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Single and double ionization of magnesium via four-photon excitation of the (& 180 autoionizing
state: Experimental and theoretical analysis
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Single and double ionization of ground state Mg atoms is observed in an atomic beam experiment in the
584-596 nm spectral range with a maximum intensity &f'* W/cn? and pulses of ns duration. The Kg
spectrum consists of a single broad resonance whose position is very sensitive to laser intensity and it is
attributed to the four-photon excitation of the doubly excitgef %BO state. For intensities higher than 2
X 10" W/cn? a considerable double ionization yield is obtained. The?Mgpectra are composed of two
lobes, each one dominating at different intensities. These observations can be interpreted by a sequential
mechanism in which doubly charged ions are created by multiphoton resonant ionization of the gxgjted 3
Mg* stategwith negligible contribution from the §,, ionic ground statgafter the single ion production has
saturated. The population of these excited ionic states suggests the absorption of two photons above the first
ionization threshold of Mg. This interpretation is unambiguously confirmed by a complementary fluorescence
experiment. Moreover, both ionization and fluorescence spectra as well as ionization yields are very well
reproduced by a theoretical model based on a combination of density matrix and rate equations, taking into
account the near-resonant coupling between tp%li’b and 33d 1Pl autoionizing states and employing
calculated parameters for both Mg and Mdt is thus pointed out that for visible ns pulses of moderate
intensity the autoionizing resonances play a crucial role in the multiphoton sequential double ionization of
alkaline-earth-metal atoms.
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I. INTRODUCTION ionize ground state atoms. It was anticipated that this addi-
Multiphoton single and double ionization of alkaline- tional photon absorption could possibly lead to the simulta-

earth-metal atoms is a subject of continuing eX|oerimentarlfoutzrrrﬁgjjo\gii:e%ft tggutg\llg Yoar:ir;ﬁ)rflelgtc:\?vrge? go;:retsfsrouns]u-
and theoretical investigations. The interest originates fronfY. . , ap

the earliest experimental observatidgid$ where it was dem- very few exceptiong4], all experiments in alkaline earth

onstrated thatF;he ield of doubly charged ions was sur ris‘:ﬂoms’ performed with visible ns or ps laser pulses and hav-
. y uoly gea | . P ing detected ions, electrons or fluorescence, revealed that no
ingly large compared to the singly charged ion yield at mod-

; " 3 ; ; more than one photon for Ca, Sr, and B and up to two
_era_te "?‘S‘” intensities<10' W/cn). Multlp_le mul_tlphot_on photons for Mg[5-8] are absorbed above the first ionization
ionization of rare gases has been also intensively invest

: A /€St reshold leading to the population of ground as well as ex-
?itfglgz\}vfcsr;%? L:::erstrt]ao?hgl:‘l:;str?gtdt%/::i?hri“%h i(l)Ixiig?ilotlre]SCited ionic states. Doubly charged ions are then produced by
' 9 the multiphoton ionization of those ionic states, i.e., sequen-

potenti_als prevent ionization at low intensiti_es. Moreover, attially. Nevertheless, there is a series of published experimen-
such high intensities the details of the atomic structure of thq,-a| studies(in Ba and Sy, performed with~40 ns infrared

rare gases do not seem to play a crucial role in the multiple |ceq " \where the authors claim they have observed direct
ionization process. On the other hand, multiphoton doubley, pje ionizatior[9).

ionization of alkaline earth atom@gor a recent review see Among the alkaline-earth-metal atoms, Mg combines ex-

Re;. [r?]) presen']ES aﬂ_ m_terest]inl% alt_ernattjlve to thofseh S_tu:j'\igerimental convenience and accurate theoretical description.
and the reason for this is twofold. First, because of their owg;o¢ “he single and double ionization thresholds are still

L'rSt afndr?econd lonization tgr;ashc;]ld_s%relt?ltwgly.smgll NUMyithin experimental reach with moderate intensity lasers.
er of photons are required for their double lonization andgeqong, due to the absence ofiaionic state the doubly

second, their energy spectrum just above the first ionizatiof, iiteq Jevels structure just above the first ionization poten-
threshold contains dense manifolds of doubly excited state$:4| is much simpler compared to that of the heavier Ca, Sr
Due to the fact that those states exhibit a high degree oly ga atoms. There are a number of earlier studies dealing

. . ) &ith double multiphoton ionization of Mg, performed with
formation of doubly charged ions. In particular, resonant eXhg [5,6], ps [7.8] or fs [10,1T pulses. In Ref[10] it was

citation of these autoionizing states could lead to the absorpﬁointed out that even with such short pulseo fs at

tion of a number of additional photons above the first ioniza-, 4 nm) two-electron effects may still be important in order
tion threshold, in excess of the minimum number required tq,, interpret the experimental findings. Double ionization of

Mg via four-photon excitation of the (8 180 autoionizing
state was experimentally investigated previously with 30 ps
*Electronic address: abolovin@cc.uoi.gr pulses and photoelectron detectipfi. It was claimed that
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five- or six-photon absorption in the continuum was evi- DYE - Laser |} i
denced, indicating the possibility of direct double ionization. YA | N M |
Motivated by this observation, van Drutehal. [8] repeated : L BN cell .
the experiment under similar conditions and 1 ps laser pulses 5 Mg ! vite
but the aforementioned five-photon absorption was not veri- = . Ao

fied. They found however, clear evidence of two-photon ab- g ~10% Beam VM
sorption above the first ionization threshold, leading to the 2 N

formation of Mg’ in the first excited By, 3 ionic states. It g - i,

was recognized that thep3 lS0 state played an important © : My 1>0]

role in the two-photon above-threshold absorption but this R T

role was not investigated in detail. Moreover, the theoretical
interpretation was qualitative and the observed photoelectron FIG. 1. (a) Schematic diagram of the experimental setup. TOF,
energy shifts were compared with the_oretlcal e_St'mateS takﬁme-of-flight mass spectrometer; DCV, DC ion repeller voltage;
ing into account only the ponderomotive potentials. MCP, microchannel plates; HV, high voltage power supply for
The present paper aims at investigating in detail the samgcps: va, variable attenuator; UV-M, ultraviolet monochromator;
spectral range but with relatively lor@s) pulsed excitation  sg pmT, solar blind photomultiplier tube; DO, digital oscilloscope:
and laser intensities that are an order of magnitude lowesc, boxcar integrator; CR, chart recorder; PC, personal computer.
(10'-10"2 W/cn¥) than those employed in earlier experi- (b) Typical TOF mass spectra.
ments with shorte(ps) pulses. Under our presumed unfavor-

