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Adiabatic stabilization: Observation of the surviving population
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Photoionization of the circularpRydberg state in neon by an intense subpicosecond light pulse is studied.
Both the photoionization yield and the remaining population are measured. We find that the photoionization
yield does not increase when the pulse peak intensity is increased above 60 ¥ \&ichihat a large fraction
of the population remains in thegbstate instead. These results are consistent with predictions for adiabatic
stabilization. The measurements are done using a sequence of three laser pulses. The first laser pulse excites the
circular &g state from the neon ground state, the second pulse is the intense light pulse that leads to the
ionization (or lack thereof due to stabilizatiprwe actually study, and the third pulse is a low-intensity
high-fluence pulse ionizing all of the remaining Hopulation. The photoionization yields of these three pulses
are detected and separated by electron spectrosE®p§50-2947@7)04001-9

PACS numbd(s): 32.80.Rm, 42.50.Hz

[. INTRODUCTION tion signal was due to population remaining behind in the
5g state, and thus strongly indicated stabilization of this
The advent of intense light sources in the past decades hagate. To rigorously rule out alternative explanations, such as
made it possible to study photoionization of atoms in situa{Raman transitions to long-lifetime states that could act as
tions where the light field is no longer a small perturbation.population traps, or ionization as some bro@hd hence
Theoretical investigations of such cases have led to the presasily unnoticefl feature in the electron spectrum, we here
diction of a number of interesting deviations from conven-extend the experimental study of the system used in Refs.
tional perturbation theorysee Ref[1] for a review of the [10,11]. We do this by not only measuring the photoioniza-
theory of atoms in intense laser fieJdOne of the most tion yield from an intense laser pulse, but also the population
spectacular of such deviations, first predicted by Pont anthat is left in the bound states after this pulse. The latter
co-workerg 2,3], is now known asdiabatic stabilization|t population is measured by adding a third, long low-intensity
was found that for a sufficiently high-intensity, high- laser pulse arriving after the two light pulses mentioned
frequency field, the ionization ratiecreasesvith increasing  above. This third laser pulse photoionizes all of the popula-
intensity. Subsequent calculations confirmed this effection remaining in theng Rydberg stategamongst which the
[4-6], and showed that adiabatic stabilization can occur uninitial 5g state after the second laser pulse, and the resulting
der experimentally realizable circumstances, if circular Ryd-photoelectrongwhich are easily identified in the electron
berg states are used as initial stdtés9|. spectrum are a measure for this population. Thus the present
The first experimental evidence for this phenomenon wagxperiment shows extra evidence of, and gives more infor-
reported by de Boeet al.[10,11. In these experiments the mation on, the process of adiabatic stabilization.
5¢ circular Rydberg state in neon was prepared using a 1-ps, It is worth noting that several other mechanisms of stabi-
286-nm wavelength, circularly polarized laser pulse, and thdization have been proposed in addition to adiabatic stabili-
photoionization yield due to a second, 620-nm laser pulse afation, that also would lead to suppression of the ionization
either 100-fs or 1-ps duration was studied. It was found thasignal (see, e.g., Ref.12] for a comprehensive discussjon
the ionization signal due to an inten§E00-f9 pulse satu- Some of those, such as transi¢h8] and interferenc¢14]
rated in this experiment at a value significantly smaller tharstabilization, specifically operate for manifolds of closely
the initial population of the state. A lower limit for this latter spaced levels, while others, such as channel closure due to
population was determined from the ionization by a longerStark shifts[15] are more generally applicable. Since we
less intensg1-pg pulse. The fact that the photoionization performed our experiment on a Rydberg state, one might
yield due to these pulsexf the same fluencdiffers, clearly legitimately wonder why we interpret our results in terms of
demonstrates nonperturbative behavior, at an intensity wheidiabatic stabilization only. Much information can be de-
the calculation$9] predicted stabilization. rived from our measured electron spectra other than merely
Since the experiment by de Boet al. did not reveal the the amount of ionization and remaining ground-state popula-
appearance of any new ionization signal in the electron spedion, however. In Sec. V we will discuss how this informa-
trum from the short pulse as compared to the long pulse, ition can be used to rule out other forms of stabilization.
was concluded that the decrease of the single-photon ioniza- In the following sections, we will give a brief summary of
the theory of adiabatic stabilization, describe the experimen-
tal setup, and discuss the results of the experiments. The
*Present address: Huygens Laboratory, Leiden University, P.ocentral result of this paper is shown in Fig. 8, and is dis-

