to stimulate the core electron back to a
The use of the isolated core excitatiph] technique to  singly excited stable configuration enhances the fluorescence
study the complex spectra of many doubly excited state®ranching ratig13]. The presence of a pulsed laser field did
above the first ionization limit has been proven to be a valuhot change the nature of the doubly excited states, as in the
able tool(a few examples can be found in Ref@-5]). In case of the previously described experiments, but simply in-
this method, one of the ground-state electrons is opticallreased the photoemission rate. In the previous experiment,
excited to a high-lying Rydberg state, thus isolating the Ry-We investigated the case in which the laser pulse was long
dberg electron from the core. After some time, the Second:omparEd to the autoionization lifetime but short relative to
electron or “core electron” is 0pt|ca||y excited, producing the fluorescence lifetime. In this time domain, the results
the doubly excited state. If the combined energies of boti¢ould be accurately modeled using simple rate equations.
electrons is above the first ionization limit, then a collision  In the present experiment, it will be shown that the appli-
between these two electrons can lead to an autoionizatiof@tion of a short laser puldghorter than the autoionization
event. In this case, one electron is ejected and the atom is Idftetime) will greatly increase the stabilization of the doubly
in an ionic state. In addition to autoionization, doubly excitedexcited states.
states above the first ionization limit can also decay through
fluorescence; in this case the core electron emits a photon Il. THEORY

that brings the total energy of the atom below the first ion- ) )
ization limit, thus stabilizing the atom. The percentage of FOr an atom prepared in a doubly excited state above the
atoms that is stabilized can be calculated using the fluoredirst ionization limit, the fraction of atoms th_at are stablllzec_i
cence branching ratio, which is simply the ratio of the fluo-through fluorescence decay can be determined by calculating
rescence rate to the total decay rate out of the doubly excitedi€ fluorescence branching ratio given by
states.

Recently, a few experiments have been performed in B(n)= R 1)
which the recombination between ejected electrons and ions Ri+ Ra(n)’
through an autoionizing stata process referred to as dielec-
tronic recombinatiori6,7]) were probed in cases when the whereRy is the fluorescence rat®,(n) is the autoioniza-
atom was subjected to a small static electric fi@®]. The tion rate, andh is the principle quantum number of the Ry-
application of the static electric field induced angular mo-dberg electron. As an example, consider thgndl doubly
mentum mixing for the high-lying Rydberg electron. As a excited states of calcium in a zero electric field, where
result, the autoionization rate of the doubly excited statesepresents the total angular momentum of the ionic electron.
was decreased. On the other hand, the electric field had nbhe fluorescence rate is equal to the fluorescence rate of the
effect on the photoemission rate that was determined by thép; ionic state and is independent of The autoionization
fluorescence rate of the core electron. As a result, the fluoate, on the other hand, scalesras’. In the presence of a
rescence branching ratio was increased. In a more recenstatic electric field sufficiently strong to form Stark states,
experiment, the effect of a combination of electric and mag+the fluorescence rate is unchanged but the autoionization rate
netic fields on the fluorescence branching ratio was measurestales a: . In both cases, the branching ratio approaches
[10-12. The application of the magnetic-field-induced mix- unity for large values of.
ing of the different azimuthal angular momentum compo- The branching ratio defined in E@l) is independent of
nents, which resulted in a further enhancement in the fluothe time scale over which the autoionizing states were pro-
rescence branching ratio for the case when the magnetic fielduced. In the case when a laser pulse is used to stimulate the
was perpendicular to the electric field. emission of a photon, the stabilization process is strongly
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dependent on the temporal parameters of the exciting and 10 —
stabilizing laserg13]. To understand the effect of a short- §
pulse laser(short relative to the autoionization lifetimen 1 ap,,nd
the enhancement of the fluorescence branching ratio, con-
sider the case when a calcium atom in a high Rydberg state 393.7 nm 397 nm
4s20d is exposed to a short-pulse laser tuned to excite the i (500 fsec) (500 fsec)
core electron from the gt4p5,,. In calcium, the 45,20d i
doubly excited state is energy degenerate with a few
4p4on'd states(n’ ranging between 35 and #and several
continuum states. In other words, the true eigenstate of the
system in this energy range is a superposition of all these
states. Since the excitation with the short pulse happens rap-
idly, the Rydberg electron does not have enough time to .
react to the changes that happened to the core electron { 4s4p'P,
[14,15. So, immediately after the laser excitation, the atom T
is in a pure 43,20d state. This state is not an energy eigen- 2
state of the atom but a nonstationary two-electron wave 422 nm
packet. A short time after the laser excitation, the interaction (3 nsec)
between the core electron and the Rydberg electron will
spread the population among all the degenerate bound and
unbound states. The population that ends up in the unbound FIG. 1. Excitation diagram for calcium used in the experiment.
states is lost via autoionization. But the population that goeghe first nanosecond dye laser excites tis %5, ground state to
into the bound $,,,n’d states can be stabilized using a sec-the 4s4p P,. About 4 nsec later, a 500-fsec laser pulse promotes
ond short-pulse laser that is tuned to th@ 4 4s ionic reso-  the atoms via a two-photon resonant transition to a pyrg.Ad
nance, which stimulates the atom back to the singly excitedoubly excited state, where= 20, 21, and 22. A second 500-fsec
energy configuration. laser short pulse was then used to drive the transition from the
For a sufficiently short laser pulse, very few atoms in the4p12n'd states to the gn’d states.
4pqon'd states have enough time to autoionize during the
stimulated emission process. As a result, the total number of .. P+B(n")(1-P)
atoms in the $,,,n’d states that are stabilized can be written S(n") = B(n')
as