able conditions, a considerable amount of double ionizatiomion is provided by a Nd:YAG pumped dye lasgrambda
has been recorded. It turns out that, for intensities above Rhysik Scanmate 2EC-400 pumped by Brilliant Bdperat-
certain threshold value, the near-resonant radiative couplingyg in the 584-596 nm wavelength ranggxciton’s
between the doubly excitep3'S, and 3d 'P, states, that Rhodamin 610 dyeand offering wavelength calibration
unfolds over a relatively long time interval, plays a dominantwithin ~0.01 A. The laser linewidth is-0.1 cni! and the
role in the dynamics of the atom-field interaction, despite theamount of amplified spontaneous emissi&SE) is kept to a
presence of a competing fast decaying autoionization propower level lower than 1.5% by appropriately adjusting the
cess, and contributes significantly to the production of exdye concentration of the laser oscillator and amplifier. The
cited ionic states. From then on, the production of doublysystem operates at a repetition rate of 10 Hz and it delivers
charged ions depends critically on resonantly enhanced mulinearly polarized pulses of-5 ns duration. The pulse en-
tiphoton excitation within the Mg ion. We obtain supporting ergy is measured by a digital joule-met@pphir Model
evidence from an independent fluorescence experiment arRD300 and its maximum value is-30 mJ. The latter corre-
gratifying agreement with the results of a sufficiently de-sponds to a maximum power density o x 10'* or ~9
tailed theoretical model based on a combination of atomic< 10' W/cm? when the laser beam is focused in the inter-
density matrix and ionic rate equations, taking into accountction region by arf=15 cm orf=10 cm focal length lens,
all the autoionization and radiative couplings among judi-respectively. The power density is estimated under the as-
ciously chosen atomic and ionic states. Therefore, we haveumption of a diffraction limited Gaussian beam profile. The
explicitly, unambiguously and quantitatively shown that thelaser beam energy is controlled by a variable attenuator
rich autoionizing structure of Mg contributes to significant (Newport Model 735-5without any spatial misalignment.
sequential double ion production, under specific excitation The pumping system for either the atomic beam chamber
conditions not thoroughly examined in the past. or the cell consists of a rotary pump and a 120 I/min turbo
The rest of paper is divided in four sections: In the fol- molecular pumgLeybold Turbovac 15) while the chamber
lowing section, the experimental setup and procedures arig also equipped with a liquid nitrogen trap. The achieved
briefly presented. In the third section we describe the theobackground pressure is10°® mbar. In the atomic beam ex-
retical model for the laser-atom-ion dynamics as well as thgperiment Mg(Aldrich 99.98% vapor is produced in an elec-
methods used for the evaluation of the atomic and ionic patrically heated stainless steel oven at the top of the chamber
rameters employed in the dynamical equations. In the fourtlind connected to it through a water-cooled baffle. The oven
section, our experimental results for the Mdvig®*, and  operates below the Mg melting point and its temperature
fluorescence yields, as a function of both laser frequency an80-600° G is continuously monitored by a thermocouple.
intensity, are presented and compared with theoretical prefhe vapor passes through a 0.5 mm diameter hole where it is
dictions. Finally, in the last section our conclusions arecollimated via a stainless steel tuength 10 cm, diameter
given. 5 mm). About 3 cm downstream from the tube exit the
atomic and laser beams intersect perpendicularly. The atomic
Il EXPERIMENTAL SETUP AND PROCEDURE dgnsity_ at that pointas estimatgd by geometrical consider-
ations is ~10°® atoms/cm. The ions created by the laser-
The experimental setup is shown schematically in Figatom interaction are detected in a direction perpendicular to
1(a). It includes an atomic beam apparatus where the Mdoth the atomic and laser beams and they are discriminated
single and double photoionization experiments have beenccording to their mass-to-charge ratio using a time-of-flight
performed and a Mg vapor cell devoted to the studies of TOF) mass spectrometer. The TOF setup consists of a repel-
fluorescence detection. In both experiments the laser radider electrode biased at a positive DC voltage, creating a field
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strength ~70 Volts/cm which pushes the ions towards acleaned and refilled with Mg pellets. The metal vapor fluo-
grounded plate with a 2 mm diameter hole in its center. Folvescent light is collected at 90° with respect to the laser beam
lowing the plate is a 20 cm long grounded tube at the end oflirection and analyzed by a McPherson 218 monochromator
which a dual microchannel plate detectdtCP) is mounted.  equipped with an EMI solar-blind photomultiplier tube
The TOF system is capable of resolving all three singly an¢PMT) (model RFIB214FY. In order to avoid scattered laser
doubly ionized Mg isotope&"***Mg" and***>*Mg** [see  |ight entering the PMT an appropriate UV neutral density
Fig. 1(b)]. The MCP detector output signal is monitored by afjiter is placed in front of it. The signal from the photomul-
digital oscilloscope(LeCroy 9310, processed by a boxcar ijpjier is amplified(Ortec 485 and then fed to a boxcar in-

integrator(Stanford Research Systems SR 8Ad fed 0 @  (ogrator and the averaged output is recorded on a chart re-
chart recordetYokogawa LR412pand a personal computer corder and stored into a personal computer.

where the data are finally stored.
Space charge effects at the low atomic density mentioned

above are found to be weak. However, they are not com- . THEORETICAL MODEL

pletely eliminated as evidenced by the small broadening of

the width of the?’Mg* TOF peak with increasing laser pulse  In order to interpret the experimental data we have devel-

energy. On the other hand, further reduction of the atomi®ped a theoretical model, sufficiently detailed to describe the

density results in very low Mg signal levels. dynamics of the Mg atom and the Mdon when irradiated
After each new load of the oven with Mg, a small TOF by the laser pulses. The complete set of dynamic equations,

peak of?Na’ ions appears which lasts for about 2 days ofshown below, combines six equatiofigs. (1)—(6)], result-

operation and then it disappears. The probler®sf" pres-  ing from a density matrix model for the Mg atom, with three

ence was also encountered in previous experiments and preate equations for the Mgime evolution[(7)—(9)]. We will

vented a reliable measurement of Mgpectra and intensity not present a detailed derivation, since it is well documented

dependencgg]. All the measurements reported here on*Mg in the literature, to which we will refer where necessary.

were recorded under Ndree conditions. However the TOF Instead, we will briefly explain the meaning of the various

mass spectra show additionally a small contamination of Hterms in the equations and qualitatively explain their contri-

and!“C" ions, probably originating from the hot parts of the bution to the dynamics, when appropriate, with the help of

chamber or hydrocarbons present in the interaction regiorthe detailed excitation scheme depicted in Fig. 2.

Most important is the presence of the singly charged carbon .

ions because4the2y+ have the same mass-to-charge ratio with ;. - _ Y+ oy + 2 Im{Q(142)<1 _%>021}, (1)

the strongestMg®* isotope and therefore it was necessary >

to take a number of measures for their contribution to the

measured doubly charged Mg signal to be eliminated or at @ i @

least evaluated. First, the wavelength dependenc&@f 022= =209, =2 Im| Q5 1+ —7 Joo1 = Q3303 |, (2)

was recorded under conditions where neithePMapr Mg* a2

was detected. The spectrum is unstructured consisting of a

flat background. Second, the operation of the liquid nitrogen

trap eliminatess the Hand*°C* signal at low atomic densi-

ties and greatly reduces it at the highest density employed . _ (. 1 4 4

here. Third, it was noted that under a variety of conditions 721~ ('(Al *S)- E(y(li) o+ F2)>021

with no Mg?* or Mg* present the B/C* ratio is always

033= — (V5 + T ogg— 2 IMQSoa,], (3

- X . + — ) i i .

