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Effects of coherent coupling of autoionizing states on multiphoton ionization
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We present the experimental and theoretical investigation of the effects of the strong electromagnetic cou-
pling of two autoionizing statefAIS’s) on the photoionization properties of an atomic system. These effects
are observed by probing the ladder system from the ground state of the atom through a weak two-photon
transition to the region of the lower AIS. The experimental observation of the modification of the total
ionization and partial photoelectron spectra at different wavelengths of the coupling and probe lasers are
accurately reproduced by a theoretical analysis which uses a density-matrix approach. Both theory and experi-
ment indicate a strong inhibition of the ionization of the system in the case when both lasers are resonant with
the two atomic transitions, while displaying a rapidly varying asymmetry induced as the detuning between the
two states and the fields increases. In the extreme case of a large detuning, two separate structures appear as
distinct total ionization and photoelectron peaks. The above findings combined with the full theoretical treat-
ment indicate that the phenomena observed are an experimental demonstration of ac Stark splitting between
two AlS's.

PACS numbg(s): 32.80.Qk, 32.80.Rm, 32.80.Dz

I. INTRODUCTION probed AIS. The present paper produces these observations
in further detail and extends the results to cases when the
Coherent interactions of an atomic system with two elecmodifying laser is near resonance, reporting on the shape of

schemes have been the subject of a vast number of theoreine AIS, as well as its dramatically varying asymmetry as a

cal studies for many years now. In the last ten years, th unction of the sign and magnitude of the detuning. More-

subject has received widespread attention because of seveﬁéﬁ?r‘ it studies the more general case of ;he coupllng. Ie_1§er
. ! : . _peing detuned far from resonance, exploring the possibility
experimental observations of related phenomena mvolvmg)

bound states but also smooth or structured continua. Lase f achieving laser-induced continuum structure through the

) . ; é'mbedding of the higher AIS to a lower-lying continuum, in
induced continuum structur@ICS) [1] in smooth and struc- 5 "ahove threshold ionization process. This study involves

tured continua, electromagnetically induced transparencysih jon and energy-selected photoelectron spectra, the latter
(EIT) [2], coherent population trappin@PT) [3], adiabatic  5qding complementary information on the decay mechanism
population transfefAPT) [4], and resonance stabilizati@dl  that serves towards the precise understanding and interpreta-
are representative examples of the recently investigated angn of the observations. The scheme under investigation in-
experimentally demonstrated effects. This paper presents th@lves the $%(*S°) autoionizing state of Mg, which is par-
experimental results and theoretical calculations relating t@icularly broad 300 cm %) due to its two highly correlated

the drastic modification of the ionization dynamics of anelectrons. This state was strongly coupled by an intense elec-
atomic system in the vicinity of an autoionizing sté#dS).  tromagnetic field to the higher-lying and much narrower
This modification is achieved through the strong electromag3p3d(1P°) AIS, as indicated in Fig. 1. The weaker laser
netic coupling of the state to a higher-lying autoionizing

resonance by means of visible laser radiation. The modified 3d3p 'P
autoionizing structure is probed by a weaker laser from the @ Gysp
ground state of the atom. As shown in a recent Left6dr

(referred to as paper),lthe resonant coupling of the two

AlS's results in a drastic reduction of the ionizationwhenthe [ 74 | =M= - 3p*'s @ G2
coupling laser intensity reaches the order of®1/cn?.

This partial stabilization of autoionization is shown to be due

to the coherent population inhibition of the faster-decaying % Q
3s%'s
*Also at Physics Department, University of Crete, Greece.
"Present address: Departamento dén@ea C-9, Universidad Au- FIG. 1. Partial energy level diagram of magnesium indicating
tonoma de Madrid, 28049-Madrid, Spain. the laser couplings and the relevant atomic states.
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sium in an oven at 410 °C, whence it came out through a
1-mm aperture into the chambeP410 ¢ mbayp. The re-
sulting number density was estimated to be approximately
3 10° atoms/cm, and the beam was directed at right angles to
the lasers and to the detection axis. The decay of the autoion-
izing states populated by the lasers led to the production of
ions and electrons, which were detected by a short time-of-
flight (TOF) mass spectrometer and an electrostatic energy
analyzer, respectively, at different stages of the experiment.
. Energy The TOF setup basically con_sisted of a repeller platg biased
A i 'QAnalyzer at 300 V which directed the ions towards a 5-mm-wide en-
=3 MCP trance slit and thereon to a double microchannel plate detec-
— tor. The slit was used in order to ensure that the detection
D Photodiode volume was confined around the laser focus where the cou-
pling intensity was strong enough to induce the phenomena
under investigation, thus reducing the signal contribution
from the background ionization far from focus. This experi-
mental configuration produced spectra of the total ionization
. versus different sets of probe and coupling laser wave-
ph(%tr?g S;(ecslfr?to\?v.ork to our knowledge, is the first conclu lengths. Although in the experiment the TOF was used sim-
sive experiment which together with its theoretical counter—ply as an ionization detector, it was employed initially as a

mass spectrometer to ensure that there were minimal impu-
part demonstrates the effects of a strong eIectromagnetﬁties in our spectrum

coupling between two autoionizing states. Considering the The employment of the energy analyzer enabled the re-

significant theoretical interest in the subject_ during t_he .paSEording of spectra of the photoelectrons produced by the de-
decadd7,8], as well as the numerous possible apphcauonscay of the D2 and the D3d states separately. Since these
with respect to short wavelength generation schethes- ’

monic generation, amplification without inversjorthis in- electrons were ejected at widely different energf8 and 3

vestigation can open up new paths for the exploration oFV’ respectively, the instrument resolution=0.4 eV) was
gatiol open up P P sufficient to separate them and only record one of these at a
coherent interactions into far regions of the continuum.

