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Experimental spectra for excited-state optical collisions between M) atoms and rare-gas atoms are
presented. Aligned Mg atoms are produced in tipe'B; level by excitation with linearly polarized light.
Collisions between the excited metal atoms and Ne or Ar rare-gas atoms are probed in a Té0@nga in
the vicinity of the Mg 3 P;—5s 'S, and 3 'P;—4d D, transitions. The probe radiation is linearly
polarized either along or perpendicular to the alignment axis, leading to a linear polarization for the optical
collision process as a function of detuning of the probe from the atomic resonances. Substantial spectral
variation of the linear polarization reflects the different molecular transitions responsible for the excitation
process, and the evolution of the atomic alignment into the molecular regime. In the present case, the transi-
tions correspond to excitation from the Mg—rare-gas*8l, and P =, molecular terms to the 'S ,
4d 'A,, 4d I, and 4 13§ terms. Experimental details of the approach, and the results obtained, will be
described. Discussion of the polarization spectra is made through theoretical modeling focusing on the effects
of the symmetry of the molecular states involved in the process. The modeling employs the semiclassical
theory developed earlier. For a range of qualitatively correct interaction potentials and corresponding Condon
points for the photo-excitation channels, good agreement between experiment and theoretical estimates is
obtained[S1050-294®7)08108-0

PACS numbe(s): 34.50.Rk, 34.80.Qb, 34.26b, 33.80.Gj

[. INTRODUCTION excitation of the colliding pair with moderately narrow-band
light sources[3,4,10,1]. Recent elegant experiment&6]

Dissociative states of molecular complexes, ranging irhave demonstrated that it is possible to optically excite a
size from large clusters to two-atom pairs, are important to @olliding pair of atoms during a collision in the controlled
wide range of basic and applied collision phenomjgnalq]. environment of an atomic beam, and to selectively detect the
In atomic collisions with energies typical of chemical forces, excitation products. This approach promises to provide much
the intermediate dissociative states of a collision complexnore information concerning the collision than the tradition-
mediate exchange of energy, spin, charge, or fragments @flly complete atomic beam experiments.
the complex. However, experimental investigation and inter- Another techniqug10,17] recently applied to studies of
pretation of the results are often made difficult by the tran-diatomic and triatomic collisions relies on the absorption of
sient nature of the states, and the normally very short lifetwo photons during a single collision. This fractional colli-
times associated with them. Nevertheless, there is muckion process may be considered the frequency-domain ana-
motivation for study of such states, and many experimentdiog of femtosecond-scale time domain studies, in that the
approaches have been taken, for the transitional states aedcited-state molecular dynamics is both initiated and probed
the nonadiabatic interactions between them are determinantsiring the process. In the process, polarized light is absorbed
of the details of collision or reaction dynamics. by colliding pairs of atoms or molecules; this generally cor-

Development of new techniqgues and technologiesesponds to generation of a superposition of molecular states.
[4-7,9-19 for the study of transient states of small mol- Absorption of polarized light of a different frequency from a
ecules has recently led to further elaboration of the amourgecond source reveals details of the rotational and vibrational
of detail determinable directly from experiment. For ex-dynamics. Mapping the frequency domain dynamics into a
ample, collision experiments in atomic beams regularly secoordinate representation may be approximately accom-
lect the initial internal atomic states, and determine the finaplished through the classical Franck-Condon principle,
ones as a function of scattering angles and eng¢dg].  which relates the frequency of the light absorbed to the dif-
These experiments can be complete in the sense that all mef@rence potential surfaces relevant to the pro¢dss
surable quantities associated with the full collision may be In the present report, detailed experimental results and
found by experiment. However, it is possible to determinetheoretical modeling are presented for collisional studies of
additional information about the collision dynamics by prob-atomic Mg(3 *P,) and the rare gases Ne or Ar. In the
ing the colliding pair during the collision process itself. This studies, a simplified variant of the fractional collision ap-
may be accomplished in the time domain by direct resolutiorproach is employed. In it, absorption of linearly polarized
of polarization or population dynamics on a femtosecondight from a pump source takes place in the asymptotic re-
time scale[2], or in the frequency domain by nonresonantgime, producing excited Mg atoms via the 35,—3p P,
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resonance transition. This generates an electronic alignmen
in the 3p P, level. Collisions with the rare-gas atoms trans- D)
port the alignment into the molecular regime, where it is I
probed by a second linearly polarized light source. Varying .
the relative polarization directions of the two light sources
generates a linear polarization spectrum as a function of the z,
frequency of the second light source. The polarization spec-
trum for this process, termed an excited-state optical colli-
sion, depends on both the detailed evolution of the alignment
during the collision and the symmetry of the molecular terms
accessed in the probe phase. In the present work, the align
ment is probed in the vicinity of the atomic Mg
3p 'P;—5s 1S, and P P, —4d D, transitions, thus ac-
cessing 5134, 4d 'A,, 4d I, and 4 '3, molecular
terms. Focus in the present work is primarily on thlieehan-
nels and on the possibility of inelastic processes leading to Laser 1
the 5 'S, singlet or 5 3S; triplet channels; we have re-
ported previously on direct excitation in the vicinity of the
5s 1S, level [11]. Theoretical modeling of the process can 3s?1S,
reveal both the alignment dynamics and the weights of the —
various molecular transitions contributing to the process.

In the present paper, the details of the experimental ap-
proach will first be described, including the excitation and
detection scheme for the process. This will be followed by
presentation of the results and discussi_on of systema_tic_ef- FIG. 1. Qualitative interaction potentials for several
fects on the mea_surements. The theore_tlcal SeCt'c_mS will flr_ agnesium-—rare-gas electronic states, and an illustration of the ex-
be concerned with the general properties of the |nteratomgerimemaI scheme.
potentials. This will be followed by discussion of the experi-
mental results through a semiclassical model of the proceds the absence of hyperfine, Zeeman, or collisional depol-
developed earlier for optical collisions of polarized atomsarization in the $ 1P, level, the linear polarization values
[18], using plausible, qualitatively correct interatomic poten-expected on these transitions aPg=1 (100% (3plP,
tials. The main tool employed for the discussion willé&  —5s'S, transition andP =1/7 (14.3% (3pP,—4d D,
timatesof the range of linear polarization values possible fortransitior).
allowed optical transitions between each pair of molecular When collisions are considered, excitation by laser 2 can
terms, and ignoring interference. occur even when the atomic resonance condition is not met.