0.6. Using this fact, the amount &fC” on them/Z=12 - '9(142)[(1 ‘ﬁ)ﬂu— (1 +W>022} — 10804y,
TOF peak could be estimated. Its contribution is found to be o} a>
less than 3%. Nevertheless, t#g®* measurements were (4)

corrected by this factor. On the other hand, no correction is

necessary for thé°Mg?* peak for whichm/Z=12.5 and, 1

moreover, after the aforementioned small correction the three ¢4, = (i(Al +S+A) — (P + Y + 4+ 1“3))031

24252819%* isotopes(and the?*?>2Mg* oneg exhibit the 2 '

known natural abundance percentd@e%, 10%, and 11%, . i .

respectively. +i0f9( 1 t @ |32~ 05301, (5)
For the experiments involving detection of fluorescence 9%

the dye laser output is focused into a quartz T-shaped tube in 1 )

which Mg undergoes continuous evaporation. ThelO cm - (iA (W 4T+ T > " iQ(“)(l +'_>

focusing lens is mounted inside the tube. The Mg vapor den- 732 2 2(73' s+l Jos, 12 <24) 731

sity is determined by measuring the temperature of the cell

via a thermocouple in contact with it at its center. Coating of - '9(2%3)(022_ 733, 6)
the quartz windows with Mg is prevented by the use of a

metallic mesh rolled around its main body and by the pres- 0= (Vi(f) + %(ilt)))an’frztfzﬁ (I's+ 7’(3@033

ence of~3 Torr He buffer gagslightly higher than the Mg (4)

vapor pressune Under these conditions the recorded data are + 4(—14§Re(02]) + 5,055 — ROy (7)
reproducible for about 2 days. Then the cell had to be a4z
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055 = 'ygi’)Jo'ss—('ySr+ Rp+Q'(56))0'55: (8)  brief description of this method will be given below. The

ground state is coupled with four photons to the quasibound

_ part of the ®? 180 state, the coupling represented by the
- 0¥ - o
066 = {56055~ Rioge. 9 four-photon Rabi frequencyl(l‘lz). The excitation of the de-
generate continuuni3ses 150) is represented byy(l‘i”. The
interference of the two excitation(Bathways is expressed by
_ 1 ! : the four-photon Fang-parameterq,”. The definition of all

?‘”d|3>.-|3.p3d. Py under_the action of the laser field thse three parameters is a straightfor%/vard generalization of the
intensity is given byl(t)=1,.f(t). The pulse envelope is corresponding two-photon ones given in REE3]. These

assumed throughout the remaining of the paper to have thgomic parameters are constrained by the well-known rela-
form f(t)=secR(1.7@&/7), with 7=5ns its FWHM, or tion (4)=29(4)(F (4))—1/2. An additional four-photon deca

. . . . a, 12\ 2%5; p y
equalently th'e pulse durat|on._ Equatiofls—(3) descrlk_)e to the background €d 1D2 continuum is denoted bwﬁ}-
the time evolution of the populations of these states while thgpe pound state 2p 1P1 is in near three-photon resonance

remaining three equations refer to the corresponding offyh oughout the wavelength range scanned in our experiment
diagonal elements of the density matrix. Stafsand|3) are (584—596 nm with a minimum detuning of approximately
both autoionizingAl), the former decaying to the degener- 1000 cmit. While, under our moderate laser intensities, this
ate Zes 'S, continuum and the latter to thes& 'P, one.  state is not populated, it nevertheless, incurs non-negligible
Their Al widths are denoted by, andI';, respectivelysee  wavelength dependence to all four-photon excitation prob-
also Fig. 2; their values are given in Table These reso- abilities from the ground state. Thus, we have calculated
nances are represented as quasi-bound-states embeddedhigse four-photon dipole couplings for five values of the
the adjacent degenerate continu{i?] and this representa- wavelength within the scanned ran¢given, together with
tion leads naturally to the derivation of their positions, Al the calculated couplings, in Tablgdnd linearly interpolated
widths, Fanog-parameters and dipole couplings within the in between them to obtain smoothly varying, wavelength de-
context of the density matrix formalism. This representationpendent couplings throughout the scanned range of wave-
is also compatible with the configuration interacti@l) ap-  lengths. This approach has already been successfully em-
proach employed for the calculation of these parameters. loyed in an earlier study of the same system, albeit with a

Equationg1)—6) are the density matrix equations governing
the time evolution of Mg stated)=|3s?'S,), |2)=|3p?'S)
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TABLE |. Calculated Mg parameters used in the density matrix mEgs. (1)—(6)]. The intensityl is
expressed in W/cfand shifts, Rabi frequencies and ionization widths in rad/s.

Mg

(6] (1) (1) 1)
S I I Q33 V3i Yais V3ip
-25.3 5.4x 103 3.8x 1012 77.612 27.673 3x 1079 27.670
A (nm) Qin? Y I
584.5 4.0<10°18 3.7x 10740 5.1x 1073
587.5 5.4x 10713 6.2x 10740 7.1x 1073
590.0 6.6x 10713 8.9x 10740 1.0x 10738
592.5 6.6x 10713 2.2x 1073 1.5x 10738
595.0 9.4x 10713 3.8x 1073 2.6X 10738

somewhat different excitation schenj&3]. The detuning ionic states, respectively, including all the autoionization and
from exact four-photon resonance is denoted Ay=4w radiative decay mechanisms of the neutral atom that produce
-(wy,—wq), Wherew; and w, are the field-free energy posi- Mg ions in either of these states. The spontaneous decay of
tions of stategl) and |2), respectively. The small negative the 3 to the 3 has also been taken into account through

AC Stark shift of the ground stat&;, has also been taken [14]. Within the rate equations model, which was adopted in
into account, its numerical value given in Table I. Std®s order to simplify the description of the complicated multi-
and|3) are coupled by a one-photon transition and the corphoton dynamics in the Mg ion and render it computationally
responding detuning id,=w—-(w;—w,). Since|3) is very manageable, we have defined three excitation-ionization
narrow (its Al width being approximately 25 cth, see also pathways labeled, respectively, with A, B, and$ee Fig. 2
Table )) it has been treated as a bound state as far as ifor a detailed graphical depiction of all three of themath-
dipole coupling to staté?) is concerned, which means we way C corresponds to the decay of the ground ionic state, 3
have neglected any continuum-continuum coupling betweehy seven-photon near-resonant, eight-photon ionization. The
the two stateg13]. Nevertheless, its Al width has been in- corresponding rate is defined as

cluded as a decay channel contributing to the*(8g ion _ @

production. Additional one photon absorption frd8) has RS(“’)';”[QH"I"(AS*“’“”

also been included through the total ionization wi Y, "l

This width results from the sum of two contributio %; %y;l)l

the ionization width to the &1 'S, and 'D, continua and =0J A TS _s il i)

7(3}; the ionization width to Bel 'S, and*D, ones. All sym- (Bs—mrr+ S~ Spond ™+ 4(¥nr)
metry allowed continuum channels have been included in thgng enters as the last term on the right-hand side ofBq.
calculations. As can be inferred from the values quoted ing is the sum of 20 terms, each one having the typical form of
Table I, the ionization to the[@l continua is the dominant the excitation rate from a bound initial statibe 3, in the

laser induced decay mechanism from staleMoreover, for  present cageto an AC Stark shifting and ionizing final state
the highest intensities employed in the experiments, this ragnyone from the set of 20, denoted b§l”) [15]. The pa-
diative decay competes with the autoionization decay of statgymeters needed to define the rate are the seven-photon Rabi

|3>' Thg excitation-decgy pathway fro2) to the 33?' con- frequencme n(As_y»=0) to staten’l”, the ionization
tinua via state|3) entails the enhanced absorption of two s=n

photons above the first ionization threshold and is the sol®idth, Vﬁw and the ponderomotive shiff,ong of this state,
source of population for the MBp excited state. This is of its detuning from seven-photon resonanc ,qy»=7w
critical importance for the production of Mg as will be  —(wyn—ws3s), and the AC Stark shif§,, of the 3. The cal-
analyzed in the following paragraphs. It should also be notedulated values of these parametexith the exception of the
that the laser-induced shifts of stat@s and|3) from their =~ ponderomotive shijtare given in Table Il. The theoretical
field-free positions are dictated by their one-photon couplingnethods employed for the calculation of these parameters
and are not necessarily identical to AC Stark shifts or thewill be presented at the end of this section. The ponderomo-
ponderomotive shift. tive shift is the same for all the high-lyingn”l”
Equationg7)—9) describe, within a rate equations model, (12<n”<16, 1"=1,3,5,7 Rydberg states included in the
the time evolution of the multiphoton excitation in the Mg calculation of the ratd, [8]. These states have been chosen
ion and its subsequent ionization to produce?Mdhe ionic  because, for the wavelengths and intensities employed in the
states explicitly included in the model até)=|3s), |5)  experiments, they shift in and out of seven-photon resonance
=|3p), and|6)=|5f). The first three terms on the right-hand during the laser pulse and are therefore considered to be the
side of Eq«(7) and the first term on the right-hand side of Eq. ones mostly contributing to the double ion signal. In apply-
(8) are the source terms for the populations of ts@Bd 3  ing this state-selection criterion, the AC Stark shift of tle 3

(10

033403-5



LIONTOS et al. PHYSICAL REVIEW A 70, 033403(2004)

TABLE Il. Calculated Mg parameters used in the rate equation méHeg.(7)<9)]. The intensityl is expressed in W/cfrand shifts,
Rabi frequencies radiative and ionization rates in rad/s.