time. The setup used has been described in detail elsewhere
[9]. Briefly, after the photoelectrons were produced, they
were repelled by a potential 6f 10 V into a 120° spherical

In the experimental work described, the coupling andSector electrostatic energy analyzer. According to the volt-
probing of the states was achieved by two excimer-pumpeddes applied on the entrance aperture and sector sides of the
tunable dye laser§.ambda Physik LPD3000 The pulses analyzer, electrons of different energies were transmitted
produced had a duration of around 10 ns and a bandwidth §into the double microchannel plate detector at the end of the
5 GHz, and the laser wavelength was known with an acculStrument. The analyzer was operated at the constant trans-
racy of 0.1 nm. The probe lasélaser 1 was frequency Mission mode. Moreover, additional tests cross-checking the
doubled by a3-BaB,0, (BBO) and a potassium dihydrogen instrumental efficiency versus existing reslf)] proved
phosphatdKDP) crystal to produce the UV photons neces- that this remained effectively the same for 1- and 3-eV pho-
sary for the two-photon transition to thep3 magnesium to€lectrons, thus allowing a detailed and quantitative com-
state f;~293 nm, while the coupling laseflaser 2 was  Parison between the two types of spectra. Both the TOF and
used in the visibleX,~566 nm). The beams were combined €Nergy analyzer signal were led, after amplification, to a box-
by a dichroic mirror and directed copropagatingly into theCa' intégrator and then to a computer.
vacuum chamber, where they were focused byf &% cm Qf the two detection methods used_, t_he gnalyzer had the
lens, as shown in Fig. 2. Both lasers were linearly polarize@PVious advantage of being able to distinguish between the
with parallel polarizations. To ensure that the two beamdlifferent decay mechanisms that led to the production of the
would focus at the same position, a telescope was introduceddn@l- However, the sensitivity of the TOF detector was
into each of the beam paths to slightly alter their divergenceMuch greater as it had a larger signal-to-noise ratio and en-
and these were optimized for maximum beam overlap. Th&bled the obs_ervatlon of finer spectral details, thus making
estimated intensities achieved in the interaction region wer1® tWo techniques employed complementary.
of the order of 18 and 0.5< 10'° W/cn? for the probe and
coupling If_;lsers, respectively. However, the actual value of IIl. EXPERIMENTAL RESULTS
the intensity could be up to a factor of 4 off, due to the
known uncertainties when measuring the beam spatial distri- The experimental results obtained with the setup de-
bution around the focus. Moreover, despite the efforts to enscribed above comprise excitation spectra of total ionization
sure the best beam overlap possible, the different beam sizes well as energy-resolved photoelectrons. In each case, two
and divergences resulted in only partial overlap, so that patypes of data were obtaineda) scans of the probe laser
of the ionization from the probe laser was produced in avavelength\, at a fixed value of the coupling wavelength
region where the coupling laser was not present. \», and(b) scans o , with the probe lasex ; fixed. Figures

The atomic beam was produced by heating the magne3(a) and 3b) display one such pair of scans: FigaBexhib-
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FIG. 2. Schematic diagram of the experimental layout.

probed the p?(*S®) profile from the ground state via two-

II. EXPERIMENTAL DESCRIPTION
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FIG. 3. Total ionization spectrda) scan of the probe laser through thp?3resonance with the coupling laser fixed on th#-3p3d
resonance. The dashed line indicates the spectrum ofpthetate obtained without the coupling laser. The data have been normalized with
laser intensity{b) corresponding scan of the coupling laser with the probe laser fixed at the position of the induced Janciaren(a)].