These excited-state optical collisions occur because of opti-
cal electronic transitions in the transient Mg—rare-gas mol-
Il. EXPERIMENTAL APPROACH ecules formed during binary Mg atom and rare-gas atom col-
) ] ) o lisions. As illustrated in Fig. 1, the transitions occur in the

The basic physical scheme of the experiment is similar tQicinity of stationary phase points localized at internuclear
that employed in our earlier worlL1], and so will be only  genaration®, which may be estimated by application of the
brlgfly described here. The approach is illustrated in Fig. 1,c|assical Frank-Condon principle. Defining a detunifg
wh_|ch shows the releyant atomic Mg energy levels and quall-:hfz—hfzo, where hf, is the atomic Mg P ‘P,
tative Mg-rare-gas interatomic potentials. In the scheme,  ,4 1D, transition energy, transitions occur for internu-
aligned and excited Mg atoms are produced in tipe'B, clear separation® satisfyin'g Uu(R)—U_(R)=A, where
level by resonant excitation at 285.2 nm with laser 1, whichUU(R) andU, (R) are upper and lower term pot,entials. In-
is. linearly polari;ed alon_g a axi_s. '!" th_e abse_nce of colli- spection Fig. 1 shows that in the present case there are nu-
sions, only atomic stepwise excitation Is possible on the Mgye o5 potentials in the same energy range, leading to the
3p "P1—5s Sy and P “P;—4d "D, transitions at 571.2 jiyalihgod that several rootR will contribute to optical ex-
and 552.8 nm. This is accomplished with a second, I'”ea”)(;itation at a specified detuning.
polarized probe laser 2. Slignals inleach case may be moni- geca e the precursor excited Mg atoms are aligned, the
tored at 202.6 nm on thepd”P, — 3s S, cascade transition.  ngjent molecules formed in collision will be also, although
The alignment in the @ level is probed by measuring the he amount of molecular alignment will depend on recou-
signal I, when laser 1 and laser 2 are linearly polarizedy|ing of the atomic angular momentum into the molecular
along the same line, and, when they have orthogonal lin- frame and on the integrated effects of molecular rotation,
ear polarizations. The alignment is determined through th%iuring the course of the collision, in the Mg—rare-gas
experimentally convenient linear polarization ratio 3p U1, and 3 13 electronic states. Following molecular

excitation, the Mg—rare-gas molecules dissociate, producing
Mg atoms in the §1S, and 4 D, levels. In a previous
pLZIZZ_IZX (1) report we described the results of experiments with detun-
ings such that primarily the $'3 ' state was produced.
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VARIABLE POLARIZER When laser 2 is tuned to stepwise atomic resonance, its
power is attenuated by about*.0n order to avoid saturation
of the atomic transition.
e COMPUTER LI:S{:R The laser 2 beam passes through a liquid-crystal variable
waveplate, the retardance of which may be varied by chang-
ing the voltage applied to the device. The optic axis of the
BOXCAR liquid crystal is set at 45° from the laser’s initial linear po-
AVERAGER larization direction. Thus with zero retardance, the polariza-
tion is unchanged from its horizontal orientation but with the
FREQUENCY ™™ crystal voltage set for half-wave retardance, the polarization
AMPLIFIER DOUBLER - : i 1
is rotated by 90°. The device produces linearly polarized
_ light with a polarization purity of better than 16. This is
VOLTAGE assessed by both contrast ratio tests and by a 45° test. In the
contrast ratio test, the transmission of the laser radiation
PRISM N PHOTOTUBE through the quuid-crys_tal retarder and t_hrough an orthogonal
‘ /%—\ Glan-Thompson polarization analyzgr |s_measured. In a 45°
— 1= Lons S—FILTERS RIS f[e.s.t, the Gllan-_Thom.psor_l analyzer is orlgnted at.45°. to the
ARIABLE \ N initial polarlzat'|on direction. Then ain situ poIar|zat|9n
POLARIZER g POLARIZER measuremenwiz. Eq.(1)] should measure zero f&, . This
®

demanding test typically yield®, <0.0042), limited by
< / counting statistics.
/ The two laser beams are collinear, but propagate in oppo-
e INTERACTION site directions through the sample cell. The beams each have
REGION a diameter of about 0.5 cm in the interaction region of the
cell. The sample cell consists of a 250-ml Pyrex bulb
mounted with two sidearms, located on opposite sides of the
FIG. 2. A block diagram of the experimental apparatus.  cell and at right angles to the laser beams, for fluorescence
viewing. Two other sidearms allow for passage of the laser
Present measurements are concerned with excitation in theeams. As described elsewh¢i®,17], an internally heated
vicinity of the 4d 'D, level, for which the 4l *A, terms  boat containing Mg chips generates a metal atom density of
dominate. However, some excitation of the ¢ state is  about 18! cm 3 in the central region of the cell. Connection
possible, either by direct optical excitation or by nonadia-of the cell to a vacuum-gas handling system allows for
batic Coriolis coupling with the optically excitedd4'Il;,  evacuation to less than 10 Torr, and for admission of re-
state. This is monitored by a second detection channel thafearch grade rare gases. The rare-gas pressure is determined
observes the $'S,—3p P, fluorescence at 571.2 nm. Fi- py 4 capacitance manometer, which is calibrated against an
nally, there remains the possibility of spin-orbit-coupling— gl manometer. Because of the method of vaporizing the Mg,
induced nonadiabatic transitions to the ¥ state. Thus, the metal vapor and the rare gas are at an estimated tempera-
the second detection channel can be replaced as needed§fe of 330 K. One detection channel monitors the
that the 5 3S,—3p 3P; triplet series fluorescence around 4p 1P,—3s IS, cascade transition at 202.6 nm. This chan-
333 nm can instead be monitored. nel is sensitive to population in both thes%S, and

A schematic diagram of the experimental apparatus i§1d 1. | : :
- » levels, although the branching ratios strongly favor
shown in Fig. 2. There, two pulsed dye lasers are pumped by . 4415 jevel[19]. A photomultiplier tube(bialkali cath-

the second harmonic of a neodymium:yttrium aluminum gar-ode mounted with two narrow-band interference filters pass
net (Nd:YAG) laser at 532 nm. The grazing incidence dye P

lasers produce 109J, 6-ns pulses having an approximately pnly about 2% of the de_zsi_red radiation, but eliminate t_he very
3-GHz bandwidth. The laser outputs are strongly ”near'ymten_sg resonance radiation and other backgroun_d light such
polarized in a horizontal plane. The output of each laser i¢hat it is at most 10% of the weakest molecular signals. The
passed through separate amplifiers, increasing the pulse etecond detection channel is normally used to monitor the
ergy by about a factor of 10. Laser 1 is then focused into &S “So—3p P fluorescence at 571.2 nm, thus providing a
potassium dihydrogen phosphate doubling crystal. A glastelative measure of thess'S, population. The photomulti-
absorption filter is then used to remove the residual fundaplier (PMT) used to obtain the signals has a bialkali cathode,
mental, but permitting about 85% of the desired 285.2-nnmaind is mounted with three narrow-band interference filters
radiation. The frequency-doubled output typically hasi@0- and two colored-glass cutoff filters to eliminate residual
pulses, which were attenuated to less thanJlin order to  green light from entering the cellprimarily background
avoid saturation of the Mg resonance line. Laser 2, whicHrom the YAG pump lasgr The signal-to-noise ratio is
operates near 552.8 nm, has its output spectrally filtered tstrong enough for excitation in the vicinity of thed4D,
remove broadband fluorescence from the beam. This is e$evel, but reliable measurements could be obtained only for
sential in the experiments, for the relatively low level fluo- detuningsA <25 cmi L. As indicated earlier, auxiliary mea-
rescence is sufficient to produce signals larger than the deurements were also made in this second channel in order to
sired ones due to the excited-state optical collision processneasure possible intersystem transfer to th€S, level. A
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FIG. 4. Polarization spectrum for Mg-Ar excited-state optical

o . . collisions. The spectrum is presented for the zero-pressure limit.
FIG. 3. Polarization spectrum for Mg-Ne excited-state optlcal-l-he origin of detuning £=0) corresponds to the atomic Mg
collisions. The spectrum is presented for the zero-pressure Iimir?’p p,.4d D, transition.