Mg*
S S S(w)® 0L2(A3=0) Yo
4 56
-79.0 -10.3 259.1—-3.2 -28.8x 107192 2.857x 10°
Ry(w) Ri(w)
X (nm) Ro/14° " Q) (A gr=0)/1772 Yol e (A =012 )
584.5 2.0<10°38 12p -2.7x 10738 3.79 24d 3K 1P 0.78
587.5 1.2x10738 12f 1.0x 10733 454 24g 10.%x 10° 0.32
590.0 3.4x10°% 12h -1.2x10738 1.15 25d -3.5%10° 0.69
592.5 1.9 10739 12k -7.3x10736 8.02 259 -9.x 10° 0.28
595.0 4.5 10740 13p 2.8x 10733 2.90 26d 3.x10° 0.61
13f 1.2x 1073 3.54 269 7. 10° 0.25
13n 1.3x10°% 9.17 27d -3.x10° 0.55
13k 7.1x 10736 7.03 279 -7.10° 0.22
14p -3.0x 10733 2.24 28d 2.%10° 0.49
14f -1.5x 10738 2.84 28g 6.1x 10° 0.20
14h 1.0x 1073 0.74 29d -2.K10P 0.44
14k -6.9x 10736 0.06 29g -5.X10° 0.18
15p 3.0x10°33 1.84 30d 2.6< 1P 0.40
15f 1.8x 1073 2.30 30g 4.6<10° 0.16
15h 6.8x 1073 0.61
15k 6.6x 10736 0.05
16p -3.6x 10733 1.50
16f -2.19x 10733 1.89
16h -7.0x10734 0.50
16k 6.3x 10736 0.05

#The maximum and minimum values are givéj(w) is calculated at 10 different wavelengths within the range 584.5-595.0 nm.
PCalculated from the experimental lifetime measurem¢ghds.

‘Calculated fom=18, 24, 52(1=0) andn=17, 23, 51(I=6) states corresponding to resonant excitafigq. (11)] at 595, 590, and 585 nm,
respectively.

dExperimental energy level positions are taken from RE3].

ground ionic state and the ponderomotive shift of the Rydseries are fulfilling the resonance condition rendering a de-
berg states have both been taken into account. tailed calculation particularly cumbersome. We have thus
Pathways B and A, both start from the excited ionic statdimited our calculations to five specific values of the wave-
Mg* 3p. Pathway B is a five-photon near-resonant six-length(also given in Table ) and the corresponding states
photon ionization process while pathway A is a four-photonare interpolated linearly between these valuesRgw) to
resonant two-photon ionization process that proceeds via thgbtain its values at a desired wavelength mesh that was sub-
5f (four-photon resonaptand a set of Rydberg states one- sequently used in the time-dependent calculation. This
photon near resonantly excited from the &or the calcula-  wavelength-dependent excitation rate should be considered
tion of rate Ry(w) (corresponding to pathway)Bve have 55 an averaged quantity that takes into account the most sig-
chosen a number of states of symmetry), 6 (given in foot-  pificant contributions to double ion production through path-
note c of Table IJ that are accessible by five photons from way B. Pathway A, is modeled in two steps. First, tHeis

the 3 and are shifting through five-photon resonance aroungh .5, | ited f te qi he fol-
the peak intensity of the pulse for the higher end of theloﬁ:];ezggfen;g{oﬁfcned fomp3at a rate given by the fo

intensities employed in the experimeirt9 x 10 W/cn?).

The expression for this rate is @ @ - %Rf(w)
08(0) =[0L)(A,=0)] ,
G ()2 56 56 A ()2t TR T
Ry(w) =23 [ﬂwyl(_)] (12 [As+ S5~ Sy(@) P+ 3[R >](12)
nl nl

At different wavelengths in the experimentally scannedwhere Qg‘g(AfO) is the resonant four-photon Rabi fre-
range, vastly different parts of the corresponding Rydbergjuency from ® to 5f (given in Table 1), Az=4w—(ws;
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—wgp) is the field-free four-photon detuning from resonanceThe doubly charged ion yield is calculated Mg, =1-N,
andS;, S; are the AC Stark shifts of thep3and &, respec- —(011_.., Or alternatively and equivalently aN,,=N3,
tively. The calculation ofS; is straightforward and is per- +NB,+N?,. The former equality results from the obvious as-
formed by applying the usual definition of this quaniigee,  sumption that within our sequential excitation model the sys-
for example, the appendix in RgB]) at A=590 nm(in the  tem is closed and at the end of the pulse whatever population
middle of the scanned rangleecause it is very weakly wave- has not ionizedeither singly or doubly chargeavill remain
length dependent. The calculation&fis more complicated. in the ground state. The latter expression rests on the reason-
This laser-induced shift is dominated by the one-photorable assumption that at the experimental intensities for which
near-resonant coupling of f5 to Rydberg states double ion production is recorded the one-photon ionization
n'l’ (24<n’<30,1'=2,4). Since these states have beenfrom the final set of Rydberg states involved in pathways A,
only indirectly included in the dynamics of the ion, through B, and C is saturated and therefore once the system is excited
their contribution to the effective two-photon ionization ratein the vicinity of these Rydberg states is certainly ionized.
R, in order to take into account their contribution to the Therefore, the contribution of each of the three pathways to
laser-induced shifting of owe have calculate&; as an AC  the double ion yield can be expressed as
Stark shift for 10 equidistant values of the wavelength span-
ning the range from 585 nm to 595 nm. In this way, a
strongly wavelength-dependent quantity was obtaiasl
can be inferred from its extreme values given in Tabjefid
subsequently used in the rate equations system. The ioniza- s _

2+—fA Rsoaq dt.

t

Nf2+ = f Rf(TeG dt, Ng+ = j Rp0'55 dt,
At At

tion rate of § through a near one-photon resonant two-
photon process is given by
The integration extends over the same time interval as the

Ri(w) =, [Qiﬂn,,,(Afﬂnq, =0)]° solution of the set of dynamical equations. Both expressions
1’ for the calculation of the double ion yield have been used
1) and their equivalence within our model has been numerically
% 2 (13) verified. Finally, the fluorescence yield from the excitqul 3
o+ _ 2,10, (D2 towards the 8 ground state, that has been used as an experi-
[A_nr + Se(w) Spont] 4(7nr|r)

mental probe of the population op3has been calculated as
— : Niwo=/ o5 dt.