Both scans indicate a drastic reduction of the ionization when the resonance condition is fulfilled.

its a window in ionization induced approximately at the cen-equal but opposite values gfto the induced structure. The
ter of the 3? peak by its resonant coupling to thep3d differences between the corresponding scans of negative and
through \,. This spectrum has been normalized with thepositive detuningle.g., §;=—463 and 469 cm!) may be
square of laser intensity for reasons of comparison with thejue to the fact that the profile of thep3 state is not totally
calculated spectrum. Appropriate tests were made in order toymmetric due to near-resonantly enhanced multiphoton ion-
ensure that the two-photon transition was not saturated. Figzation through the 8p(*P°) bound state which occurs on
ure 3b) depicts the equivalent scan af, which demon- the short wavelength part of the scan. Note that going over
strates clearly the shape of the induced structure. For thige 3p? resonance, thes3-3p3d three-photon coupling rap-
correspondence to exist between the two data sets, in scadly changes amplitude and sign. This accounts for the ob-
(b) \; has to be fixed at the position at which the inducedserved dip, and the asymmetry and asymmetry reversal of
structure appears in sc&a). This ensures that the detuning the induced structure. It is worth mentioning that this is noth-
is the same for both caséa) and (b), as required by the ing else than an equivalent representation of ac Stark split-
resonance condition for the induced structure, i.e., thating in the dressed atom picture. In the latter, window reso-
61=—0, [61=2hw,;—(Ezpe—E32) and &=hw, nances and asymmetry reversals can be interpreted by means
—(Egpsa— E3p2), see theory, Sec. MIn this set of scans, the of fully or partially destructive interference from the two
dip observed displays a slight asymmetry which may be atAutler-Townes components depending on the value and sign
tributed to the fact that ; is not fixed exactly at the center of of the detuning of the coupling that causes the ac Stark split-
the 3p? resonance. A particularly interesting aspect of theting.

phenomenon observed is the variation of the shape of the As the detuning increases beyond the width of thpg 3
induced structure whenf, is not at the maximum of the state, the structure observed becomes an almost symmetric
3p? resonance. Such cases are shown in Fig), 4vhich and separate ionization peak on the side of tpér@zsonance
displays a number of total ionization scans of the couplingisee Fig. 5. The precise nature of this feature, however, can-
laser with\ ; fixed at various points of the two-photon reso- not be determined with only these data at hand, since the
nance to the p? state, as given by the detuningj. The  origin of the ionization mechanism is not known. The peak
corresponding scans of; by keeping\, fixed at different may correspond to increased ionization rate near thé 3
values also show induced autoionizinglike structures at posistate, or it might be due to ionization from the@3d state,
tions of the 32 profile that satisfy the energy balance. As which is now three-photon resonant{@; + % w,). The lat-

can be seen in Fig. 4, the asymmetry of the structure inducegr has been suggested by Gea-Banaclatt. [12] as the

by the coupling varies drastically as a function of the detun-interpretation of their results in a similar ladder scheme in-
ing from the center of the resonance. It is also apparent thaftolving states below the threshold.

an asymmetry reversal occurs upon change of the detuning To clarify the above question, the energy-resolved photo-
sign. Due to its asymmetry, we can describe the induceelectron spectra were obtained. As mentioned in the preced-
structure as a Fano profilé1] and assign to it g parameter, ing section, the analyzer allowed us to record separate sig-
although this parameter is not formally defined in any way.nals from the energy region of each of the two AIS’s, and
In these spectra) appears to take a value starting from 0, asthus to perform scans relating to the decay of each of these
in the case of a window resonance, wh&nis ~0. It then states independently. Upon conducting this stage of the ex-
takes on a small value at the side of the resonancperiment, the main realization was that the spectra of the
(6,=—202 cm!) and at a large detunings(=—463 photoelectrons originating from decay in the region of the
cm™Y), q also becomes large and the structure becomes moizp? state were practically identical to the total ionization
symmetric. What is also evident is that at positive values ofpectra. They displayed the effects already outlined above in
the detuning, the asymmetry is also reversed, giving nearelation to total ionizatiorie.qg., signal reduction in the center
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FIG. 4. (a) Total ionization spectra of scans of the coupling laser versus fixed values of the probe laser wavelengtfs fheed at
different positions of the two-photon resonance to tpé State, the induced structure changes asymmetry as we go from negative to positive
detuning. The position of zero detuning has been arbitrarily sat;at293 nm.(b) Corresponding theoretical spectra, at a probe laser
intensity of 16 W/cn? and a coupling laser intensity of 0.28.0'° W/cn?.

of the state of 30% and more specifically, as shown in Fig. here. As in previous studies of two-valence electron systems
6, at large laser detunings a separate photoelectron peak agee, for exampl¢13-16,) we have applied a frozen-core
peared in the region of thepd AIS. Due to the increased approximation, with a polarization potential. The core
noise, the peaks induced at various coupling laser waveMg®® (1s?2s%2p®) is represented by the self-consistent-
lengths are shown in magnification, where it is clear that theyield wave function, so that the Hamiltonian for the valence
also demonstrate asymmetry changes, tending towards shell is written
more symmetric profile at larger detunings. 1

In addition to these observations, it also emerged that the ~, > > > -
signal obtained from the region of thep3d state was ex- o= Qul (1) Ty (r2) + r_12+vp°'(rl’r2) Q. @)
tremely weak, less than 10% of the3one. Very faint spec-
tra of this vicinity were obtained through pulse counting S o . .
techniques, indicating the appearance of the resonance as th(_ereh,,(ri) is a one-electron I—_Iamﬂtoman mclu_dmg th? Ki-
coupling laser was scanned througtsite Fig. 7. This made ne_ztlc energy of valence electranas well as its interaction
it clear that almost all of the ionization recorded originated™ith the nucleus and core electrof@oulomb and exchange
from decay of or around thep# state, with only a minimal termg, andQ,, is a projector that ensures orthogonality to the

contribution from the B3d. Hartree-Fock core. Noticeﬁth:jlt this projector is necessary due
to the introduction ofV,(rq,r,), which is the polarization
potential[16]:

IV. ATOMIC STRUCTURE CALCULATIONS

In this section, we calculate the atomic parameters needed
for the full dynamical treatment of the problem which is
given in Sec. V.