The origin of detuning 4=0) corresponds to the atomic Mg
3p P,;—4d D, transition. o )
ment collisions; the results of modeling the laser pulses as

narrow-band interference filter centered at 330 nm and tw&emporally constant or triangular, and with a width
ultraviolet transmitting glass filters were used to select the=6-0 NS, are presented in Table I. As in our earlier work, the
5535, 3p 3Pj transitions. uncertainty in the rate coefficiektis larger than the differ-

The output from each PMT was amplified, integrated over€NC€S between the two models. Thus we simply average the
a 200-ns gate in a boxcar averager. The resulting signalr§f5“|t3- The average is seen to be consistent, W|th|n the com-
were digitized and stored in a laboratory computer for lateined error bars, of the values fér reported earlier. The
analysis. The data were collected in runs consisting of 2001€@sured average rate coefficients are used to extrapolate
laser shots, partitioned into two halves. In each half ther&lata taken aP =20 Torr to a single collision limit, as pre-
was a datum and a background run for each polarizatioﬁemed in the flggres. Other than the pressure dependence, the
direction, with the order of data taking in each polarization™easured polarization spectra are free of measurable system-
channel reversed for the two halves. This minimized the ef8lic effects due to laser power, Mg density, or systematic
fects of laser power and frequency drift on the polarizationvariations in background light. Signals due to amplified
measurements.

20
° 0cm
lll. EXPERIMENTAL RESULTS v 96 221
AND GENERAL DISCUSSION 154 ® +19.3cm?
. L & -67.5¢cm”
The measured linear polarization sped®dA), as deter-
mined by monitoring the maing'P,— 3s S, signal chan- 10 4

nel, for Mg-Ne and Mg-Ar excited-state optical collisions are
presented in Figs. 3 and 4. In each case, the data for detun_
ings |A|>450 cm ! are reproduced from Lasekt al. [11] ;<T 5
in order to facilitate comparison with new data taken at ~= 10
smaller detunings and to make comparisons with the theoret- 1
ical calculations described in a later section. 15 7

In the data, the uncertainty in the horizontal detuning 1
scale of =1 cm ! is negligible on the scale of the figures. 20
The indicated vertical error bars on the polarizat®n(A) 1
are from a combination of statistical errors in the measure- 25
ments and from an extrapolation of the data to a single col- 1
lision limit. The origin of the pressure dependence is colli- -30 | | T | ; T i
sional disalignment of the Mg B!P, atoms prior to 0 5 10 15 20 28 30 3B 40
excitation during a collision with laser 2. To illustrate the Pressure ( Torr)
effect, characteristic pressure-dependent data for Mg-Ne are
presented in Fig. 5. As described in earlier work, the nearly
linear curves represent fits to the data accounting for the F|G. 5. llustrative pressure dependence at selected detunings
collisional depolarization, radiative decay, and the finitefor Mg-Ne excited-state optical collisions. The zero-pressure inter-
pulsewidth of the pump and probe lasers. These fits yield 8ept of each line gives the zero-pressure limit, represented as the
collisional depolarization rate coefficient for the disalign- data points in Figs. 3 and 4.
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TABLE I. Rate coefficients al =330 K for depolarization of  collisional crossing has been obserjet insufficient to
the atomic Mg 3 *P; level by collisions with the rare gases Ne generate measurable population in this channel, in compari-
and Ar. son to the main singlet one.

k (1071° cm¥s)

IV. THEORY: Mg —RARE-GAS INTERACTION
Mg-Ar Mg-Ne Reference POTENTIALS

9.45) 6.57) Lasellet al. [11] The theoretical sections are organized into two parts. In
9.6 6.77) This work the first part,qualitative discussion is made of the inter-
atomic interaction of highly excited magnesium and rare-gas
atoms. General peculiarities of the behavior of excited mo-
spontaneous emission from the two lasers were negligiblecular potentials, which are important for the following
compared to the optical collision signals. semiclassical calculations of optical collision cross sections,
Generally, the measured polarization is seen to undergare ascertained. In the second portion, we make numerical
strong variations with detuning. But, as expected, in the limitestimates of the polarization signal for the different spectral
of no depolarizing collisions, the measured polarization isdomains examined in experiment. The estimates are based on
PL(A=-578.3cm?)=100(2)% at the atomic Mg a semiclassical approach developed earlier for polarized-
3p 'P,—5s 1S, transition, andP (A=0cm 1)=14(1)%  atom optical collision§18], i.e., on a quantum description of
at the atomic  *P,—4d D, transition. The agreement of the electronic subsystem combined with a classical descrip-
these values with those expected for these atomic transitiortion of the motion of atomic nuclei. However, in the absence
is a measure of the quality of the polarimeter used to makef quantitatively reliable interatomic potentials for the im-
the linear polarization measurements. Qualitatively, theportant molecular terms in Mg-Ne and Mg-Ar, the detuning-
variations of polarization with detuning are similar for dependent linear polarization is not calculated. Instead, plau-
Mg-Ne and Mg-Ar excited-state optical collisions. Particu- sible estimates of the interatomic potentials are used to find
larly notable for the new data in the vicinity of the ranges of Condon points for the allowed transitions, and to
3p 'P,—4d 'D, transition is the quite rapid variation from describe the collision dynamics in the lower terms. A partial
a valuelarger than the atomic value wheh>0 to anega- polarization is determined for the transition at each Condon
tive range whem\ <0. To our knowledge, this represents the point. These results are then used to establish upper and
first time that collision-induced absorption in an optical col-lower bounds on the polarization. These bounds, and the
lision has yielded a larger value for the polarization than thafjualitative shapes of the interatomic potentials, then form the
for the associated resonance transition. As will be discusselasis of the discussion of the experimental results.
later in this report, the variations of polarization with detun-
ing are due to the type of molecular transitions responsible . .
for absorption at a specific detuning, the recoupling of the A Magnes.'um_rare'glas'atOT pOtentl'als correlated
atomic alignment into the molecular frame, and the rotation with Mg (55 °So, 5575, 4d 'D>)
of the molecular axis during the collision. The interaction of alkaline-earth atoms with rare-gas at-
As discussed above, an experimental effort was made toms has been considered theoretically by several groups
directly observe inelastic scattering into thes 8, and [20-23. The calculation of the potentials for the Mg-Ne
5s 33, levels. For the singlet channel, direct excitation of thesystem were done by Malvefi20] and Czuchagt al. [21]
4d 1D, level generated a weak signal originating in theand for Mg-Ar by Hliwa and Daudey22]. The numerical
5s 1S, level, indicating that there are some nonadiabatic in+esults of these authors cover the energy domain from the
teractions between the molecular terms associated with theggound state, with & electronic configuration, to all pos-
levels. For detunings within about 25 chof direct excita-  sible excited states of the magnesium atom up to %$@p3
tion, it was possible to detect signal in the inelastic singletand 34p configurations. The precise evaluation of molecu-
channel. However, the ratio of intensity in this channel comdar potentials in the energy domain near the58!S,
pared to the main channel did not vary with detuning. Fur-3s5s 3S,, and 34d D, states has some specific difficulties
ther, comparison of the ratio of the intensities in the inelastidbecause of the many atomic configurations that should be
to main channel revealed a linear pressure dependence withcluded in numerical calculations. However, to make clear
zero intercept. Thus, the observed signals in the inelastithe following analysis of polarization-dependent Mg—rare-
singlet channel are apparently due to subsequent collisions gls-atom optical collisions, we briefly discuss a qualitative
rare-gas atoms with the Mg@4'D,) atoms; the spectral re- picture of the interatomic interactions.
gion associated with the inelastic process was not directly The interaction of a highly excited alkaline-earth atom
accessed in these experiments. Inelastic collisions mediatetth a rare-gas atom can be considered in a pseudopotential
by the spin-orbit interaction can produce intersystem popuapproximation24,25. In such an approximation the highly
lation transfer. As discussed, we searched for this possibilitgxcited orbital can be described as a single electronic state in
by setting up one detection channel sensitive to populatioan effective potential. This potential is determined by the
generated in the $3S, level, which is 680 cm! lower in  self-consistent fieldSCH) of the core electrons and can in-
energy than the $'S, level. However, no signal was de- clude long-range polarization interactions with the molecular
tected in this channel, even for resonant excitation of theore. TheN-electron wave function with one highly excited
atomic singlet levels. Apparently the much weaker spin-orbitelectron in the outer shell for a diatomic system at internu-
interaction in Mg, in comparison to Cavhere intersystem clear separatiofR can be expressed as follows:
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W, 305 (M1, .. FnéNGR) izat?ons, that is, polarization both by _the metal ion and th_e
excited electron. In the SCF approximation, the adiabatic