Box 9504, 2300 RA Leiden, The Netherlands. cussed in Sec. IV C. In Fig. 8 it can be clearly seen that the
"Present address: Department of Applied Optics, Twente UniverNe 5g state exhibits stabilization, strongly supporting the
sity, P.O. Box 217, 7500 Enschede, The Netherlands. claim by de Boert al.
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Il. THEORY average distance of the electron to the core will increase, and
the time spent near the core will decrease. Thus the average

the light can usually be treated as a small perturbation. If théorc;? ?}f t.he core on the elec.tr.on \llvdllecrease{vith increra&
state can be one photon ionized by the light field, this result§'9 "9 t |nte_nS|ty. For a .sufﬁ.me.nt y large quiver amp 't.Ude’
in the well-known Fermi's golden ruléFGR) [16]. The this results in a decreasing ionization yield as a function of

photoionization rate is then determined by the cross sectioffSer intensity3]. It can be incorporated into E¢l) as an
o, given by (in atomic unitg Ionization cross section that is a function of intendityde-

creasing more rapidly thanllabove some critical intensity.
o=2m|(i|VI)Pp(Es), (1) This is th_e effe_ct I_<nown as adiabatic stabilization, since
when the intensity is increased from zero, the unperturbed
whereV is the perturbation operator (for the case of an atomic state adiabatically evolves to the strongly perturbed
electric dipole transition, in the Coulomb gaigeand State at high intensities, which is again stable. Note that in
p(E;) is the density of final statd$) at the final-state energy this process, the decay ratg1)! will go through a maxi-
E;. The ionization rate igrl, wherel is the intensity of the ~mum{[or, equivalently, the lifetime /(1)1 will go through a
light. Sincec is independent of, the final populatiorp; in ~ Minimum, known as “Death Valley'{10,11]. Thus in an

When a bound atomic stafi is subjected to a light field,

|i) after a light pulse with fluenc= fdt I(t) is experiment, where the high intensities needed can only be
reached in a pulsed laser field, the pulse rise time needs to be
pi=e °F, 2) shorter than the minimum lifetimg.e., in Death Valley, but

at the same time sufficiently long so that nonadiabatic effects

where the initial population has been normalized to unity.are negligible.
Note that, according to FGR, the ionization yield does not The original calculations were done for the ground state
depend on the details of the shape of the light pulse, but onlgf atomic hydrogen. The above restrictions, however, require
on the total fluence contained in it. a light source far beyond current experimental possibilities in

Strong deviations from FGR can occur in a number ofthis case fw>13.6 eV, 1>10" W/cm?, pulse rise time
situations, e.g., when the pulse duration is shorter than thet10 fs). Subsequently8,9], it was realized that the use of
typical response time of the atomic stafes], when the co- excited states could significantly relax these requirements,
herence of several atomic initial states is impor{dt,17], and a recent experimeft0,11] indeed showed evidence of
in the presence of resonandes,19, when the final-state adiabatic stabilization, for the circulargbRydberg state in
continuum has structur@.g. an autoionizing stat¢20], or  neon, using an intense subpicosecond light pulsearly
when multiphoton transitions are importd@tl]. These non- polarized. Due to its high angular momentum this state
perturbative effects all have in common that they are causeblardly penetrates the atomic core, and is nearly identical to
by a structure that was already present in the unperturbetihe circular & state in atomic hydrogen, and the results of
atom. In contrast, the effect that is now known as adiabatithe experiments agreed with calculations on this state in hy-
stabilization, which was first discussed by Pattal. [2], drogen[9]. The motivation for the choice of this particular
deals with a complete restructuring of an atom by a strongstate was discussed extensively in Ré&fl]. We only sum-
high-frequency light field. Although the actual calculation of marize the general advantages of circular Rydberg states
the restructured atomic states requires significant computdaere.
tional power, the physical mechanisms behind this effect can Due to the weak binding energy (b2 for principal
be understood qualitatively fairly easily, as will now be dis- quantum numben) the high-frequency condition is already
cussedsee also Refl22]). met at optical frequencies. More importantly, for the proper