Vool(T1,12) = V() +Vi(r) + Vaie(r1.r2), (2

with
A. Theoretical approach, the Feshbach formalism

We have evaluated the relevant parameters associated to Vl(F'): _ aE |Ym>{wﬁ(£) i } (Ym @)
the atomic levels involved in the process we are considering ' o Bi)2ri M h
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FIG. 5. Total ionization spectrum of thep3 state with the cou- g
pling laser fixed far from the 8?-3p3d resonance. The induced 25t
structure appears on the right of the state as indicated by the thick g
arrow. The two narrow peaks are due to resonantly enhanced mul- £
tiphoton ionization through accidental two-photon resonances ol ) ) ) ) X )
(hwi+hwy) to the states inscribed. 290 291 292 203 294 295 296
Ay (NmM)
Vi |(F r )= _al’l'fz r_l W, r_2 (4) FIG. 6. Energy-selected photoelectron spectra around fife 3
el 71272 r3rs & B, t\B,) AIS, relating to electron energies 6£0.8 eV. The data were ob-

tained by scanning\; while fixing \, at three values quite far
detuned from the B2-3p3d resonance. The top graphs display off-

Wi(x) =1 — exp( —x6). (5) set magnifigd sections of these scans With. structure induced at dif-
ferent positions near thepd resonance profilébottom graph

In the above equation" is a spherical harmonic, and Pi=13s(i))(3s(i)], (7)
the core dipole polarizability. Each cutoff paramef@ris
adjusted in order to reproduce the experimental energy ofvherei stands for electron 1 or 2, arfgl as the complement

ionization threshold Mg(nl), with n=max3,)+1}; onthe of P:

other hand, when the matrix element\bgie|(Fl,F2) between

two configurations if11,n,l,) and (}1;n5l%) is calculated, Q=1-P. 8
B, is taken as the arithmetic mean ﬁfi and '8'(' The im-
portance of the dielectronic term of the polarization poten

tial, Vge((r1,r2), has been discussed in earlier works7],
and references therginNe will just note that, if it is omitted,
energies lower than the experimental ones can be obtained;
consequently, the two-electron model would not be satisfac-
tory.
The resonance parameters that appear in the densit%h defineS the discrete part Of the AlS, the autoionization
matrix equations have been calculated within the Feshbachidth of stateg is given by

formalism[18]. We now summarize the main equations. Our

interest is focused on the energy range going from the first T =27|($"Q.7,P|Py?7)|?, (10
ionization threshold, Mg(3s), to the second one,

Mg*(3p)_. In this region, there is only one open chan_nel Pewhere #. ~E, and de',g'o’ is a nonresonant continuum, so-
total orbital angular momentum, denoted ak8 and ion- | tion of

ization of the Mg atom leads to Mgin its ground state.
Therefore we define the Feshbach projed@oas (see[19])

Then, Feshbach resonances embedded in continua converg-
ing to the second ionization threshold have a bound character
represented by the eigenfunctions@i7,Q:

(Q7,Q—%,) ¢r=0. 9)

(7, —E)Pyg®

P.7,Ql r){ 5l Q.7,P
P=P,+P,—P,P,, 6 = P%UP+$, ( -
1 2 172 () J (E_({n)
n#r

with X Py =0. (11)
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(a) ®  3p3d photoelectron counts q(E)= o= hu( IT:_)O, - o, (13
" Gaussian fit — m( "/I9|T|"//E' HPie |P'%UQ|¢’>
ol ] where ¢=°" is a nonresonant continuum with a component
in Q subspace due to the existence of neighboring reso-
= 9o} _ nances:
2
< BN
g °f ) LO-_ pyLo- }5<¢th%’UP|PwE°‘> 1 14
s X \ O =Py + =
2 7l ) . \ | E lﬂE (E_({n) ¢n ( )
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Coer ¥ . { 1 andT is the two-photon transition operator:
5 B N - - - -
1 A . 1 N ! N I ) 1 D-ely; D-e
5640 5645 5650 5655 5660 5665  S567.0 T=1,(r,t)| lim i dE E+ﬁ|¢l>£¢El|—' . (15
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(b) Here, 1,(r,t) is the spatial and temporal intensity envelope

of laser 1[see Eq(21) below], {#;} is the sets of all possible
intermediate stated,w, is the photon energyf) is eitherr
(length or V/%w, (velocity), depending on the chosen rep-

resentation, an@ is the polarization vector; it must be re-
membered that linearly polarized radiation is considered in
this work. In the definition ofq(E), Eq. (13), Q,(E) in-
cludes two-photon dipolar couplings between the ground
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1.5x107