1 05 47 ) potential depends only on configuration quantum numbers
- \/_N % (= D)PPdno(riéa;R) n and on total angular momentum projectidn(or A) as is
shown by Eq.(5). In this step only exchange interaction in
XWRE(r ... FnéNR). (2)  closed shells of the molecular core is to be taken into ac-

count. However, the exchange interaction between the ex-

Here\ and o are the electronic and spin angular momentumcited orbital and the upper3s orbital of the molecular core,
projection of the excited electron anddescribes other quan- which is mainly a Mg (3s) atomic orbital, leads to the split-
tum numbers of the orbital. THE3S is the wave function of  ting between the states with different values of total spin
the Mg—-rare-gas molecular ion core aﬁoﬁ are the orbital quantum numbes. To_ estimate this sp_litting we introdu_ce,
and spin angular momentum projections, respectively. Thistead of wave functio2), wave functions with a definite
sum in Eq.(2) is over all possible transpositions of the ~ Valué of Si W,yss(1). We omit here and below the sym-
space position and spin coordinatgsé; of the excited or-  bolic quantum numbeA=0 and useA instead of\ as a
bital and corresponding coordinates of core electmgng, ~ Wave function quantum index. The singlet-st&e0 wave
with i=2,... N, which are generated by transposition opera-function is
tors. The orbital and spin core quantum numbers /€0,
3=+ 3 and for the total orbitalA and spinX angular mo- L
menta projections we obtaih=\, 3=3+o0. _ = _

The excited electron wave functio#,, .(r&;R) can be Vol ) ) (Vv )=V a-v2d )] @)
introduced as the projection of a so-called pseudo-orbital
wave functiong,, ,(r&;R) on a space orthogonal to the core
orbitals and the triplet-stat&=1, 3 = = 1,0 wave functions are

Bino=(1=To) brrer €)

Ware1( )=V r—1pe 1A ), ®

Where:l'C is the core projection operat¢?4]. In a nonrela-
tivistic approximation the pseudo-orbital can be expressed as

Pano(r§:R) = dni (i R) x,(£), Where x,(£) is the spin

, . . 1

function, and the space-coordinate-dependent wave function ) = (W, ., +W, _
o (r;R) satisfies the following Schdinger equation(in aud) v2 [¥avz-ud ) A-vevd )]
a.u):

. The exchange potential splitting caused by the excited orbital
[—3A+Ver(r,R) (1 RI=UR(R) i (1;R), (4 and core exchange interaction can be estimated by averaging
- of the total HamiltoniarH™) for the N-electron system over

where Vx(r,R) is the effective interaction operator for the these wave functions. We expect that in accordance with
n\ shell andUE,lh)(R) is the corresponding energy of the Hund’s rule the triplet state described by wave functigh
electron. In a self-consistent field approximation the totalhas less energy because of a less repulsive interaction be-
interaction energy of the system described by the wave funadween the excited and3s orbitals.
tion (2) is To estimate the excited orbital energyfr)(R) we con-

sider theV. interaction as the sum
Una(R)=U{(R)+U(R), (5) o

D) (2
where the second term is the core interaction, which can be Ver=Veir T Ve » ©
expressed as the average of Hamiltonki =) for the N

/(1) . . . .
—1 electron system over the wave functifs : whereV; is the interaction with the core and the 8rbital

of magnesium atom anﬁ!ﬁ? is the interaction with the rare-

U(R)z(\ffgg||:|(“‘*l)|\’ff;§>. (6) 9as atom. The first interaction is described mainly by the
SCF of the metal atom electrons and includes the short-range

This core contribution to the interatomic interaction does nof€pulsive interaction and the long-range Coulomb attraction.

depend on spin projectio%i% oronA=0 in our case. Itis e ignore here the polarization effects for the shell and

assumed here that the potentia(R) reproduces only the C€OT€ electrons of the magnesium atom. The second interac-

short-range part of the core interaction in the SCF approxilion can be represented as the sum of a short-range rare-gas

mation; i.e., the atomic orbital approximation of internal mo-atom effective potentia¥/® and a polarization contribution

lecular orbitals, with the following determinant reduction of Of the valence shell of this atom induced both by interactions

the wave functionffxg is used. with the magnesium ion and with the excited electron. It can

It is convenient and more correct to include long-rangeP® Presented in the following forii25]:

polarization (asymptotically~R~#) of the core directly in

the effective potentia(5) because, at largR, the interfer- V@ _ys_ &2 1 4 1 . 2 cosé (10)