A free electron in a light field will be driven in an oscil- orientation of the quantization axis of the stgtdong the
latory motion by the electric-field component of the light polarization direction of the lightho lower-energy states are
(neglecting relativistic effects, in which the magnetic-field accessible by electric dipole transitions. The circular Ryd-
component becomes important as wellhe amplitudex of berg state ham=1=n—1, wherel is the quantum number
this quiver motion is given, in atomic units, by,  of the orbital angular momentum, analits projection along
=w 2\, wherew is the frequency of the light. the quantization axis. This is the lowest-energy state with

The behavior of a bound electron will be very similar to that particulam, and the linearly polarized light only causes
that of a free electron if the oscillation period of the light is transitions with the selection ruldm=0, so that only
much shorter than the time scale on which the electrorigher-energy states are coupled, and the high-frequency
moves around in its orbitthe so called high-frequency con- condition will remain satisfied. Furthermore, circular Ryd-
dition). In other words, if the frequency of the light is high berg states have very low probability density near the core,
compared to the relevant energy in the atomic state, the eleso that their perturbative photoionization cross sections are
tron will be driven in a rapid quiver motion, superimposed quite low, which is favorable for an increased minimum life
on the original orbit. For small oscillation amplitudes, this istime (in Death Valley. Thus it is possible to reach the sta-
only a weak perturbation of the atomic structure. The prob-bilization regime with a reasonable pulse rise tif@60 f9.

ability of an inelastic collision with the atomic cofieading Finally, since photoionization at optical frequencies takes
to photoionizatioh increases with increasing quiver ampli- place within a range of~6 a.u. of the cord23], and the
tude, in accordance with FGR. circular Rydberg-state wave functions have a small spatial

For oscillation amplitudes that are much larger than theextent in the polarization direction, especially near the core,
size of the initial (unperturbed state, however, this is no quiver amplitudes of a few atomic units will already decrease
longer true. As a result of the large quiver amplitude thethe electron density there, reducing the ionization rate.
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(a) preparation (b) main (©) probe pulse with respect to the preparation pulse is adjustable with
A=286 nm (UV) 2=620 nm {red) A=532 nm (green) subpicosecond precisidnsing an optical delayand may be
=1 ps =90 fs =5 ns negative(corresponding to the main pulse arrivibgforethe
preparation pulse
. During the delay time the orientation of thg State will
d