f%”"’(Af%”"',_E)) 'S the one-photon Rabi frequency ﬂuI_é:efoArteyscrIoSS?ing the theory section it is necessary to give
from the 5 to the n'l’ Rydberg StateAf7n"’:w_(w”"’ some details about the array of techniques we have employed
- wg) is the corresponding detuning, and}), is the ioniza-  for the calculation of the atomic parameters, i.e., the param-
tion width of then’l’ Rydberg state. The labels of these eters entered in the set of dynamic equations, that we collec-
states and the values of the corresponding parameters atieely call them atomic although they refer to both the Mg
given in Table Il. The states included in the calculation areatom and its ion, M§ We treat atomic Mg as a two-valence
those that are ponderomotively shifted through one-photorlectron system outside a frozen, doubly charged ionic core
resonance with the shifted position, during the laser pulse. [13]. This core is described within the self-consistent field
These remarks conclude the presentation of the system ajpproximation. Then a one-electron Hamiltonian is built by
dynamic equations. taking into account the interaction of a single electron with

For each wavelength, Eq&l)<9) are simultaneously in- the frozen core including core polarization effects through an
tegrated fromt;,,=—27 to t;, =27 with the peak of the laser appropriately parametrized potentfd3]. This Hamiltonian
pulse corresponding t6=0. The numerical technique em- is diagonalized on &-spline basis set that includes 350
ployed for the integration of the system of equations is arB-splines(of order 10 per angular momentum confined in a
embedded fifth-order Runge-Kutta method with adaptiveradial box of 150 a.u. and defined over a linear mesh. The
step size contrdl16]. The calculations were carried out on a cutoff parameters of the core polarization potentials are op-
commercial personal computer. The solution of the systentimized in order to reproduce the lower excited states of Mg
(i.e., the values otr;;, i,j=1,3 andoy, k=4,5,6 asfunc-  of each symmetry(I=0-5. The one-electron orbitals are
tions of time for a specific wavelength and peak laser intenerthogonalized to the core wave functions and are, subse-
sity) are used for the calculation of observable quantities thaguently, combined to build properly antisymmetrized two-
are directly compared to the experimental data. Specificallyelectron configurations. The two-electron states of specific
the total Mg signal is calculated adN,=(opt033t044  symmetry are obtained by diagonalizing the two-electron
+055+ 0gelt_, 1.€., as the sum of the populations in the Al Hamiltonian, which includes an appropriately parametrized
states and the populations left in the three ionic states at thdielectronic polarization potential, within the corresponding
end of the pulse. The long-time limit implies that all the space of configurationgconfiguration interaction calcula-
population in the Al states will rapidly decay after the end oftion, Cl). The calculation of bound states or unstructured
the pulse and will be collected as Mgignal. Similarly, any continua is straightforward. The Al resonances are described
redistribution of population between the ionic states, becauses isolated quasibound states embedded in a degenerate con-
of the spontaneous decay of the excited ones to the grourtthuum within the framework of the Feshbach formalism
state, will not affect the recorded singly charged ion signal{13], implemented by partitioning the configuration space in

WhereQ(l)
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two subspaces, usually denoted@yandP, that are coupled 0.65
only by the electron-electron interaction, i.e., the part of the
two-electron Hamiltonian responsible for the configuration

mixing. In a typical ClI calculation for bound states or for the
quasibound component of an Al state between 400 and 500 (d) ox10" Went | | (h)
configurations are included. The representation of the dis- 0.00 S S S S L S —
cretized continua is satisfactory with approximately 100 to 065584 586 588 590 592 394 596 584 386 588 590 592 594
200 configurations. Our results for the positions of bound ’
and Al states as well as the widths of the autoionizing states /—\/
agree reasonably well with earlier theoretical and experimen- 1

tal results[13]. The various dipole couplings, and in particu-
lar the multiphoton ones, have been obtained by using the
calculated two-electron wave functions and a Green’s func-
tion technique to perform the summation over intermediate
states[17,13. In order to facilitate the comparison with the
experimentally recorded spectra we have used the experi- g’
mental value for the energy of ths?3Vig ground state in the

0001 © 6x10" Wen | |(2)

T T T
584 586 583 590 592 504 596584 586 588 590 S92 504
035

Signal (arb. units)

:

calculation of the energy denominators in the multiphoton 1 " N

matrix elementg17]. The dipole operator in both the length 0.00 (b). . 4>.<10 ,W/C}m (ﬂ, ——

and the velocity gauge has been used in the calculations of 584 586 588 590 592 594 596584 586 588 590 592 594
the dipole couplings. As a general rule, the agreement be- 0.06

tween the results obtained with the two different representa-
tions is usually in the order of 15% or better. A notable
exception iSy(l‘Q, the four-photon ionization width from the
ground state to thesad 'D, continuum, for which the two
results differ substantially. We have used the value obtained
in the velocity gaugéquoted in Table I), since it turned out

to have converged with respect to the box length and the size

of the basis set. . . .
. . FIG. 3. Experimenta{a)—(d) and corresponding theoretiog)—
The parameters for the M@iave been obtained within the (h) Mg* spectra for different laser intensities. The vertical dashed

framework of single channel quantum defect the@QDT), line in (a) marks the wavelength of the unperturbed? \‘5)

an approach used successfully over the years for the theoref;, 3,2 15 resonance. Inid) the dye profile is drawn with dashed
ical description of time-dependent multiphoton processes ifjpe.

one-active electron systemis8]. By exploiting the extensive

0o @ 2x10" Wt | [(e)

- T T T T T T T

584 586 588 590 592 504 596 584 586 588 590 592 594
Laser Wavelength (nm) Laser Wavelength (nm)

tables of bound state energies for Mgrovided online by

NIST [19], we have obtained weakly energy dependent quan- V- RESULTS AND DISCUSSION

tum defect parameters for all Rydberg series of interest for A. The Mg* yield

the simulation of the ionic dynamics. In this way the energy

positions of very high-lying statés > 20) are predicted with The Md" yield as a function of laser wavelength near the

satisfactory accuracy. Moreover, by smoothly extrapolating®s” 'Sy-4w-3p® 'S, transition is shown in Figs.(8)-3(d) for
these parameters above the first ionization threshold dof Mgfour different laser intensities. The spectrum in Figa)3s

it is possible to obtain energy normalized continuum wave'ecorded with a relatively low intensity, while that in Fig.
functions that are employed to evaluate ionization cross sed(d) with the maximum obtainable one. The vertical dashed
tions. The notoriously difficult calculation of multiphoton di- line in Fig. 3a marks the unperturbed resonance position
pole couplings for high order transitiorierders 4, 5, and 7 (68 275 cm?, A~585.7 nm) of 3p? 'S, according to the