ence should be between both types of rare-gas-atom polar- eff 2 \R* 1% r?R? )
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where a, is the dipole polarizability of the rare-gas atom. tions, with the most repulsive being tlwetd orbital. As will
Ther coordinate, as well as the polar anglerelate to the be seen, this is an important point in our interpretation of the
rare-gas-atom coordinate frame. polarization spectrum in the blue wing of the
With the assumptions described above we can recover thdg 3p P, —4d D, transition perturbed by Ne or Ar.
following qualitative picture of the potential’'s behavior. For  The correction to the electron ener¢yl) caused by the
an internuclear separatidr that is larger than the average polarization part of the effective potentidlO) is very impor-
radial location for the excited electron, the electron energytant when the internuclear separation becomes less than, but
Uf}Q(R) and the potentia{5) reduce to a dispersive interac- still comparable with, the distanaeof the excited electron
tion between rare-gas and metal atomﬁlx)(R)ocR*G. This from the Mg nucleus. A corresponding contribution can be
asymptotic interaction can be obtained if we treat thefound by direct solution of the Schinger equation(4)
pseudo-orbital as an excited atomic orbital of the metal aton@nly. However, we can expect here that the direct polariza-
in the \‘/glﬁ) potential and expand the second term in Ed) tion mteracpon of the atomlc ion Mgwith the rare-gas atom
assuming an electron localized near the metal atom core. Al¥ould dominate at such internuclear separations and we can
the adiabatic potentials should be negative relative to th&€l€Ct its contribution as follows:
corresponding asymptotic atomic energy levels in this region
of internuclear separation. In the asymptotic region, poten- DRy ... *2
. . . U nA (R) 4
tials correlating with the 84d 1D, level and a ground-level 2R
rare-gas atom have the following energy ordering: %E@'
potential should be lower in energy than that for thd, where the ellipses denote the contribution arising from the
term, while theIT, potential should be lower than that of €lectron interaction and described by solution of E4).
the 1A, term. As indicated in Fig. 1, this ordering is reversed However, we presume that the attractive polarization contri-
at shorter range. buti{)n to the intelratomic interaction wil! be greater for the
To estimate the enerdy })(R) at an internuclear separa- 4le+1 and 4d "A, molecular potentials than for the
tion comparable with the characteristic orbital radius of the®S >o term because of the relatively smaller electron prob-
excited electron, the multiple scattering method can be ap@bility density along the internuclear axis for the 211, and
plied [25,26]. This method is based on the idea of analytical4d A, orbitals. Because of the greater overall attraction, we
continuation of the Schitbnger equatiori4) in integral form  expect the 4 I, (and possibly 4 *A;) and 5 'Y po-
(which is normally used in scattering problenfsom small  tentials to cross at some internuclear separation. The exis-
positive to small negative energy values. It gives an analytitence of such a crossing is important for our explanation of
cal result for theo orbital of an excited electron, when the the observed polarization spectrum in the blue wing of the
probability of finding the electron near the internuclear axisMg 3p 'P,—5s 'S, transition.
is nonzero for this orbital. The short-range interactiéf? At yet smaller internuclear separatioRs(comparable to
then dominates in Eq10). or smaller than the separations .c.)f the internal atomic elec-
Approximating this short-range part of the interaction bytrons from their associated nugledirect Coulomb repulsion

a zero-range potential, the following analytical estimator forof atomic nuclei dominates in the interatomic interaction. In
UX(R) can be obtaine@27]: this region, the molecular potentials are mainly described by

the core interaction part. All the potentials should be repul-
sive in this domain of internuclear separations. In principle,
(1P~ 2 the potential in the highly repulsive domain can be obtained
Ung(R)=en+27L[ihno(RI% (1 by greciseab initio n%mizricgl evaluation of the potential
curves. Such calculations have not yet been described in the
literature.
We conclude our discussion of the Mg-rare-gas inter-
atomic interactions by showing in Fig. lgaalitativepicture
of potential curves for the terms correlated with atomic Mg
3s3p 'P,, 3s5s3S;, 3s5s 1Sy, and 34d 1D, levels and
ground-state rare-gas atoms. We expect these curves are in

lgas-atolnl. poltentlal. Unfor]'funz:rt]ely 'tb'.f (ﬁhfﬂ(:;l}:&tg %et a simi- 5ccordance with above general analysis and, as will be seen
ar anajytical expression 1or In€ orbrials wi €CAUSE i the following discussion, consistent with the linear polar-
of zero location probability near the internuclear axis in this;

H t that th tributi f Eation data presented above. We have recently been in-
case. rowever, we can expect that the contrioution ot SUCR, 04 i private correspondence wkh Czuchaj that the
short-range interactions should be much less for the ele

. . Cpiotentials in Fig. 1 are in qualitative agreement with his un-
tronic shells withx #0 and we can assume published calculations.

(13

which is in accordance with the Fermi resi28]. Hereeg,, is
the corresponding electron energy in thleshell of the mag-
nesium atom and the wave functiah, o(R) is the atomic
wave function for the excited electron. The paramétes
the scattering length for a low-energy electron in the rare

U%\)(R)ZSm, N#0, (12) B. Theoretical estimate of polarization signal

The measured polarization-dependent spectra are gener-
ated by photon absorption in the wings of Mg(3P,
i.e., zero contribution in comparison with theorbital result.  —5s 'Sy) and Mg(3 P,—4d 'D,) atomic transitions in
In accordance with Eq(11) we can expect that a# orbitals  optical collisions of aligned magnesium atoms in the
should be repulsive in such a range of internuclear separ@p P, state with rare-gas atoms in the ground state. The
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polarization signaP, =P (A) can be expressed in terms of
a ratio of optical collision cross sections as follows

7(8) =7 (A)
oA+ (a)

PL(A)= 14

where o (A) and o, (A) are the cross sections when the
absorbed light polarization is parallel or perpendicular to the
direction of the atomic alignmeriz axis in major coordinate
frame; A is the detuning from the resonance frequency of
the unperturbed atomic transition. The overbar in Bdl)
denotes the averaging over the frequency of collisions, as-
suming a Maxwell velocity distribution. Each cross section
depends on atomic polarization assumed to be of a pure
alignment type. The polarization of the atoms with angular
momentumj can be defined through an alignmex{29]:

_(Bm-j(j+1)

i2-1) (15

This definition is in accordance with the normalization con-
dition for the quadrupole moment introduced[BO]. It can
be expressed in terms of the often-used alignment parameter
A, [31] as follows:A=Agy(j +1)/(2j—1). In our case when
j=1 the limiting values of this parameter are 1 or2 if
atoms populate Zeeman subleveds= =1 orm,=0, respec-
tively. The polarization signaP, depends on both frequency
detuning and alignment. In the present study, the measured
resonant values d?, correspond to the limiting atomic val-
ues. The expressiofl4) corresponds directly to the experi-  FIG. 6. Definition of geometrical terms used in theoretical mod-
mentally determined polarization defined in Ej). eling of the excited-state optical collision process. The deflection
Numerical results presented in this section are based oangle 67, is shown as a single line, whiléz_ is shown as a
the semiclassical theory of optical collisions discussed firsglouble line.
by Lewiset al.[32]. The theory considers a quasistatic semi-
classical picture of the optical transition in a diatomic sys-frequency of collisions and over impact parameter. The final
tem. For definite detuning the optical transitions in the elecexpression of the polarization-dependent part of the optical
tronic subsystem are induced by the electromagnetic fiel@ollision cross sectionsy(A) and o, (A) obtained in this
when the atomic nuclei move near the vicinity of one orapproximation can be explained in terms of combined trans-
more Condon points located at internuclear separatigns formations of light and atomic alignment components. It is
(f=1,2,...). Thedependence of the transition probability on of great importance for such an explanation to realize that
electronic and light polarization appears as a result of trandight and atomic components are transformed in different
formation of atomic and light density matrices into the mo-ways. The light density matrix should be transformed into
lecular (body-fixed frame with the assumption of classical the body-fixed frame at a Condon point by simple rotation
spatial motion for colliding atoms. There have been severaifom the laboratory frame. The atomic density matrix trans-
attempts in the literature to explain and to bring this model tdformation is more complicated as it represents the convolu-
a more consistent level based on a quantum treatment &Pn of rotational transformation for large separations in the
atomic scattering perturbed by interaction with coherent lighdecoupling regiofiHund’s cased), where there is negligible
[18,33—35. In these papers, the importance in a semiclassiinteratomic interactionwith a subsequent adiabatic evolu-
cal analysis of such effects as curvature of classical trajectdion of the molecular state in a Hund’s ca&® coupling
ries and nonadiabatic dynamics of electronic subsystem ha&sheme regioriwhere the interaction is strongn the final
been demonstrated. All discussions have shown that the r@xpressions for the polarization-dependent cross sections, the
sulting semiclassical expressions for polarization-dependerstifference in transformation laws is indicated by the corre-
cross sections are in good agreement with quantum resultgponding Wigned functions depending on classical deflec-
both qualitatively and quantitatively. tion angles in the B 11, and P 37 potentials. It is im-
The basic approach of the Lewds al. [32] model in cal-  portant to note that the deflection angles depend directly on
culation of polarization-dependent transition probability is tothe lower term potentials, but also indirectly on the location
ignore the interference between different classical paths for af and size of radiative coupling at the Condon points. These
single Condon point as well as interference coming fromdeflection angles describe the rotation of the internuclear
different Condon points. Such simplification seems normakxis for nuclear motion along a classical trajectory with sepa-
in conditions of the present experiment, where all interfer-ration changing from the decoupling radidg to the Condon
ence terms tend to zero because of double averaging ovepint locationR;. The decoupling radiuRy is an important