netic field in the electron spectrometer at the laser focus.
This precession is used to align the angular-momentum axis
of the circular state from its creation orientation pointing in
the propagation direction, into a direction along tekectric-
field) polarization vector of the main pulse, both of which are
orthogonal to the magnetic field. In this way, the preparation
Ne, (2p)° and main pulse can be collinear, a necessary condition for
the good focal overlap this experiment requires. After a quar-
ter of the 80-ps precession period the rotation will 0
FIG. 1. Schematical representation of the laser pulse sequenead, and the § state will have predominantiy, =4 charac-
used in the experimenté&) The preparation pulse, a tightly focused ter along a quantization axis parallel to the polarization di-
UV laser pulse, excites the ground-state Ne atoms to W®¥d-  rection of the main laser pulse, defining an optimum delay
berg state(b) The main pulse, an ultrashort intense laser pulsetime of 20 ps for observing stabilizatida.1].
applied with a variable delay, ionizes part of the § population. Finally, the third, “probe” laser pulse is a weakly fo-
_(c) _The probe pulse, a weqkly focu_sgd, Iow-?ntensity Ia;er pUIS%used, low-intensity green laser puliration 5 ns) <10
ionizes all of the_ @'populatl_on surviving the intense main laser GW/cm?, A =532 nm delayed by 14 ns with respect to the
pulse. The photoionization S'.gnals resulting from pulsesi(c) are preparation pulse, with a sufficiently high fluence to ionize
measured and separated using electron spectroscopy. . : .
all the 53 population(as well as population from neighbor-
IIl. EXPERIMENTAL SETUP ing stategsurviving the main laser pulse. The photoelectrons
resulting from these three laser pulses are collected over a
The experimental setup is very similar to that describec -sr solid angle by the diverging magnetic fid24], de-
extensively in Ref[11]. As mentioned in Sec. |, the experi- tected after a 0.5-m flight length by a multichannel plate
ment entails a sequence of three laser pulses, schematicalfgtector, and energy analyzed according to their time of
depicted in Fig. 1. The three laser beams are collinearly ovefiight.
lapped in space, and focused in a standard magnetic-bottle The laser system used to generate these three light pulses
electron spectromet¢B4] filled with neon gas. We first de- s very similar to the one described in R¢l1] (see also
scribe the pulse sequence and its purpose, and then discugef. [25]). In short, thex =620-nm output of a colliding-
the laser system used to generate the laser pulses. pulse, mode-locked dye laser is amplified at 10 Hz in a chain
The “preparation” pulse, of tightly focused circularly po- of four Bethune-type dye cells, pumped by the second-
larized ultraviolet(UV) light (wavelengthh =286 nm, pulse  harmonic output of a seeded Nd:YAGttrium aluminum
durationr=1 ps,|~ 200 TW/cn¥), excites the ground-state garnej laser. The dispersion in the dye cells is compensated
Ne(2p°)(J=0) atoms by five-photon excitation to the using a folded prism compressor, resulting in a light pulse
(2p°)5g Rydberg state. This state is best describedkn  with a measured pulse duration of 90-fs full width at half
coupling, as discussed extensively in Rgfl]. Due to the maximum(FWHM), and an energy of 200 uJ.
Am=+1 selection rule for photoabsorption of circularly po- A small fraction(20%) of this light is used as a seed from
larized light, the final state has;=5, and the outer electron which eventually the UV preparation pulse is generated: it is
is dominantly excited from an initial @ m;=—1) orbital to  focused in a water cell, creating a continuum of light
a circular g(m;=1=4) orbital, where] is the total angular throughout the visible part of the spectrum. Using a pulse
momentum,| is the orbital angular momentum of the elec- shaper[25], a 3-nm bandwidth part of this light around
tron, andm is the magnetic quantum number along the di-\ =572 nm is selected, and is amplified4ol mJ in a sec-
rection of propagation of the preparation pulse. The maxi-ond chain of four dye cells. The spatial-mode quality of this
mum admixture of other & components iy, =3) is only  beam is such that 50% of the light passes through a pinhole
13%][11]. the size of the first dark ring of a diffraction-limited beam of
The second, “main” laser pulse, driving the ionization the same size. This light is frequency-doubled in a 4-mm-
process that exhibits the stabilization, is an ultrashorthick potassium dihydrogen phosphate crystal and separated
(r=90f9), linearly polarized, intensel{&100 TW/cn?) from the fundamental frequency by two dichroic mirrors to
pulse of red light { =620 nm). The focus of the main pulse obtain~100 uJ of (linearly polarizedd \=286-nm light with
is chosen much larger than the focus of the preparation pulse, pulse duration of 1 ps.
so that it completely envelops the prepared cloud gf 5  The red light for the main pulse was obtained by spatially
states, and every atom in this cloud is subjected to maifiltering the remaining 80% of the red light after the prism
pulses with the same peak intensity. This circumvents theompressor, and sending it through an adjustable optical de-
usual problem of averaging over focal intensities, that woulday line before overlapping it with the UV beam. The energy
make it next to impossible to recognize a saturating ionizain the red laser beam entering the spectrometer was varied by
tion signal amidst an increasing contribution from the low-inserting apertures into the bedmeforethe spatial filter. It
intensity wings of the focus. The arrival timg of the main  was verified that this had no significant effect on the beam

2p)° 5g

m=4
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FIG. 2. Experimental geometry used to overlap and focus the
three laser beams used in the experiments, and to ensure circular
and linear polarization for the U\preparatiopand redmain) laser
pulses, respectively. MirroM1 was a high-power laser mirror, L
consisting of a glass substrate with a dielectric coating for maxi- 0
mum reflectance of 532-nm wavelength light at 45°, and was angle
tuned for maximum transmittance of the red light. MirM2 was a
harmonic separator, with a highly reflective coating for the UV, and ) )
excellent transmittance in the visible. QW denotes the quarter-wave /G- 3. Photoelectron spectrum obtained when the preparation

plate for the UV, SB is the Soleil-Babinet compensator. See text fofUV) and probe(green laser pulses are applied. The inset shows
further details. part of the spectrum on an enlarged horizontal scale. The population

of ng states, created by the preparation pulse, shows up in the peaks
] o near 2 eV due to ionization by the probe pulse. The expected posi-
profile after the spatial filter. Note that, contrary to Réfl],  tions for these peaks are also indicated.
no frequency selection or reamplification was applied to the

red beam after the spatial filter. The green probe light puls@sirror M2 had good polarization-independent transmission
was derived from the same seeded Nd:YAG laser as Wagy poth visible light beams. No effort was made to compen-
used for pumping the amplifying dye cells. sate for the effects of the polarization optics SB and QW on