4pon'd

_ Ca*
4smd 'D,

| H!l:

i 393.7 nm
4 (500 fsec)

Energy (eV)

0 a’'s, ——

()

The enhancement fact&(n’) is a function of the principle
N, =NoP+Ny(1—P)B(n’), ) gquantum numb_err_(’). Thus the enhancement as a fynctio_n
of n’ or the binding energy can be calculated using this
equation. The parametéP) depends on the second short-
whereNy is the initial number of atoms in thepd,,n'd state,  pulse laser intensity and on the spatial overlap between this
P is the percentage of atoms that are stimulated from théaser and the other two lasers; thus for this simple mdeel,
4p,on'd doubly excited states to thesé’'d singly excited s a fitting parameter.
states using the second short-pulse laser, Bfid) is the

branching ratio defined in Ed1). If no laser was_gppligd,_ IIl. EXPERIMENTAL SETUP
P=0 and the percentage of atoms that are stabilized is just
the fluorescence branching ratio defined in Eg. The first Ground-state (4? 'S,) calcium atoms in a thermal

term in Eq.(2) is the number of atoms that are stabilized atomic beam were excited to thes4p P, excited state
using the short-pulse laser; this process happens on a timusing a nanosecond dye laser as shown in Fig. 1. The dye
scale that is very short relative to any other process in théaser used in the excitation was pumped by the third har-
atom (fluorescence or autoionizatiprirhe number of atoms monic of a pulsed Nd:YAGyttrium aluminum garnetlaser.

that are left in the #,,,n'd states are nomy(1—P); the  Approximately 4 nsec after the excitation, a 500-fsec laser
percentage of these atoms that will be stabilized througlipulse was used to excite thep 4lectron to a high Rydberg
fluorescence is simply given by the fluorescence branchingtate. Due to the large bandwidth of the short-pulse 1&&@r
ratio defined in Eq(1). Under saturation condition, in the cm 1), the state of the atom was not a single Rydberg state
case of high laser intensity, the possibility of redistributionbut a coherent superposition of several Rydberg statase

of population among tha’ states could lead to further com- packej. For the case when the laser central wavelength was
plications in Eq.(2). In the present case, this possibility is tuned to 393.7 nm, the wave packet was composed of three
not considered. Direct excitation and stimulated emission®ydberg states with principle quantum numler 20, 21,

by the Rydberg laser could also produce higlRydberg and 22. In calcium, thegt4p,,, ionic resonance wavelength
electrons. However, this process is extremely weak comis 393.5 nm. The spectral width of the short-pulse laser was
pared to the core transitions and is neglected here. Thus tHarge enough to include this resonant wavelength so that at-
enhancement factor in the stabilization process due to thems excited to a Rydberg wave packet could also be pro-
application of the second short pulse laser is given by moted to the $,,,nd doubly excited states. These states are
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not energy eigenstates of the atom, but form a nonstationary Principal Quantum Number
two-electron wave packet. A short time after the short-pulse 60 50 40
laser excitation, some electrons will evolve into the degener- T T 'l' TTTT I(a)'
ate bound #,,n’d states. These electrons can be stabilized ]
using a second 500-fsec laser pulse that is tuned to the
4pq-4s ionic resonance Neenira= 397 NM) that stimulates
the atoms back to a singly excited stable configuration. The
atoms in these states live for a long tiffie10 useo, which
allows a selective field-ionization measurement to be made.
The short laser pulses were produced using a self mode-
locked Ti:sapphire laser that produced about 100-fsec laser-
pulse widths, with a repetition rate at 100 MHz. These short
pulses were amplified using regenerative amplification which
produced energies in excess of 3 mJ with a repetition rate of
20 Hz. The full width at half maximum of the amplified short
pulse laser was about 160 chwith a central wavelength at
790 nm. With this much spectral width, it was possible to
produce both the core laser wavelengths from a single laser
beam simply by splitting the beam into two parts and using
two separate 1.2-cm KDP doubling crystals, with each tuned
to the proper core laser wavelength. By doing so, we were
assured of almost zero temporal jitter between the two short