(b)
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parameter of the model, and is estimated by the internuclear 1 ()

separation where the transition from Hund’s casg to oP(a)= §2WJ-pm pdpw!")(p)
Hund’s casga) occurs. The definitions of characteristics of 0
the model are shown in Fig. 6 for both repulsi@a)] and
attractive[6(b)] trajectories.

Applying the general theory to analysis of the
polarization-dependent absorption in the wings of the
Mg(3p P;—5s1S,) and Mg(3 'P;—4d 'D,) atomic +d5o(87% (R ,R)1 |,
transitions, consider only dipole-allowed molecular transi-
tions. The following excitation channels in optical collisions wherew(" )(p) is the reducedindependent of polarization
of magnesium and rare-gas atoms are possible: from thgansition probability at the Condon poifR;, as defined
lower 3p 'IT; term into the upper §'S;, 4d 'Il;,  below; d,.( ) are Wignerd functions defined as ii36],
4d *A,, and 4 37 terms, and from the lower B'X]  which depend on deflection angi#;”.(R;,Ry) for atomic
state into the uppers'S;, 4d 11, and 4 '3, terms. motion along a classical path between internuclear separa-
Corresponding expressions for the cross sectigifd) and  tions Ry andR; and defined for incoming—) and outgoing
o, (A) can be derived from the general semiclassical expres-+) parts of the trajectory with impact parameter The
sions of[18]. The procedure was described in detail in thatintegrals(16) are bounded by the maximum value of impact
paper and we show here the final results only. parameterp{! ). This value is determined by the limiting

For Condon transitions induced at an internuclear separarajectory crossingtouching the Condon poinR;. The de-
tion R; between d '3, and 5 '3, states or between pendence on detuning appears because of the corresponding
3p 135 and 4 13 states, we obtain dependence of the Condon point location, viz;= R;(A).

The cross section€l6) depend also on the recoil energy of
the collision and should be averaged over the frequency of
collisions in order to be used in E¢L4). To simplify nota-
tion we omit here and below the dependence on recoil en-

2
2 £ Ald3(87” (R¢ Rq) ergy.

1
X|2+ g Aldg(87”.(Ry,Ry))

1 (f)
A 3= g 2w [ paon () a9

X
For a transition induced at an internuclear separaon
between ® I1, and 5 34 states or between®'I1, and
+d24(87°(Ry ,Rd))]}, 4d 3] states, we obtain

o
of (A)——ZTFJ pdpw")( )(2——A[doo(577 (Rt ,Ry))+6d5,(87” (R¢ ,Ry))+d3s(87% (R¢ ,Ry))

+6d3,87° (Ry ,Rd))]],
(17)

2+ ALd5(57” (Ri Rq))+ 605557 (R¢ Ra)) + d3s(87"% (Ry ,Rg)

((a)= Ezwj o pdow ()

+6d3,(87".(Ry ,Rd))]] :

Here, and in Eq(18) and(19), we have used the same notation as in E§§).. For these transitions the angular momentum
projection on the internuclear direction has changedAby=+1 (perpendicular transitiofnsand strong interference in
excitation from *I1; with A=*1 should be taken into account. This interference is described bgisthieinctions in Egs.
7).

For transitions § 13§ —4d 1, and 3 I1,—4d *I1,, the cross sections are

2 () 1
o' (A)=g2m fopm pdpw'"(p) 2+§A[déo(6n”(Rf,Rd>)+d30(6ni<Rf,Rd))]],

(18

2 (f) 1
o (&)= g2m fo”m pdpw!f ><p>[ 2= 7 ALd5(57” (Re Rq)) + d3g(87% (Ry ,Rd))]] ,
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In spite of the fact that the transitions have different symmedgy 'S4 —4d 11, is perpendicular and8*I1,—4d 11, is
paralle) they have same dependence on deflection angles.
For a Condon point associated with thp 8I1,—4d *A, transition, we obtain

2 () 1
of"(a)=g2m Jopm pdpw!! ><p>| 2= 75 ALd5(07”. (Ry Ry)) +d5e( 077 (Ry ,Rd»]] , (19

ol P’ f !
(A)= fom pdpw()(p) 2+—A[doo(577 (R¢,Ry))+dj (577i(Rf,Rd))]]-

This transition is perpendicular, but there are no interferenceponding constants for the Mg—rare-gas system with He or

terms fromA =+ 1 transitions here because the upper termNe as the rare gas taken from Malvé2®]. Such an approxi-

has the larger angular momentum projection and such intermation is based on the assumption that van der Waals con-

ference is thus impossible. stants increase proportionally for excited Mg atoms in the
To evaluate the dependence of deflection angles on inpresence of He, Ne, or Ar. It also is in accordance with the

pact parameter in the integral$6)—(19) we need to know fact that the difference in the constants is mainly determined

the lower potentials for the 83, and 3 [T, states. by the difference in the polarizabilities of the rare-gas atoms.

These interaction potentials for the Mg-Ne diatomic systenf-or Mg-Ar this estimate leads thCg=510 a.u. In any case,

were evaluated by Czuchaf al.[21]. The evaluated poten- residual uncertainty il\Cg is not very important for esti-

tials were in qualitative and quantitative agreement withmates of the decoupling radil’y, for Ry depends only

spectroscopic data reported by Wallace and Breckenridgeeakly on AC4. The limiting decoupling radii estimated

[37]. For a Mg-Ar system the same potentials were evaluateffom Eq. (20) for the energyE~300 K are ~14 a.u. for

by Hliwa and Daudeyf22] and results were in agreement Mg-Ne and~ 18 a.u. for Mg-Ar.

with spectroscopic data reported by Benredtal. in [38] as The important parameter in Eq4.6)—(19) is the reduced

well. However, in the case of Mg-Ar the spectroscopic studytransition probabilityw(")(p) at the Condon poini; :

is more informative than in the case of Mg-Ne. By analysis

of the spectra observed in the experiment, it is possible to

recover the potential forms in the interaction region. The Wf)(p):ﬁ[v(f) Dp)]? (22

3p 111, potential can be recovered as a Morse function by

fitting vibrational components of the molecular fluorescencet depends on the transition matrix elema#it) and on the

spectrum. The behavior of the repulsivg 35 potential  transition time in the vicinity of the Condon point

can be estimated by fitting the lambda-doubling constant for "

the observed lambda-doubling spectrum. In calculating the (p)= —ZWﬁ

dependencies of deflection angles on impact parameters, we PI= AR ()

use the potentials evaluated by Czuckajl. [21] in the

Mg-Ne case and empirical potentials recovered from experiwhereAF (") is the difference between the slopes of the up-

(23

mental data of Bennett al. [38] in the Mg-Ar case. per and lower potentials at the Condon pditand (" )(p)
The asymptotic behavior of the interatomic interaction de-is the radial velocity near this point. The latter depends on
termines the limiting value of the decoupling radigmini- impact parametep as follows

mum possible impact parameter for the trajectory replaced in

the decoupling scheme regioby the following equation: ()= 2E U(Rf)_ P_2 V2 (24)
112 P E Rf/|
% ZE) ACq 2
Ry N Ry’ 20 where the lower potential functiod (R) is taken atR; .