Photoelectron Signal (arb. units)

toxto statey, and bothéy and the set of nonresonant continuum
S| statesy£~ with energy different from?, :
5.0x10 3p3d s\ r
I 2NN
00 , , ) \ Ql(E)=<‘/’g|T|¢’r>
555 560 565 570 575 L,0— L,0— oy L
Coupling Laser Wavelength }”2 (nm) + %i <‘//9|T| l//Ef >< Plr//E/ | P]KUQ| ¢r > d E,
' (E—-E") '
FIG. 7. (a) Energy-selected photoelectron spectrum relating to (16)

decay from or around thep®3d AIS (E.~3 eV). The squares are
the actual data points obtained by a pulse counting method, thg the density-matrix equations, there also appeats(E),

error bars are the statistical error of the measurement, and the dottggle jonization width of ground statg, to nonresonant con-
line is a Gaussian fit to the data, approximating the shape of g3 of Symmetrie§Se and D¢

resonance(b) Theoretical calculation of a photoelectron spectrum
in the regions of the B? and the $3d AIS with A ;=293 nm. The yas2(E) =27 (| TIY2 O )P+ 27 |( | TI42 OV 2. (17)
dashed line indicates full spatial overlap, the full line indicates par- g g

tial overlap (c;/x,=0.4). Note that, in the energy region close tp%3(*S°), the wave

function 2°" is associated to the resonance-free continuum
We see in this expression that the effect of resonant statedskd and is directly calculated as an eigenfunction#f, .
different from ¢\ is taken into account through the secondFinally, the dipolar coupling between the discrete part of
term of .77/ . On the other hand, the shift in the energy po- resonances ¥ (*S°) and 33d (*P°) is written

sition of ¢+ is written .
o =TT (65,215 -8 #5s), (18)

wherel »(r,t) is the spatial and temporal intensity envelope
Lim oy L0\ |2 of laser 2. In the above equations, we see tAafE) is
A :,/)i [(#a|Q7,PIPye ) 4E’ (12 proportional to 1,(r,t), ys2(E) to 13(r,t), and Q, to
e (E-E") ' 13 1).

B. Results

We now consider the two-photon transition from the  The calculation procedure is similar to the one we have
ground stateyy, to the energy region close to autoionizing employed in previous works with different two-electron
state ¢-. The Fano profile parametaf(E) is given by  Hamiltonians; the details can be found, for exampl€2.
([12,20) In a first step, we obtain one-electron orbitals by diagonaliz-
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TABLE I. Atomic parameters of the levels involved in the process. All energies are referred to the double
ionization threshold M§'. yze= v32(E=Egp2), Q,=0,(E=E3y), q=q(E=E3,2), and{2, have been
calculated in the length representation.

Es2=—0.8319 a.u. ya2/12(r,1)=1.45x 1C° a.u. q=27.7 a.u.
Esp2=—0.5199 a.u. I'3,2=0.001 71 a.u. Qq/14(r,t)=818.4 a.u.
Eapsa= —0.4418 a.u. I'3534=0.000 102 a.u. O, /\1,(r t)=2.224 a.u.

ing hv(FI)+Vl(FI) in a basis set OB-sp"ne functioniz:[] glected |n[14]) In both WorkS, energies and widths were
that are orthogonalized to the Hartree-Fock core wave funcextracted from a phase-shift analysis. Discrepancies among
tion. We have used 198-splines per angular momentum their results and ours can be explained by different degrees
defined in a box of 75 a.u.; th@-spline order is 10, and the of electronic correlation introduced in the valence shell. On
knot sequence linear. For the core dipole polarizability wethe other hand, the experimental findings shown in Table I
have takerr=0.491 a.u?22]. were obtained by studying two-photon ionization processes
In the next step, these orbitals are used to build configuf9,23], and double excitation in Mg-" collisions[24]. We
rations adapted to the symmetry, and two-electron waveote that the p? state was first observed by Bradleyal.
functions are evaluated by performing appropriate configuf25] through sequential excitation via the®p(*P°) bound
ration interaction(Cl) calculations. To obtain the ground state.
stateyy, the set of intermediate statég;}, and the set of Single-color two-photon ionization of Mg from its ground
resonant state§¢,} we have included into the ba3|s sets state in the vicinity of autoionizing statep3(1S?) is near
series (3nl’), (4Inl”), (5Inl"), (6Inl’), and (7nl’). resonant with single-photon absorption to bound state
each diagonalization we have around 500 conflguratlons ol:gs3p(1p0) As a consequence, the structure in the ionization
viously, series (8nl) are excluded to determingpr}. On  (ate due to autoionizing statep3(1S?) is embedded in a
the other hand, discretized wave functidig” } are calcu-  huge peak, and the background associated to the Fano profile
lated in each channelskl by solving Eq.(11) in a basis set varies rapidly with energysee Fig. 8 This energy depen-
of 80 configurations (8nl). These solutions approximate dence also appears in the parametgyz(E), Q4(E), and
continuum state$P £} within the box after renormaliza- q(E); they are given at the resonance energy in Table I. All
tion: of them have a smooth, though non-negligible, dependence
with energy, as is illustrated in Fig. 9 foys2(E) and
Q,(E). Moreover, due to the high sensitivity of the values of
these parameters with the relative positions of states
where E=E;, and p(E;) is a density of states given by 3s?(1S?), 3s3p(*P°), and 3('S?), final results may be
p(E;)=2/E;_1—E;,4|. It must be noticed that, as configu- affected by small errors in the calculated energies. Because
rations are built with orbitals that are eigenfunctions ofof that, we have shifted statess%'S®), 3p?(!S®), and
h,(r)+V4(r}), the only terms coupling wave functions of 3p3d(*P°) making Eagp,—Ess2, Eszpe—Ese, and
Q and P subspaces arerkh+ Vel 1, >). Espsa—Eszpz  equal to the experimental results:
The parameters we have obtained are reported in Table Eassp— E3s2=4.346 eV, andEjz,2—E32=8.4646 eV and
and compared with other previous theoretical and experiEzpsq— Ezp2=2.191 eV(see[23], and references in paper |
mental results, when possible, in Table Il. We see that th&Vith these values, two-photon ionization from the ground
overall agreement is satisfactory, although slight differencestate to $%(1S°) is exactly resonant ak,;=292.95 nm,
are found. The theoretical studies presentedli,16 are  while the single-photon transition between autoionizing
based on a frozen-core approach with the same polarizaticstates $?(*S®) and 3p3d(*P°) is resonant ai,=565.8
potential we have employed hefeore polarization was ne- nm.