in our casgis performed by employing a numerically effi- available spectroscopic dafth9,23 and additional measure-
cient method20] that converts a recurrence relation satisfiedments of ours acquired by low-intensity, two-photon ioniza-
by the multiphoton matrix elements into a set of complextion experiments. It is evident that the resonance peak posi-
linear first-order differential equations. For one-photontion is considerably shifted with respect to its unperturbed
bound-bound and bound-free matrix elements we have entocation even for the lowest intensity showi~2
ployed the techniques developed in REf1] that are nu- X 10 W/cn?). As the power density increases abové
merically efficient and reasonably accurate even when, as ix 10 W/cn?, this shift attains its maximum value. For the
our case, high-lying Rydberg states are involved. All calcu-highest intensities, the resonant and nonresonant contribu-
lated matrix elements have been properlyscaled[22], tions to the signal become comparable leading to an apparent
since, within the context of SQDT, Mds treated as a hy- broadening of the resonance and finally to an almost unstruc-
drogenic system witlz=2. The length representation of the tured ion spectrum, a clear sign of saturation. It is also no-
dipole operator has been used in all SQDT calculations anticeable that the background is always higher on the red side
the radial range of the integration was taken sufficiently longof the resonance, despite the lower laser pulse energy output
(typically 100 a.u) for the results to be converged. of the dye solution in this wavelength ranggg. 3(d)]. This
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fact is attributed to the tail of the four-photon ionization pro-
cess from the & 'S, ground state via the three-photon near-
resonant transition to the bound4p *P; level (see Fig. 2
The exact position of that resonandg9 346.7 criit,
A ~607.8 nm, does not fall within the scanned wavelength
range. If AC-Stark shift effects are ignored, the smallest
three-photon detuning within this range is quite large
(~1000 cm?). Yet it is known that this transition is very
strong[24] and at high intensities its tail affects the ion spec-
tra even far away from the resonance. The shape of the back-
ground signal and the large shift of the?3S,-3p® 'S, four-
photon transition observed in the present study are in close
agreement with the electron energy analysis experiment of
van Drutenet al. [8], performed mainly with 1 ps laser
pulses. In addition, this behavior is satisfactorily predicted
by the theoretical model presented earlier. As it can be seen
in Figs. 3e)-3(h) the large shift of the §° 150 level, attrib-
uted to its strong radiative coupling with the3l lPl au-
toionizing state, is accurately reproduced for all the intensi-
ties. On the contrary, the resonant width is reproduced only
for the highest ones. The reason for this small discrepancy is
not clear as yet. Moreover, at low intensity the model over-
estimates the higher red side background ionization signal
although the & 'S-3w-3s4p P, resonance is only implic-
itly taken into account through the frequency dependence of
the four-photon Rabi frequendy(l‘g and ground state ioniza-
tion widthSy(l‘i” and y(l‘g. The largest contribution to the tail is
found to stem from the background ionization wid)tﬁ)) to 10" .
the ed 'D, continuum, for which the velocity gauge result I (W/em')
is employed in the model. On the other hand, as the intensity ) ) )
nreases e heoreical and experimemal gl specra 5, 020 vt Sk ng ot e
look much more similar, despite the fact that the dye profilesnglm_ focusing lens focal lenafie g
. . . . . - - ; g lens focal length=10 cm.(b) Laser wavelength
is not mtroduceq in the calculation. At the highest llnten.3|ty588 nm: focusing lens focal lengfte 15 cm. Typicaly axis uncer-
the model predicts Cor_nplete saturation accompanled with Binties are of the order of the symbols size. For more details see
small drop of the Mg signal(around 591 nry) attributed to text.
Mg?* formation. In conclusion, the energy-dependent back-
ground ionization signal, saturation effects and“Mgre-
ation are found to be responsible for the fact that the shift o
the 3? 1SO resonance is apparently fixed at high intensity.
Typical recordings of the Mgsignal as a function of laser
power density are shown in the log-log plots of Figsa)4
and 4b) for two selected laser wavelengths, 592 nm an
588 nm, respectively. The latter wavelength is close to th
unperturbed position of the p8'S, resonance while the
former lies near its location at the highest intensities avai
able in the present study. The data shown in Fig) #ave Imax
(N)p 2 f

Ion Signals (arb. units)

yolume as the intensity increases and for Gaussian beams the
slope of the saturated part is equal to 82e, for example,
Ref.[25]). In order for the theory to reproduce this effect it is
found necessary to spatially integrate the calculated Mg
dyield, N, (as well as the Mff yield, N,,) over the interaction
olume. This procedure does not affect the order of nonlin-
earity of the unsaturated part. The spatially integrated ionic
|populati0ns are then given by

been recorded with ai=10 cm focal length lens while those N(DHK (I, a0dl, (14)
of Fig. 4b) with an f=15 cm one. Power law‘- fits to the
unsaturated parts of the experimental curves produce for a\'/!/here the function
wavelengths an order of nonlinearig, =4 (for the data

shown the fitted values at¢,=4.09+0.03 for 592 nm and V(1,1 ) 21+ |max<|max— | )1’2 5

0

K,=3.98%0.03 for 588 nm That is to be expected for a K(1 Tma) = dl 12 |

four-photon ionization process and the gradual shift of the

resonance with increasing intensity does not seem to produ@pplies strictly only for Gaussian laser beaifi&6]. The

a wavelength dependent order of nonlinearity. This fact is ircurves computed through Eq44) and(15) fit both the satu-
perfect agreement with theoretical predictions. The saturatetited and unsaturated part of the plots. Matching theoretical
part of the plots is not parallel to theaxis but, rather, the to experimental values requires, of course, an appropriate
ionic signal continues to increase with a lower slope. Thisscaling for they axis (signa). Concerning thex axis, no
well-known phenomenon is due to the increase of the foca$caling of the theoretical intensity values is practically re-
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1.00 m 7 with the Mg" signal. The spectrum of Fig.(& is recorded
@ ?ffm Went| - (h) with nearly the lowest intensity for which Mg ions are
o 4 detectable under our conditions, while Figdpb with the
maximum available one. It is evident from the plots that
most of the spectra exhibit asymmetric profiles. However,
T the long tail of the low intensity recording of Fig(& lies on
0.60 © = ) T the red side of the spectrum and the maximum signal appears
6210 W/em & around 588 nm. As the intensity increases the asymmetry is
030 i gradually reversed and the signal’s maximum appears finally
/\ at ~592 nm. For intermediate power densities the shape of
the spectra is that of two partly merged lobes. Apparently,
Mg?* ions are produced by two competing mechanisms each
024 — of which dominates at different intensities. In a first attempt
®  40<10" Wem| | () to identify those mechanisms, we note that for the lowest
O_IZ_M i intensity the spectral maximum is slightly blueshifted with
respect to the four-photonpg, 3/75fs» 7/2 ionic transitions.
Considering our resolution and the number of photons re-

quired for this ionization patlsix in total—see pathway A in
Fig. 2) only two lines are expected to show (pe 5; level

0504

0.00 T T T T T

=)
S

T T T T T T

Mg Signal (arb. units)

e 22 fine structure amounts to 0.06 ch19]). The unperturbed
| ik locations of these line@he first for the ®;,, initial state and
i the second for the %, one are marked by the vertical ar-
000 i rows in Fig. §a). Experimentally only one line is observable.
584 586 588 590 592 594 596584 586 588 500 502 594 This fact might be attributed to the proximity of the fifth
Laser Wavelength (nm)  Laser Wavelength (nm) absorbed photon to a manifold of highly excited ionic Ryd-

berg stategn~ 30), which could broaden and merge by the
FIG. 5. Experimentaa)~(d) and corresponding theoretia®)~  DC field used to extract the ions in our TOF apparatus. Nev-