From expression$22)—(24) it is clear that only limited
whereACg is the difference inCg constants for long-range information about the upper potentials is necessary in order
interactions correlated with Mg{8'P,), E is the recoil en- g calculate the cross sections in E€5)—(19), namely, the
ergy, andm is the atomic reduced mass. For the Mg-Neslope of the upper potentials at the Condon p&int In fact,
interaction, the corresponding value was reported by Malvsubstituting the partial contributions from separate Condon
ern in[20] asACg=175 a.u. We have no information about points into the polarization ratit14) shows that there is no
ACg for the Mg-Ar interaction and approximate it according dependence on the slope difference for each partial contribu-
to tion. If there are several contributions to the cross section,

then there is a dependence on the slope of the difference
AC.~ ACg(Mg-—rare gap 9308 (21)  Potential. Nevertheless, itis clear that even if several Condon
6 Ci(Mg-rare gas & points make a contribution at some particular frequency to
the cross section, bounds on the actual polarization ratio may
whereCg=170 a.u. is the ground-state constant,[d8and  still be obtained from the partial contributions estimated at
ACg (Mg-rare gapwith C2 (Mg-rare gap are the corre- each Condon point. We use these circumstances to make
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theoretical estimates, using the limited available quantitativéecular state, followed by a subsequent Coriolis-type nona-
information about the upper potentials, of the possible variadiabatic transition into the $'S; state. Such an indirect
tions in the polarization in different spectral domains. This isexcitation channel can be more effective in the blue wing of
accomplished by the following general procedure. First, fofne Mg(3p 1P, —5s 1S;) atomic transition because of the
each spectral domain we locate the possible Condon trangisrger oscillator strengthil9] (approximately 30 timesfor
tions that make the contributions to photon absorption. Se%g(3p 1p_.4d D) than for Mg(3 P—5s 1S). It seems
ond, for each transition we estimate the polarization ratiqq,5onaple that the probability of photoexcitation is higher

(14), independently taking into account possible locations °Liso for the 4 11, molecular state than for thes5's ¢

Condon points. Third, the measured value of the polarization 1 o
signal is found as a mixture of these estimated values?tate_' Mforepver, th?m I pote_ntlal IS %xpeﬁted to bg at-
weighted with probabilities describing the partial contribu-tr_""cnve or Internuclear separations inside the excitation re-

tion of each Condon point. This approach ignores interferdion. Thus, for recoil collision energy close to 330 K the

ence between Condon points, but still provides bounds offiatomic system should be excited into bound states in this
the polarization in the different’ spectral regimes. potential. Under such conditions, all the molecules pumped
into the 4d 11, state should pass into thes 33, state be-

1. Red wing of the M@3p *P,—5s S,) transition cause of Coriolis coupling between these terms.

. An alternative channel of atomic losses via radiative tran-
We expect that parallel Condon transitions betweeryjsions into the lower state is possible, but does not give a

3p 'Xg and 5 "X, molecular terms mainly determine the gjgnificant contribution because of the relatively much
optical excitation in this spectral domain. A second molecU-smajler probability for radiative transitions. This is readily
lar transition, $ *I1,—5s 'S¢ , which can also contribute  shown by comparing the Coriolis coupling constaf and

if the potential well of the § ' term is deep enough, radiative transition matrix elemeit’). Such a comparison
should lead to a smaller contribution because the correspongs done in the Appendix. For a laser pulse with 1-mJ energy
ing Condon point should be positioned at smaller internu-and a temporal width of 6 ns, characteristic of the present
clear separations. For the same reason we can ignore here @b@periment, the stimulated absorption or emission rate
possible contribution coming from thep3Sj—4d 'II;  should be on the order of bs™2, and the spontaneous rate
excitation channel, with subsequent Coriolis-type nonadiaaround 18 s 1. The Coriolis coupling should be on the or-
batic transfer into the $3 state. The corresponding tran- der of 132 s~%. Thus the probability of Coriolis nonadiabatic
sition probability should additionally be smaller in order of transitions from the bound d'Il, state into the § '3
magnitude because of the different signs of the slopes for thetate is expected to be much greater than radiative couplings
upper and lower potentials in this case, as shown in Fig. linto the lower molecular terms.

The estimates were made with cross sectid@ assum- We made estimates of the polarization using cross sec-
ing a possible location of a Condon point in the regiontions described by Eqg18) and assuming possible excita-
11-13 a.u. for Mg-Ne and 10—14 a.u. for Mg-Ar. We sup-tion from both lower potentials 81T, and 3 ;. We
pose that uncertainties in Condon point locations are charagssumed that the Condon points should be located at inter-
terized by internuclear separations less than but still close tqyclear separations greater than the minimum point in the
the decoupling radius for each pair. The cross sectibese  attractive 3 111, potential(these are approximately 9.5 a.u.
and in other spectral domainsere averaged over frequency for Mg-Ne [21] and 6.1 a.u. for Mg-Af38]) and we esti-
of collisions at a temperature of 330 K. Finally, we estimatedmated their locations as 10—12 a.u. for Mg-Ne and 6.5-10
polarization signal variations in the following intervals: g . for Mg-Ar. The following results were obtained. For
0.44-0.42 for Mg-Ne and 0.18-0.22 for Mg-Ar. Comparing excitation via the § 'II,—4d 11, transition, the partial
with experimental values we can conclude that these estho|arization signals can vary within the following intervals:
mates are in satisfactory agreement with experimental re- g o5 to —0.10 in the case of Mg-Ne collisions and
sults. The spectral dependence can be explained by migratiopng 01 to—0.05 in the case of Mg-Ar collisions. For excita-
of the Condon point to smaller internuclear separations withign via the P 3¢ —4d U, transition, the possible varia-
increased detuning. In the case of Mg-Ne we obtain an iNgqns are—0.31 to —0.27 in the case of Mg-Ne collisions

crease of the polarization in the far red wing of the .4 14 t0—0.08 in the case of Mg-Ar collisions. We

1 l -y . . . . . . . .
Mg(3p “P1—5s °Sp) transition, tending to its recoil limit- 5566 that the main contribution in the total polarization is
ing value of 0.5(see[18]), in agreement with experimental coming from the ® IT,—4d 'II, excitation channel be-
results. For Mg-Ar the experimental and theoretical datg,, \se the slopes for lower and upper potentials at the corre-

each_ give a smal_ler value_ than this with Iarge_det_uning. Asponding Condon point have the same sign, as indicated in
possible explanation for this is a stronger reduction in Mg'ArFig. 1. On the contrary, the slopes of the upper and lower

of the polarization-dependent part in cross sections becau?)%tentials for the p 'S —4d I, Condon point have the
0

of averaging over impact parameter. opposite signs, which reduces the transition probability, as
per Egs.(21) and(22). Thus, we can estimate that the polar-
ization signal for this spectral domain should be negative and
The 5s '35 molecular term correlates adiabatically only less than 10% in magnitude, in agreement with experimental
with the Mg(5s 1S,) state but the other singlet terms corre- results.
late with the Mg(4l 'D,) state. However, it is possible to We have to note here that the possibility of a direct adia-
produce magnesium atoms in the 55, state indirectly by batic excitation via the g 1I1,—5s 13 transition was dis-
photoexcitation of the quasimolecule into thed #[1, mo-  cussed earlief18] for Mg-Ar optical collisions. It was ob-