Pyg® =p"AEDXE" (19

TABLE Il. Comparison of the present results and those obtained in some previous experimental and
theoretical works. Energies are now referred to the ground state ofdfiyloccia and Spizz$14,16], (b)
Chang[13], (c) Shao, Fotakis, and Charalambidi¢§, (d) Bonano, Clark, and Lucator{@3], and(e) Rassi

et al.[24].
Theory Experiment
Present €) (b) (c) (d) (e)
Esp2 (a.u) 0.3120 0.311 3 0.3104 0.3111 0.3111 0.3105
[3p2 (a.u) 0.00171 0.001 72 0.001 23 0.001 28 0.001 27
Espaa (a.U) 0.390 1 0.398 & 0.3910
T334 (@.U) 0.000 102 0.000 092

Moccia and Spizz$16].
bMoccia and Spizz§14].
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FIG. 8. Two-photon ionization rate in the vicinity of autoioniz- Probe Laser Wavelength 2, (nm)

ing state $?(*S°). The structure due to one-photon resonance with

the bound state Bp(:P°) is also shown. Laser 2 is off. FIG. 9. Energy dependence of some atomic parameters. See

definitions in tex{ Eqgs.(16) and (17)].

V. DYNAMICS, DENSITY-MATRIX EQUATIONS ) ] .
taken into account in the calculationBgp2 5,34 represents

A. Density-matrix equations the (3p2,3p3d) AIS autoionization widths.

We recall below the density-matrix equations governing
the time evolution of the populations. The indices 1, 2, and 3 g Treatment of the spatial and temporal dependence
are associated to the statess’@S®), 3p?(’sS?), and of the fields

3p3d(*P°), respectively;
p3d(°PY) P Y We assume a cylindrical symmetry,¢) for the space

dpq1 i macrodependence of the intensities for both lasetseing

W:_%SZ(Ef)Pn"'Z Im[ﬂl(Ef)(l—m) P21}* the propagation direction. Thus, the quantities involved in
Egs. (200 being dependent onr, the populations

pii(r,t=0) must be integrated over The temporal depen-

dLZZ: —T3p2pp—2 |m{Ql(Ef) 1+ I—) le} dence is assumed to have a cosliorm; we take a Gaussian
dt a(Ey) radial dependencén spacg. The intensity envelope is writ-
+21m(Q2p32), ten
o (41n2ik?)r2
d ) - ymax
dL?:_F3p3dp33_2 |m(92p32), Il(r,t) (COShl.?ﬂ’Ti)ZII ' (21)
d (ya2+ Tan2) Here,i labels the lasefl or 2. 7; and k; are the full width
P _ —{—i L+ 735—39},)21_@1(50 at half maximum(FWHM) values for temporal and spatial
dt 2 intensity envelopes, respectively. The ionization amdent
i i is given by
X 1= ——==|p11— | 1+ — —iQ ,
[( q(Eo)”“ ( q(Ef)>p22} b .
g (yas(E) 4 Tana) P'=fo[1—p11(r,t=°°)]rdr- (22
+
—gtﬂ: —{—i(51+ dp) + Yo f2 3p3d pa1t+iQ(Ey)