(h) Mg?* spectra for different laser intensities. The vertical dashedertheless, this scenario suggests that excited Mgs are
lines in (@) and (e) mark the wavelengths of the unperturbed formed into the By, 3, levels, which in turn implies the
3pyj2,ai74-5f; Mg resonances. Iid) the dye profile is drawn  ahsorption of two photons above the Mg atom’s first ioniza-
with dashed line. tion threshold. Indeed, the excited state ionic populations are

successfully probed by the fluorescence study presented in
quired for the data recorded with tlie 15 cm focal length  the next section. The other mechanism though, responsible
lens, apart from the unavoidable factor translating peak tdor double ionization at high intensities, cannot be unam-
average pulse intensitigfor the assumed pulse shape theybiguously determined solely from the analysis of experimen-
are related byi_ ~1.13,,2). On the contrary, for the data tal spectra and it is at this point that assistance from theoret-

recorded with thef=10 cm focal length lengsuch as those ical calculations becomes decisive. Figuresys5(h) show
shown in Fig. 4a)] the overall scaling factor was found to be the computed Mg spectra. At the lowest intensity a satis-
2.8. In other words, the theoretically predicted saturation infactory agreement between the experimental spectrum and
tensity is found to be-2.8 times higher than the experimen- the envelope of the calculated one is found. Since theory
tal one. Scaling parameters of similar magnitude are not undoeS not include the aforementioned DC field present in the
usual in multiphoton ionization studigd0,13. However, €xperiment, a few distinct resonances appear in Fg). 5
since no scaling is required for the data recorded with thel hey are assigned to one-photon resonant two-photon ioniza-
longer focal length lens we conclude that our finding undertion processes of the ionic Mf level through the manifold
tighter focusing conditions may be attributed to space charggf Rydberg states with 24 n<30 andl restricted to d and g
effects. Their importance would be greater when short focalevels(pathway A in Fig. 2. Additionally, a weak and broad
length lenses are used since this leads to the production ®€ak on the red side of those resonances is observable and it
higher ionic populations within a smaller volume. The aboveliS responsible for the asymmetry of the spectral envelope.
assumption is also supported by earlier experimental and thd-hat peak stems from the five-photon resonant six-photon
oretical studies where it was demonstrated that under spad@nization of 3 levels through a different manifold of Ryd-
charge conditions the order of nonlinearity is not affected buberg states with 24¢n<30 andl=0 and 6(pathway B in

the apparent saturation intensity decree{m In that case, Flg 2). States with these values of orbital angular momen-
however, the atomic density employed was much highefum cannot be radiatively coupled by one photon to the Mg
(~10 cm) and the saturation intensity decreased by aboubf level. By increasing the intensity this path gains in impor-

a factor of ten with respect to the expected value. tance and finally dominates. As it can be seen in Fif). the
calculated double ionization yield via thep-@w-5f ionic

B. The Mg?* yield transition is still the strongest at intermediate intensities and,

' consequently, theory predicts that the contribution from path-

Figures %a)—-5(d) assemble typical plots of the Mgyield  way B scales with intensity at a slower rate than that ex-
as a function of laser wavelength, recorded simultaneouslpected on the basis of experimental evidence. For the highest
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0.05 — The picture described above is consistent with the mea-
- EOMIMg yield ' surements of M& yield vs power density shown in Figs.
----- ath A Kos € ;
. Path B 4(a) and 4b). Power lawl 2+ fits to experimental data pro-
.......... duce a slopeK,,~4.5 for 588 nm(pathway A and K,,
~5.1 for 592 nm(pathway B. For all wavelengths larger
than 589 nm, the slopds,, are found always greater than
five (they range between 5.1 and 5.6 and typical uncertainties
are of the order of 0)1 In fact the theoretical Mg curves
exhibit saturation at the power densities of interest and the
experimentally determined slopes have little meaning apart
from the demonstration that, as expected, the onset of doubly
charged ion yield saturation occurs at lower intensities when
pathway A dominates. Moreover, theory predicts that the ob-
served saturation is due to both Mg and excited" Mgple-
tion within the interaction volume. Indeed, as is evident from
Figs. 4a) and 4b), Mg?* ions are detectable just at the onset
of Mg™ yield saturation. Note that in order to match theoret-
ical and experimental Mg curves in Figs. @) and 4b) the
0,00 det i [ e samex axis (laser intensity scaling factors determined from
584 58 588 590 592 594 the Md" curves have been employed. In fact, evenytlaxis
Laser Wavelength (nm) scaling factors are found practically the same with those for
Mg* because the theoretical rati,/N, is for the highest
FIG. 6. Theoretical total and partial Myield as a function of  intensities close to 5%. Considering the complexity of the
laser wavelength for the highest available experimental intensitymodel and the unaccounted for ion collection efficiency of

The total Mg* yield, N, is normalized to unity. The total yield, - our apparatus the predicted ratio agrees very well with the
N,,, as well as the partial yieldsy3,, Nb,, N, are calculated as experimental value of 3—5%.

described in Sec. Ill.

Mg"" ion yield

I=9>_<10“ W/em'

A

in_tensities _however the produced S_pectrum compares well C. Experimental verification of excited Mg" ion formation:
with experiment. Due to the approximations adopted in the
calculation of the ionization rate through pathway B, distinct
resonances are absent in this case. It is also noteworthy that The present fluorescence study is undertaken in order to
pathway C in Fig. 2, i.e. the seven-photon resonant eighteonfirm the interpretation given earlier with experimental
photon ionization process out of the ionic M§s ground evidence and to investigate in more detail the strong radia-
state, contributes only an insignificant fraction to the doubleive interaction between autoionizing states. In a first step,
ionization signal even for the highest intensity available inmonochromator scans are performed over the whole range of
the present experiment. This is illustrated in Fig. 6 where theyperation of the UV-monochromator/solar-blind-PMT sys-
contributions of all three different pathways, A, B, and C, astem (200—-400 nmy, for a number of fixed laser wavelengths.

maximum experimental intensity. Additional runs suggestyre gpserved corresponding to the, 3 4735, Mg" transi-
that the ionic ground state ionization contributes significantly; ’

. . " tions. A typical monochromator scan is shown in Figa)7
+
to the Mg? S|gnal for intensities well above ﬂ)W/c_:mz. This is a direct proof that excitedod, 3, Mg* population is
There is still an open question to be answered in order t '

complete the picture, namely why pathways A and B domi_%deed created during the laser pulse. Since no evidence of

nate at different intensities although they share the same inf—}he.r trans_itions Is f°”f‘d the mc_)n_ochromat_or is replaped by a
tial level. To clarify this point, one has to follow the popu- V filter, S|mply to avoid stray visible laser light entering the
lation accumulated to the Mg3p state as a function of PMT. 'I_'hen, in a second step, the total unresolved fluores-
wavelength and for different intensities. It turns out that thisC€NC€ is recorded as a function of laser wavelength. In any of
behavior is determined by the shift of thpzsls) state. For the two steps, .the PMT signal is also recqr(_:ied as a function
the lowest intensities, the population peaks around a wave?f Mg density in order to rule out any collisionally induced
length range that falls near the M@p-4w-5f resonance. effects stemming from the high atomic density
Hence, pathway A dominates in this case. As the intensity10**=10"® cm™) in the cell. The dependence of the total
increases, the maximum of the population is further pushedluorescence on atomic density is plotted in Figb)7to-

to lower wavelengths and pathway A can no more signifi-gether with a power law fit. The dependence is evidently
cantly contribute to doubly charged ion formation. Pathwaylinear, apart from the higher densities where the departure
B, on the other hand, has no specific wavelength dependend®m linearity suggests the increasing importance of colli-
but it is expected to present a weaker overall ionization probsional phenomena. Therefore, all the reported measurements
ability. Consequently, it becomes important at higher inten-are obtained within the linear part of the curve in Figo)7
sities and the fact that double ionization peaks at around The total unresolved fluorescence as a function of laser
592 nm is simply related to the maximum of the M8p  wavelength is plotted in Figs(8-8(c) for a number of laser
population also attained at this wavelength. power densities. The significant red shift with respect to the

Fluorescence study
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FIG. 7. (a) Typical monochromator scan near thg;3 3/73s/,
Mg* decay transitions for fixed laser waveleng&90 nm and in-
tensity (~8x 101 W/cm?). (b) Total fluorescence signal as a func- 0 - I
tion of Mg vapor density. The solid line corresponds to a power law 584 586 588 590 592 594 596 584 586 588 590 592 594
fit to the linear part of the plot. Laser wavelength (nm) Laser wavelength (nm)

unperturbed position of the s3'S-4w-3p? 'S, transition

(expected at-585.7 nm is quite evidenfthe highest value FIG. 8. Experimentala—(c) and corresponding theoretidal;-