pulses. Each of the laser beams h"?‘d_a variable optical pagpuown. In(a)—(c), the laser tuning was chosen to maximize the
length that allowed an accurate timing of the two Iqserpopulation in one of the three possible Rydberg states20, 21,
pulses. The KDJ? doubling crystal limits the pulse bandwidthypg 25 respectively. The large signal at about 50 nsec represents
to about 30 cm”, which corresponds to a minimum pulse the autoionization signal. The ramped electric field was applied
duration of about 500 fsec. The actual pulse length is slightly_100 nsec after the short-pulse laser was fired and had a rise time
larger due to group velocity dispersion in the KDP crystal. of 1 usec that produced the time-resolved Rydberg signal seen in
The calcium atoms were prepared using a resistivelya)—(c). The beginning of the ramp is marked on the figure by the
heated stainless steel oven with a 1-mm hole on the sideolid vertical line. The bold signal is the population in then4d
Atoms leaving the oven were crossed at a right angle withstates when the second short pulse was applied. The light signal
the laser beams in the interaction region. A pair of capacitorepresents the population that was stabilized when the second short
plates were located above and below the interaction regiomulse was blocked. The vertical dashed line represents the limit at
with the bottom plate connected to a negative ramped eleswhich the field-ionization method can resolve individual Rydberg
tric field, which was used to field ionize the stabilized Ryd- states.
berg atoms. The top capacitor plate had a 1-cm hole with a
copper mesh to allow the ionized electrons to reach a multithe atoms to evolve from the initial p4,nd state to the
channel plate detector, which was located above the interagp,,,n’'d states.
tion region. The ramped voltage on the bottom capacitor
plate was applied at about 100 nsec from the firing of the
short-pulse laser. The electric fiekthat is required to field
ionize a state with principle quantum numb€rcan be cal- Figure 2 represents the field-ionization signal versus time
culated usingE=51.3x10°/[16(n")*] (V/cm). For the case for three different tunings of the first short pulse. The large
when a ramped electric fiel#(t) was used, the atom was signal at about 50 nsec in Figga2-2(c) represents the auto-
subjected to an increasing electric field value. As a resultionization signal. The ramped electric field was applied
states with larger principle quantum number will field ~100 nsec after the short-pulse laser was fired. The tunings
ionize earlier in time than states with smali€rvalues. This in Figs. 2a)—2(c) were chosen to maximize the population in
technique allowed the measurement of the population distriene of the three possible Rydberg states,20, 21, and 22,
bution in the finaln’ states to be made. respectively. In each of the tuning positions, the timing of
The experiment consisted of tuning the central wavethe second short pulse was adjusted to maximize the stabi-
length of the first short pulse to several different tunings nealized signal. The bold signal in Figs(80—2(c) represents the
the 4s-4p3, ionic resonance. In each tuning, the timing of stabilization signal when all three pulses were used in the
the second short pulse was adjusted to maximize the stabéxperiment. The light curves in Figs(&—2(c) represent the
lizing signal. The enhancement in the stabilization of thestabilization signal when the second short pulse was blocked.
autoionizing states was measured by comparing the findfrom the data in Fig. 2, it can be seen that a large enhance-
4sn’'d population for data taken with and without the secondment in the stabilization process was achieved when the sec-
short pulse. Maximum enhancement of the stabilization sigend short pulse was used. To measure the enhancement fac-
nal was achieved with a time delay of approximately 2 psedor due to the application of the second short pulse, the area
between the two short pulses. This delay was sufficient founder the curve for each tuning position was calcu-
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FIG. 2. The field-ionization signal of the finals#’d states is