Note that, since we are not interested in absolute measure-
[ ) ments, we have neglected proportionality factors in the
x| 1+ q(Ey) p3z1Qap21, above formula. The pulse duratiom;) is taken as a picosec-
ond for both lasers, as we have checked that, under the ex-
perimental conditions, the total ionization amount is propor-
patiQ(Es) tional to the interaction time. This is because the steady
regime has been reached, and, as long as no saturation effects
i occur, the ionization can be expressed as a rate. The quantity
1+ E) p31—1Q2(pro—p33), (20 of electrons emitted in the@d region (FZkp continuun) is
atks given by the formula

dPszz_ i +(F3p2+r3p3d)
dt 2 2

X

W|th 51: 2ﬁ wi1— (E3p2_ E352) and 52=ﬁw2

—(Espaa—Esp2). Ef=E3e2+2fiw,. Note that the energy p! r :jm r T anaqdt. 23
dependence of the parametersz, ;, andq is explicitly 3pad(N)= | padl DT spaq 23
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The total quantit)P'3p3d is obtained after integration over the 3p?(1S?) electron spectra are very similar to the total ioniza-

space. The rest of the emitted electrons go in thé@gion,  tion spectraion yield) reported in paper I. As expected, the
then structures in the ionization profiles are less pronounced when

there is no full overlagsee Figs. 1() and 1@d)].

Figure 1b) shows the electron spectra in the regions of
3p? and P3d resonances fox ; fixed at 293 nm. Different
spatial overlaps are shown in the figure, and in all cases we

C. Results see that the electron emission frop3&(*P°) has a peak

All calculations have been performed assuming a lineatvhen the resonance condition is fulfilledy(+ 5,=0), while
polarization of the laser fields|T®=10° W/cn? and the emission from B2(1S°) level drops. Therefore, at three-
photon resonance, the relative population amount trapped in

| 5%*=0.25x 10*° W/cn?. In Fig. 8, we show the total ion- H 3d . . Th . h
ization signal when laser 2 is off. We observe a divergenlt_e_ljp_per "ﬁ’ state Is more |mpo_rtant. Is confirms the
structure due to the presence of the8p(*P°) bound state similarity with the A system evoked in paper |. Nevertheless,

(see Sec. IV B and the Fano profile corresponding to the one must note th'at, .at t2hree—photon resonance, the total
excitation of the p?(*S°) resonance. Calculations have been@Mmount of population in 6 and 3p3d AIS discrete parts

performed in velocity and length gauges: we see in Fig ecreases dramatically, thus the influence of AIS on ioniza-
that there is a perfect agreement ' " tion vanishes. This situation is numerically well illustrated

In our calculations, the 83d discrete level is coupled to by the simple formula obtained in paper | for the ionization
the continuum only through autoionization. Indeed, dipolerate'

couplings between 33d and Ikl states are expected to be
small since their dominant configurations do not share com- dP

P|3p2: P'— P|3p3d : (24)

mon orbitals. The same remark holds for the dipole coupling dat Yas2(Ey)

between the discretep8 state and the uppers&p con- )

tinuum (in the 3p3d region. Thus, on the basis of these T [Q(Ep) (811 55)]
considerations, the ionization in th@3d region only results 371 61(6,+ 52)—Q§]2+[1“3pz( S1+ 8,)12]%"
from the autoionization of the upper AlS; this justifies the (25

formula (23) for the calculation of ionization in that region.

We have also numerically checked that the photoionizatior\ote that an exponent 2 is missing in papgEd. (2), above

of the upper AIS to the BkI’ continua is negligible. Q,]. This formula has been obtained for square pulses and
Figures 10a)-10(d) and 4b) report on two-color effects; \yeak field conditions.

(i) the wavelength of laser 2 is fixed aind, the probe laser

wavelength, is variedFig. 10, (ii) A, is fixed and the wave- VL. DI ION
length of laser 2 is scanné#ig. 4(b)]. Except in the case of - DISCUSSIO
Fig. 10d), which is to be compared to Fig. @), we have A comparison of the results given in the previous sections