(f) total fluorescence spectra as a function of laser wavelength for

i ; 1921 AL
'.S mor_e than .thqe .th&280 cm* 3p S)_State autoioniza different intensities. Theoretical curves are calculated as described
tion width). It is similar to that observed in the Mgpectra. in Sec. III

However, the observed shift is here somewhat larger for any

given intensity and it saturates at higher values. One ma¥ponding shortest one-photon detuning of thé %50 state
also note the absence of any significant background signafrom the bound #4p 1p1 level (only implicitly taken into
This is to be expected, since the ground state four-photogccount in our modgland (ii) small enough to lead to a
ionization cannot contribute to the excited Mgroduction.  coupling that can no longer be treated within perturbation
Furthermore, the fluorescence profiles exhibit reveksed  theory. These findings may explain why absorption of two
much smalley asymmetry with respect to the correspondingphotons above threshold is made possible with long laser
Mg* spectra. This behavior is accurately reproduced by th@ulses of ns duration, a situation that is rather unexpected.
calculation [the relevant spectra are assembled in FigsThey also point out very clearly to the important role played
8(d)—8(f)] although the profile widths are again rather under-by autoionizing resonances in multiphoton single and double
estimated by the model. The analysis of theoretical result®nization processes of alkaline-earth-metal atoms.
uncovers some interesting aspects of the laser-Mg atom in- A direct manifestation of the above-mentioned strong
teraction in this energy range. In particular, it turns out thaicoupling is the fact that the observed shifts cannot be pre-
the observed two-photon absorption above the first Mg ionedlicted in terms of perturbative AC Stark shift theory. The
ization threshold is clearly dictated by the strong one-photorpresent calculations suggest that we are rather dealing with a
coupling between the® 'S, and $3d *P, doubly excited situation analogous to the Rabi splitting of two resonantly
states, both acting as steps in a ladder leading tophg 3,  coupled states, even more so since t|p8d31P1 has been
Mg formation. This coupling was explored in various mul- treated as a bound state, as far as its coupling to pﬁé%
tilaser studies in the past, such as the studies of laseis concerned. Thus, what is experimentally observed is a
modified autoionizing structureg13] and the three- fluorescence probe of the ionization from one of the two
autoionizing-states ladder schem8]. In our study, the components into which this doubly excited state splits. The
wavelength of the unperturbecp%lsb-3p3d lP1 resonance contribution of the other component lies outside the scanned
position (~566.4 nm is outside the scanned range. Thewavelength range. The excitation cross section is nonzero at
shortest unperturbed detuning, approximatehs30 cni'  the unperturbedzero field position of the four-photon reso-
(for Naser~584 nm), is considered as large by conventional nance,~585.7 nm, and this explains the reversed asymmetry
standards. However, it i§) much smaller than the corre- of the fluorescence profiles when compared to thé Mec-
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and rate equations. The parameters entered in the dynamic

600 - equations to quantitatively describe laser-induced excitation

1 and ionization in Mg and Mfas well as Al in Mg were
500+ calculated independently using an array of well-established
— + techniques. In general, and considering the complexity of the
g 400 ++ description of the atomic and ionic ionization process, theory
& ] and experiment were found to agree quantitatively. Hence,

300 the mechanisms of sequential double ionization were clearly
identified. The Md* ions originate either through the four-
photon 3;-5f;, ionic transitions or the five-photon resonant

2004 six-photon ionization of the [§ levels via a manifold of
. &i’ry highly excited Rydberg states of appropriate symmetry.
100 o 3 ) 5 3 ] 10 These two pathways contribute to double ionization signal at

o i , different intensities following the evolution with wavelength
1 (in units of 10” Wer) and intensity of the maximum population on the excited
ionic state. On the other hand, it is predicted that ionization
of ground state Mg contributes insignificantly to Mg pro-
h3uction for the intensities employed here.

The above experimental and theoretical findings confirm
that the aforementioned near-resonant, one-phop?rFS,-

FIG. 9. Energy(four-photon shift of the maximum of the total
fluorescence spectra with respect to the unperturbed position of t
3p? lSO energy level as a function of laser intensity.

Fra. Mpreover, the shift is .clea}rly a nonlinear function of the3p3d 1Pl radiative coupling is of central importance in the
intensity as can be seen in Fig. 9.

It must be emphasized, however, that if the contributionpresem study performed under presumed unfavorable condi-

of the bound 4p 1P1 state to the four-photon excitation of thI‘lS. for double |on|zat|o.n, as far as pulse duration and in-
tensity are concerned. It is thus demonstrated that when rela-

21q i i iy
the 3° °S, is neglected, the departure from linearity is less ively long pulses of moderate peak intensity are employed,

significant and an accurate reproduction of the experimenta{ : A
data cannot be achieved. It is for this reason that our modél'€ doubly excited states above the first ionization threshold

takes this coupling into account in the implicit manner de-Of an alkaline-earth-metal atom play a role in the dynamics
scribed earlier. It is also worth mentioning that if the back-©f double ionization far more crucial than the one currently
ground ionization width,y(l‘g, is neglected, the agreement attrlbqted to them in the cpntext (_3f short-pulse high-intensity
between theory and experiment is only qualitative. The qu‘.Jm(_a_xperlments. It wo_uld be interesting to.test the aboye conclu-
titative agreement of Fig. 9 is obtained only after its valueSion to doubly excited ladder systems in other alkaline-earth-
given in Table | is introduced in the model. A possible ex-metal atoms, such as Ca. Concerning the theory it seems
planation for this result may be that at high intensities thevorth attempting a more elaborate description of these com-
background ionization competes with the resonant excitatioflex processes through a unified treatment in the framework
of the F? 'S, state and, therefore, prevents further atomicof the time-dependent Schrodinger equatigfbSE), al-
excitation and subsequent accumulation of population in théhough this is a highly nontrivial task when a very large
ionic 3py; 352 levels. number of photons are involved despite the fact that the in-
tensity is rather moderate. Moreover, the TDSE is not always
sufficiently transparent when it comes to identifying the con-
tribution of doubly excited atomic and excited ionic states to
V. CONCLUSION the dynamics of double ionization and efficient methods to

This work dealt with single and double ionization of mag- meet this goal will have to be devised.

nesium with laser pulses of ns duration and moderate inten-
sity (<10 W/cmP). The experimentally and theoretically
examined wavelength range between 584 nm and 596 nm
includes the four-photons3 1S,-3p? 'S, resonance. A broad
peak corresponding to that resonance was found to be con-
siderably redshifted with respect to its low-intensity position The experiment was performed at the Central Laser Facil-
dominated the recorded Mgpectra. This shift was the first ity of the University of loannina. One of the authai.L.)

out of many manifestations of the strong one-photon cougratefully acknowledges many enlightening discussions with
pling between the & 180 and 33d 1Pl autoionizing states. Dr. H. Bachau as well as the courtesy of Professor B. Piraux
This ladder excitation scheme within the continuum provedwho provided us with an original version of the embedded
to be instrumental in inducing efficient excited ionic stateRunge-Kutta routine. This research was funded by the pro-
production and subsequent double ionization. The excitedram HERAKLITOS of the Operational Program for Educa-
3p1/2,32 Mg™ state population was successfully probed by ation and Initial Vocational Training of the Hellenic Ministry
fluorescence experiment and quite accurately predicted byf Education, under the 3rd Community Support Framework
our calculations based on a combination of density matrixand the European Social Fund.
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