IV. RESULTS AND DISCUSSIONS
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40 — e the interaction region during the experiment. This static elec-
\\ P 1 tric field could have been produced by stray fields from the
\ 4 1 capacitor plates. Fon states belown=50, the static field
N 1 was not sufficient to produce complete mixing of the angular
h . momentum states and the data shows the beginning of a shift
1 to the field free values of enhancement. The fluorescent rate
used in the calculation was 3.880 °a.u.[17], the scaled
autoionization rate(multiplied by n®) for the calculation
when no static electric field was applied was 0.1 a.u., and the
scaled autoionization raténultiplied by n%) for the case
when a small static electric field applied was 0.3 a.u. Both
autoionization rates were estimated using RE8s18|. The
parametel in Eq. (3) was found to be about 0.25, suggest-
FIG. 3. The enhancement factor in the stabilization of the douiNg that 25% of the population was stabilized, which pro-
bly excited states versus the final Rydberg state principle quanturuced very large enhancement factors. This shows that with-
number @') due to the application of the second short laser pulse i®ut the stabilizing laser, very little of the population would
shown. The dashed curve represents our theoretical calculation fére stabilized.
the case when no static electric field was present in the interaction In this experiment, it was not possible to start from any
region. The solid curve represents the calculation when a smalbwer initial Rydberg stater(), the reason being that the
static field(~5 V/cm) was present in the interaction region. purely fluorescent signal was sufficiently small that an accu-
rate measurement could not be made. Also, it was not pos-
lated. The ratio between the area with the second short pulsble to use simple rate equations out-lined in R&8] to
to the area without the second short pulse is a measure of ttigodel the experimental results, this was due to the fact that
enhancement factor in the stabilization process. From th&imple rate equations predict a simple exponential decay of
data in Fig. 2, it can be seen that the field-ionization methodhe autoionizing states, which was only true for laser pulses
can resolve individual Rydberg states for<43 (marked by  long relative to the autoionization life time. In the short pulse
the vertical dashed lingas a result, the area under eachcase the decay of the autoionizing states was not a simple
Rydberg state was measured, but for higher Rydberg stat@xponential decay as shown in Refd6,19-21. On the
we could not resolve individual states and for that reason thether hand, it was possible to use rate equations to find the
area under the whole signal was divided into a discreet set dfmit at which the enhancement factor would level off. This
regions and the enhancement in each region was measurelinit corresponds to the case when the short pulse was no
Figure 3 represents the enhancement factor versus tHenger considered short relative to the autoionization life-
principle quantum number of the final Rydberg state$) ( time. From the calculation outlined in RgfL3], we found
when the second short pulse was applied. As expected, vefpat the limit at which rate equations can be used was about
large enhancement factors were achieved, especially for tH¢' =12, and the maximum enhancement factor that can be
low-lying Rydberg states. This was primarily due to the factachieved using a 500-fsec laser pulse was about 88 at
that very few autoionization events occurred during the exn’ =6.
citation and stabilization process. The sharp increase in the
enhancement factor as was reduced was due to the fact
that the autoionization lifetime decreases very sharplg’as V. CONCLUSION
decreases, so without the stabilizing laser most of the elec-
trons autoionize before having a chance to fluoresce. As E
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We have shown that using a short-pulse laser to excite
nd stimulate a doubly excited state, it was possible to

result, very little population was detected in the absence o chieve very large enhancement factors in the stabilization

the second short-pulse laser. In a previous experiment, w, rocess. A simple theoretical model was presented that
have s’hown that the percentage of .electron.s ”‘"’?t reached t ﬁowed.relatively good agreement with our experimental re-
4p;pn'd states af_ter the atom bemg_ .e.XC'ted in the PU€syits. Even though in this experiment we could not start from
4pgond state was independent of the initial Rydberg state lower initial Rydberg staten), we have shown that by
over the same range at which this experiment was performe bing so, a much larger enhanc’ement factor was expected to
[16]. The percentage of the population was calculated to b%e pI’OdliJCGd simply because the atoms have very little
about 60%. As a result, it was possible to calculate the eNzhance to fluoresce on their own

hancement factor for each tuning position of the first short '
pulse in Fig. 2 and then average the results to get the overall
enhancement factor shown in Fig. 3.

The dashed and solid lines in Fig. 3 are the calculations
using Eq.(3) with the autoionization rate scaled as® and The authors would like to thank Robert R. Jones from the
n—4, respectively. From the results, we can see that the thedniversity of Virginia, for the numerous helpful discussions
oretical calculation for the case when usimg* autoioniza-  about setting up the short-pulse laser system. This work was
tion scaling gives a much better fit to the data. This resulsupported by the National Science Foundati@rant No.
suggests that a static electric figld5 V/cm) was present in 9722561 and by the University of Missouri Research Board.
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