taken «,/xk;=1 [see Eq.(21)]; in our model, this corre- shows that theory and experiment are in very good agree-
sponds to maximum spatial overlap between lasers 1 and 2aent in all the cases examined, within the limits of experi-
In all figures we have reported total ionization, and in addi-mental uncertainties such as intensity and overlap. This al-
tion we have also shown the contribution gh%Band 3p3d lows for a thorough interpretation of the effects observed in
resonance region in Fig. 10. We observe that electrons aiterms of phenomena known and demonstrated in other sys-
mainly emitted in the B2(1S°) region. As a consequence, tems, i.e., ac Stark splitting and population trapping. Effec-
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tively, ac Stark splitting between two autoionizing states isappearance of the small peak. We have noted in Sec. V C that
the dominant mechanism behind the behavior observed andie have neglected the ionization resulting from the38-
although similar effects have long been known to occur3skl dipole coupling in the B? region. Nevertheless such
through the strong coupling between two bound states, it iapproximations may not be valid when laser 2 is tuned far
the first time that the phenomenon is experimentally demonfrom 3p?-3p3d resonance. In the latter case autoionization
strated in a system in the continuum. Thus, in the case wheffeom the 32 state may have a minor contribution compared
6,=0, the dip in Figs. 3 and(B) is the transparency pro- to other ionization sources, such as the photoionization chan-
duced because of the splitting of th@?3state through the nel described above. Actually, the nonresonant case is very
strong resonant coupling to thep3d by the intense laser, closely related to the scheme of LICS. In the past, LICS in a
which is demonstrated as a reduction in ionization. AlthOUgr‘Smooth continuum have been investigated/\irsystems in-
the 3p* AIS is broad as compared to the Rabi frequency th&yolving a bound state which is electromagnetically embed-
splitting can nevertheless be observed; tp8® state must  ded in the continuum. In fact, if thep# were not present in
also be split, but this effect cannot be probed with the presenhe scheme under investigation this would be exactly a lad-
setup and requires a direct probing of the higher statgier | |CS scheme, in which the bound state is replaced by an
through the ground state. Theoretical treatment of ac Starks, This AIS is then embedded byw, at a lower position
splitting of autoionizing statel7] indicates that the splitting iy the continuum. In LICS in a smooth continuum that in-
can be asymmetric in the case of exact resonance, althoughyg|yes either a\ or a ladder system, the virtual state of the
is not possible to establish this here due to the uncertainty ig;ocess(Raman or diregtcoupling the two discrete states
our wavelength determination of the center of the state. .51 pe considered as being made from the ac Stark split
The electron spectroscopy provides information on théomponents of all the parity and angular-momentum allowed
relative contribution of discretef# and $3d levels to the gjiscrete states. In the presence of tipé,dn the nonresonant
lonization process. Note that, in a steady regime and squagg,se, it s this state that might have the dominant contribution
pulse condition, the populations of these levels are constan}, the virtual state of the three-photon coupling, and the
in time. The calculation of the relative population amount ingyerall scheme can be understood as an “above-threshold”
levels 3?2 and 33d shows that, except for the three-photon LICS scheme.
resonant cased +9,=0), the ? discrete state is much By this means, the investigated phenomenon can be con-
more populated than the upper AIS. At three-photon resosjdered to be very relevant to the above-threshold ionization
nance, the upper AIS may be more populated than the IowgixT|) process occurring at higher laser intensities and short
one; nevertheless the total population amounbofh dis- e durations. It is well known that in such experiments
crete levels drops in this case and the AIS contribution tqyoynd states can be ac Stark shifted into resonance mwith
ionization is greatly reduced. This is confirmed by the eX-pnotons of the field. These transient resonarfaés called
perimental observations which show that all structures in thg-reeman resonancég6]) are known to induce structure in
ionization spectra are found in thep3region. For the sake the ahove-threshold processes, e.g., in the ATI photoelectron
of clarity in explaining the ionization quasisuppression atpeaks, due to the resonantly enhanced ionization cross sec-
three-photon resonance, it is worth noting that it is not reion, Qur present results demonstrate that an “above-
lated to population trapping in autoionizing states. On thehreshold” LICS effect could lead to the observation of struc-
other hand, due to destructive interference effects at resqqre in high-intensity above-threshold processes due to the ac
nance, the total amount of population present in the two destark shifting of AIS into resonance. This induced structure
excited states dramatically decreases in this case. In view ¢§ expected to be present in all the ATI peaks above and
a more general prospect, complete stabilization could be olyje|ow the shifted AIS.
tained in the absence of noninterfering ionization back- |y conclusion, the effects observed in our study and their
ground, for example, by using an appropriate combination Ofjirect relevance to above-threshold processes make the re-
AIS and laser polarizations. All effects will, of course, be gyts presented very significant in the field of modification
limited by intensity averaging due to the pulse shape anging control of the properties of atomic continua, with a view
imperfect beam overlap. to understanding the continuum interactions with an electro-
As the coupling laser becomes detuned from resonancgagnetic field and to making use of these modifications in an
[see Figs. &) and 4b)], the splitting becomes asymmetric effectively unlimited energy range above the threshold,

as expected, displaying a dip at the position of the couplingyithin the capabilities of available laser sources.
and a peak where the split component is expected, with the

relative position of the dip and pe&ind therefore the asym-
metry) changing as the coupling switches to the other side of
the 3p? resonance. This becomes more clear as the detuning
increases beyond the width of the®3state, where the split The experimental work presented was conducted in the
component becomes apparent in both the total ionization anldboratories of the Ultraviolet Laser Facility operating at
energy-selected photoelectron spedsae Figs. 5 and)6 FORTH-IESL(Human Capital and Mobility, Access to Large
Although part of the ionization signal in these cases ariseScale Facilities EU programme, Contract No. CHGE-CT92-
from the three-photon excitation of thep3d state, as shown 007). Part of this work has been conducted under Human
in the theoretical spectresee Fig. 10 the fact that experi- Capital and Mobility Contract No. CHRX-CT94-0695. One
mentally the peak is observed in th@Z3photoelectron re- of us (1.S.) wishes to acknowledge the “Ministerio de Edu-
gion, and the signal from thep®d is almost negligible in- cacin y Ciencia” (Spain for funding through program
dicates that ac Stark splitting significantly contributes to theMEC/MRE.
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