The energy of the maitred laser pulse was measured on he polarization of the green light, since this polarization was
a shot-to-shot basis by a photodiode, and the electron spectjge|evant for our purposes.

were collected into several intensity bins on the basis of this

signal. For the study of the production of population(i.e.,

in the absence of the main pulse; see Sec. )Vthe energy IV. RESULTS
of the preparatiolUV) pulse was measured instead, using
the same procedure.

The geometry used to overlap the three beams spatially Before discussing the results obtained with the three-pulse
and focus them into the spectrometer is shown in Fig. 2. Asequence, we first discuss the production step of the 5
in Ref.[11], the lens with a focal lengthfd m in Fig. 2 was  states. To optimize this production, we studied the electron
used to compensate for the chromatic aberration of the finadpectrum for the case that only the preparation and the probe
lens (50-mm focal length focusing all beams in the spec- pulse are present.
trometer, in such a way that the longitudinal position of the An example of such a spectrum obtained in the present
red and UV foci overlapped. In addition it was used to fineexperiment is shown in Fig. 3, and is very similar to the one
tune the lateral position of the red and green foci with respectliscussed in Ref{11]. The spectrum is dominated by the
to the UV focus. The focus of the green light could also bephotoelectrons due to the preparation light, consisting of a
moved independently from the position of the focus of theseries of three broad peaks spaced by the UV-photon energy,
red light, by adjusting mirroM 1. In this way the relative corresponding to nonresonant six-, seven-, and eight-photon
positions of the three foci could be controlled. The diametersonization. The nominal position expected for these peaks at
of the three beams were sgising separate telescope lensthe UV photon energy used.34 e\) would have been 4.45,
combinations, not shownsuch that the UV focus was 8.79, and 13.13 eV, respectively. The shift and broadening
smaller than the red focus, which was in turn smaller tharby about 1 eV of these peaks towards lower electron energies
the green focugéthe focal sizes were verifidd situ, see Sec. is due to the ac Stark shift of the ionization potential at the
IV B). high intensities needed to drive they Sexcitation[11,26

The quarter-wave plate QW converts the polarization of(0.76 eV at 100 TW/crf). At zero field, five-photon ioniza-
the UV beam from linear to circular. Since mirrdt2 was tion is also above threshold, but by such a small enébdil
highly reflective only for the initial linear polarization direc- eV) that this channel is closed by ponderomotive up-shift of
tion of the UV, the quarter-wave plate had to be positionedhe threshold before the intensity is high enough to drive it in
after this mirror. The Soleil-Babinet compensator SB was se@ny observable way.
to obtain half-wave retardation for the red light for its com-  From the shifts we estimate the peak intensity of the
bined action with the quarter-wave plate QW, rotating thepreparation pulse in Fig. 3 to be 200 TW/énThe feature at
linear polarization of the red light from horizontal to vertical 2.8 eV is not due to neon, but to a smal,® contamination
(i.e., from parallel to perpendicular to the magnetic field inof our Ne source. The small continuous background in the
the electron spectromejeiSince mirrorM1 only had good electron spectrum is probably due to ionization of back-
transmission for the horizontally polarized red light, the ground impurities by a low-order process, occurring in the
Soleil-Babinet compensator was positioned after this mirrorextended outer fringes of the preparation focus.

5 10 15
Electron energy (eV)

A. Production of 5g population
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FIG. 4. Photoelectron spectra with both the preparation and F|G, 5. production of the § 6g, and & Rydberg states as a
probe pulses applied, for different peak intensities of the preparagnction of peak intensity in the preparation pulse. The experimen-
tion pulse: 80(lower tracg, 120, 190, 250, and 320 TW/chiupper (5 data points are connected by lines to guide the eye. At the
trace, respectively. The traces have been offset vertically for clar{qy.intensity side the production suddenly switches on as the state
ity. Note the intensity dependence of the strength of the peakf shifted into resonance. At the high-intensity side the production
around 2 eMdue to theng population produced by the preparation tails off due to destruction of the Rydberg states by photoionization
pulse and ionized by the probe pulsand of the position and jth the preparation pulse.
strength of the peak around 3.5-4.2 @llie to six-photon ioniza-
tion of Ne by the preparation pulse at the lowest intensities. A precise determination of the ap-

pearance of the various Rydberg ionization signals results in

The large ac Stark shift of the ionization potentimainly ~ an accurate calibration of UV intensity.
caused by the ponderomotive shift of the continuum thresh- A factor 2 above its appearance intensity, tlge@oduc-
old, the shift of the ground state being negligibtauses all tion already starts to decrease. This sensitivity of the Ryd-
members of the boundg Rydberg series to shift through berg population with respect to the UV intensity is readily
five-photon resonance with the ground state during theexplained by the fairly narrow range of peak intensities for
preparation pulse. Population is transferred to the Rydberghich appreciable & population can occur. A minimum in-
states during this process, and a large fraction of this popuensity of 86 TW/cnt (a ponderomotive shift of 0.66 é\is
lation survives the preparation pulse due to the low ionizaneeded to shift the & state into five-photon resonance with
tion cross section of thg stated11,26. This population can the ground state. On the other hand the saturation fluence for
now be (single-photon ionized by the subsequent probe photoionization of the § state by the UV pulsg395 J/
pulse (photon energy 2.33 ey and this gives rise to the cm?[11]) sets an upper limit to the intensity in the 1-ps UV
narrow peaks around 2 eV shown on an enlarged scale in thgulse of about 400 TW/c#) above which the Rydberg popu-
inset of Fig. 3. The high energy resolution in this spectrumlation is destroyed by ionization. Thus high-UV intensities
was obtained by adding several spectra with different retardenly cause unnecessarily large ionization by the preparation
ing voltages, only using the high-resolutidlong time of  pulse, possibly reducing detection efficiency for the low-
flight) part of each spectrum. The relatively long pulse dura-energy peaks arriving in the aftermath of this huge bulk of
tion of the probe pulsé5 ng allows the combination of a ionization. To prevent any corruption of the stabilization data
large fluence with a low peak intensity, so that thstate by such an artifact, care was taken to perform all later runs
population is depleted by the probe pulse with negligiblewith identical preparation conditions, as monitored from the
contribution from other(multiphoton ionization processes magnitude and shape of the 3.5-eV ionization hump.
and negligible Stark shifts. Varying the energy of the probe After the intensity at which optimum production occurred
pulse by a factor of 2 did not change the photoionizationhad been established, the focal volume was adjusted to reach
yield from theg states, proving that this pulse completely this intensity at the maximum UV pulse energy, in order to
depletes the population in these states. have as large a production volume as possible. This was

It was exceedingly difficult to produce largegSopula- accomplished by slightly tuning the divergence of the
tions, and the optimization of this process was the key to\=572-nm beam before it entered the doubling crystal. Do-
success of the entire experiment. This optimization also ining so affects the divergence of the UV beam exiting the
volved tuning the focusing conditions. To this end, the pro-crystal, and thus the size of the UV beam on the final focus-
duction process was studied as a function of the preparatioimg lens. This in turn determines the size of the UV focus in
pulse intensity. Typical spectra used for these measurementise spectrometer. The amount of Hopulation created by
are shown in Fig. 4, and the surface area of the Rydberthe UV pulse was found to be very sensitive to this focusing
ionization peaks in these spectra is plotted in Fig. 5 as geometry, because the focal volume grows with the fourth
function of preparation pulse intensity. The peaks can bgower of the focal radius. At the available UV energy of
seen to appear quite suddenly at the intensity for which thabout 100uwJ, optimal production was achieved for a 4-mm-
corresponding state is shifted into resonance, and it is alsdiameter UV beam at the final focusing lens. This corre-
clear from the data that the higher states shift into resonancgponds to a minimurtdiffraction-limited) focal size of 4um
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for the UV, and a corresponding maximum peak intensity of

600 TW/cn?. Allowing for the same reduction to 50% of 15 |- (a) probe s
this value as the fundamental due to the nonperfect mode 5' 6' 7' 8|g

quality, this agrees well with the intensity calibration based i :
on the Stark shifts. The maximum population in thg Sate i
was thus found for the results shown in Fig. 3, i.e., for a peak
intensity of 200 TW/cn3, and for the optimum focusing ge-
ometry mentioned above.

Yield (arb. units)

B. Focus size determination

When the main pulse is added, the spectra of Fig. 6 result.
These spectra were obtained at a single retarding voltage,
hence the decreased energy resolufmympared to Fig. 3
The fluence of the main pulse at the UV preparation focus 0 : : :
was 6 J/cnt in this case. Photoionization of tigestates by | ®)
the main pulse leads to a similar series of peaks in the pho-
toelectron spectrum as in Fig. 3, but displaced down in en-
ergy by 0.33 eV, the energy difference between niadl)
and probeg(green photons.

Clearly, for 7q=5 ps[Fig. 6@], when the angular mo-
mentum of the § state is still pointing approximately in the
propagation direction of the light, a substantial fraction of
the 53 population is ionized by the main pulse, as can be
seen both from the “main” photoionization peak at 1.45 eV,
and from the strong decrease of the probe photoionization
peak at 1.8 eV. Fory=20 ps[Fig. &b)], the angular mo- o ! . L .
mentum of the § state is parallel to the polarization direc- 1.5 2.0 25
tion of the main pulse, and photoionization is much reduced. Electron energy (eV)

By subtracting “background” spectra taken aj=—5 ps

(@lso shown in Fig. ﬁW? can now accurately O_'et‘?fmi_”e the FIG. 6. Examples of photoelectron spectra when preparation,
strength of both the main and the probe photoionization peak,in and probe pulses are all presésolid lines, for a delay

[27]. ] o between preparation and main pulggof 5 ps in(a) and 20 ps in
We can use spectra like these foriarsitu measurement (b). For comparison the spectra fog=—5 ps without(dashed

of the focus size of the main pulse, and to verify the align-and with (dotted probe pulseused for the determination of back-

ment of the laser foci, as shown in Fig. 7. In this figure, theground signal and full § population, respectivejyare also shown.

5g-photoionization yields from the main and the probe laserhe expected electron energies for one-photon ionization of the

pulse are showiifor 7q=5 p9, as a function of the lateral ng states by the main and probe pulse are indicated.

position of the main and probe foci. Both foci were moved

simultaneously by translating the prefocusing leiiscal — yonjetes the leftoverdspopulation. It is also clear from this
length 1 m, see Fig.)2as discussed in Sec. lll. Since the size b $pop '

: ) = plot that the size of the probe beam is considerably lafaer
of the UV preparation focus_ is smaller than that of the mainy, preparation pulse focusOnly when the probe focus is
pulse focus, the § population created by the preparation 4\ eq away from the preparation focus considerably further
pulse samples a small part of the main focus, approximately,,, the main focus size does the probe photoionization yield
4 um, and the photoionization signal reflects the lateral focal, 1t 1 gecrease again from its maximum value due to loss of

shape of the main pulse at the longitudinal position of th. patial overlap between preparation and probe pulse. The
preparation focus. Several of these scans were made for dif,set of this is visible in the rightmost points of Fig. 7.

ferent longitudinal positions of the prefocusing lens, to de-
termine experimentally the position for best longitudinal
overlap of the preparation and the main pulse foci. Figure 7
shows the result for this position, for a horizontal scan of the We can now use these three-pulse photoelectron spectra
lateral position of the prefocusing lens. A vertical scanto measure the photoionization behavior of thg(B=4)
looked very similar. From this we conclude a focus diameteistate under conditions where we expect adiabatic stabiliza-
for the main pulse of 1@m (FWHM), consistent with tion by going to 7;=20 ps. We measured photoelectron
diffraction-limited focusing. spectra forry=20 ps and—5 ps as a function of the energy
The main pulse focus size can also be determined fronef the main laser pulse. The photoionization yields from the
the photoionization of the ¢ state by the probe pulse, also main and the probe pulses fog=20 ps were normalized to
shown in Fig. 7. Note that the decrease in this signal is apthe initial 5 population, as determined from thg=—5 ps
proximately equal to the increase in the signal from the mairspectra. The result is shown in Fig. 8. It is clear that the data
pulse when scanning over the laser focus, providing addishow a strong deviation from the behavior expected on the
tional experimental evidence that the probe pulse sufficientlyasis of Fermi's golden rule. Above a critical peak intensity
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FIG. 7. Focus scan of the main pulse: photoionization yield FIG. 8. Observation of adiabatic stabilization: measured ionized
from the &g state by the main pulselosed symbolsand the probe  and surviving fraction of the § population(solid and open symbols
pulse (open symbols as a function of the lateral position of the respectivelyin photoionization by the main pulse, as a function of
prefocusing lens. main-pulse intensity. The theoretical curves based on Fermi's

golden rule(FGR) for ionized and surviving fraction are also shown
in the main pulse of=60 TW/cn? (corresponding to a flu- (solid and dotted line, respectivelyThe data clearly show a strong
ence of 5 J/crf), hardly any additional ionization is ob- deviation from FGR, and a surviving fraction of 70%, even at the
served when the peak intensity is increased to the maximurighest intensities. This is clear evidence of stabilization. The ex-
of ~ 200 TW/cn?. The (one-photoh ionization yield from  perimental fractions were determined from the three-pulse photo-
the main pulse saturates at25% of the initial population. electron spectra, as described in the text. The theoretical curves are
These observations are consistent with the previous measurigased on the knowfperturbative ionization cross section of the
ments by de Boeet al.[10,11], and with theoretical predic- 5g state[11]. The estimated size of the experimental error bars is
tions for adiabatic stabilization of thegfm=4) state at indicated.
A=620 nm[9]. The above saturation value could not be
determined directly in the previous measurements on adiadiate to the spectroscopic values at intensities above the rate
batic stabilizatior{10,11. minimum. The absence of such intermediate peaks thus rules

The present results also allow us to determine the fractiosut that the observed effect is interference stabilization. This
of the population that is left in the initial state. Figure 8 is not surprising, since interference stabilization is expected
shows that a population fraction ef70% survives in the to occur when the lifetime broadening of the peaks becomes
initial state even at the highest fluences. Note that theomparable to their spacing, so that their ionization signals
complementarity of the two signals in Fig. 8 shows that nostart to overlap and can interfere destructively. No hint of
other decay channels than single-photon ionization are sigsuch lifetime broadening is observed in the electron spectra.
nificant at the 10% level. These measurements thus provide Transient stabilizatiofi13], finally, is expected when the
strong additional evidence of the occurrence of adiabatic stapandwidth of the ionizing radiation becomes larger than the
bilization. level spacing, so that the laser can redistribute the initial

population over a number of nearby states to set up a super-
V. DISCUSSION AND CONCLUSION position of states whose ionization signals interfere destruc-

Th . ¢ b he el ¢ Ei tively. This is not the case in the current experiment
e most important fact about the electron spectra o 197, A w~8 meV, Es;— Eg,= 166 meVj, and no redistribution

6 is that the ionization signal out of the Rydberg states; population between Rydberg levels is observed.

caused by the main pglse comes out in a narrow peak at its The neighboring members of the Rydberg series seem
expected spectroscopic position one red photon above the, o in no way involved in the ionization process, and the
Rydberg state. Because the magnitude of this peak is equal sy eq resistance of the remaining 70% of the population

the decrease of the probe ionization of the same state, d Rvdb tates to ionizati b 60
other(e.g. shifted or broadengégbnization signal from these TWprepare § Rydberg states to ionization above

> X . R
states is present. The narrowness of the peak shows that tn?e(/)cr:gic;? Lésatlcz?aggr?stgrzg:??e?c stabilization, just as the
ac Stark shift of the Rydberg states follows the ponderomo-
tive shift of the continuum to within 50 meV, at least up to
the highest intensity contributing to the ionizatigre., 60
TWi/cm?, corresponding to a ponderomotive shift of 2.16
eV). The &3 ionization peak thus remains at least 1.45 eV  This work is part of the research program of the “Stich-
above threshold, and channel closure can be ruled out astimg voor Fundamenteel Onderzoek der Matefi®©OM),”
mechanism for shutting off the ionization. and was made possible by financial support of the “Neder-
Interference stabilizatio14] leads to a characteristic landse Organisatie voor Wetenschappelijk Onderzoek
jump of the Rydberg ionization signal to positions interme-(NWO).”
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