2. Blue wing of the Mg3p P;—5s 1S;) transition
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tained there that the polarization signal should have a stabl8uch an assumption is in agreement with the general poten-
positive value close to 40% for such photoexcitation, whichtial behavior shown in Fig. 1, for the slopes of the upper and
was in discrepancy with experimental results for large detunfower potentials have the same sign for these transitions.
ings. The reason for the large calculated polarization was &lote also that, because the partial contributi¢es well as
strong interference contribution existing in Ed.7). In the  omitted interference contributionsave different signs, the
experiment, we obtained high positive polarization only fortotal polarization signal tends t¢ on resonance for the
small detuning in the blue wing. No visible interference gain3p P, —4d D, atomic transition instead of 1 as it does for
and very small polarization in the far blue wing led us to aa 3p *P;—5s 1S, transition.

nonadiabatic explanation of the observed polarization spec-

trum in this spectral domain. In other words, the results of 4. Blue wing of the Mg(3p 'P;—4d D)) transition

the experiment show the existence-of Coriolis coupling.be- For the blue wing of the Mg(B P,—4d 'D,) transi-
tween the 4 'II; and 5 ' potentials. We show by this

_ _ _ / n, two excitation channels are possiblg 31,—4d 13
example how important details of excited-term potentials caé%1

nd P 135 —4d 13, . Each of these gives a positive con-
ribution for polarization and the Condon point locations are
expected to be close to the decoupling radius. We take the
following intervals for Condon point locations: 11-13 for
3. Red wing of the M@3p 'P;—4d 'D,) transition Mg-Ne and 10-14 for Mg-Ar. Calculations of the polariza-
The dynamics of photoexcitation in the wings of the tion signal were made with cross sections described by Eq.
Mg(3p 1P,—4d D,) transition is largely adiabatic in the (17) and Eq. (16) for 3p 'II;—4d '35 and 3 '3g
upper states. The nonadiabatic coupling with the Mg—rare—4d 13§ transitions, respectively. For the partial polariza-
gas 5 13, term is not important here because direct decaytion signal in the case of thep3'I1, —4d '3 transition we
via the open 4 D, channels dominates in the vicinity of obtained 0.52—0.58 for Mg-Ne and 0.39-0.51 for Mg-Ar. In

be displayed via polarization-dependent analysis of optic
collisions spectra.

the Mg(3p P;—4d 'D,) resonance line. the case of the 83, —4d 37 transition we obtained
For the red wing of the Mg(8 P, —4d D)) transition, ~ 0.44-0.42 for Mg-Ne and 0.18—0.22 for Mg-Ar.
excitation from the § I, term into the 4l A, and The interesting and important peculiarity in the behavior

4d 111, states, and from thepBlzg term into the 41 11, of the polarization-dependent spectrum in the blue wing of
state is expected. As thedd>; potential is expected to be the 3p *P;—4d 'D, transition is thegreater magnitude of
quite repulsive in the accessible range of internuclear sepahe value of the polarization than for pure resonance photo-
rations, its contributions to the cross section should occugXxcitation. This fact can be clearly understood within a semi-
predominately to thédlue of the resonance line. For small classical description of the optical collision. As mentioned
red detunings, transitions to the other terms should be inabove, the resonance value pfs the sum of partial contri-
duced at large internuclear separations located close to tH#itions(and also interference terms between thémat have
decoupling radius. We estimate the following intervals fordifferent signs. Some of the partial contributions are greater
the Condon point locations: 11-13 a.u. for Mg-Ne andthan the total magnitude of the polarization in this case. We
10-14 a.u. for Mg-Ar. have here such a situation when both Condon transitions
Estimates of the polarization signal were made with crosgnduced in the blue wing give positive contributions and, as
sections(18) for excitations from the B 11-[1 and P 125 shown by our calculations, they are greater than 1/7. The
states into the upperd4!Il, state and with cross sections transitions leading to the negative sign of the polarization
(19) for excitation from the  II; term into the 41 1A,  ratio make a contribution to the spectrum in the red wing
state. The following variations of partial polarization contri- Only. However, in Mg-Ne optical collisions, the experimen-
butions are possible: for thep3'Il,—4d I, transition: tal value of the total polarization is less than our theoretical
—0.07 to—0.11 in Mg-Ne collisions ané-0.05 to—0.11 in  €stimates. Such a discrepancy can be probably explained by
Mg-Ar collisions. For 3 3¢ —4d II, transitions these the negative influence of interference terms, which were not
are—0.30 t0—0.27 in Mg-NeocoIIisions and-0.08 to—0.12 taken into account in our calculations. It seems reasonable
in Mg-Ar collisions. For 3 IT,—4d A, photoexcitation that interference influence is more effective in collisions with

these are 0.04 to 0.06 for Mg-Ne collisions and 0.04 to 0.04n€ lighter Ne atoms. But the spectral dependence of the
for Mg-Ar collisions. polarization spectra in the red and blue wings of the

l 1 . . . . . .
The excitation from the g 'I1, and 3 13 states into 3F')th F;ﬁ_"ld th t;gnituﬁn IS St”][ It?] qu_a?tatlvtg agre(im(i_ntl
the 4d 11, state givesiegativecontribution in the total po- wi € asymptotic behavior of the Interaction potentials

larization. On the contrary, the partial polarization via theShOWn in Fig. 1.

3p I,—4d A, excitation channel has a positive sign. The

competition between different partial channels in the forma- V. CONCLUSIONS

tion of the total polarization signal can manifest itself in a

polarization sign changing from positive to negative with A combined theoretical and experimental study of
detuning. The experimental polarization spectra in the re@Xxcited-state optical collisions involving Mg-Ne and Mg-Ar
wing of the 3 'P,—4d 'D, atomic transition shows such a molecules has been presented. In the study, a comprehensive
sign change in the total polarization signal for both Mg-Ne€Xxperimental data set involving molecular transitions to the
and Mg-Ar pairs. The small absolute value of polarization5s ‘=g . 4d 'A,, 4d 'II;, 4d 'Sg, and 533 final
observed shows that the main contribution should come fronshannels from the 811, and 3 '3 initial electronic
excitation from 3 I, into 4d A, and 4 II, states. states were considered. A semiclassical analysis of the prob-
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lem using only a qualitative picture of the interaction poten- 2w AE, 12
tials allowed good agreement to be reached between mea- e\ S sir. (A1)
surements and theoretical estimates for the linear v'p

polarization spectra. Both the general size and the sign of the

linear polarization degree were successfully described. Thsla " . :
relative insensitivity to the shapes of the interatomic poten- he transition matrix ellement of the dipole nlmmelntcon-
tials occurs because their primary role is in determining thd'€cting the initiai = 3p "1, to the finalf =4d "1, molecu-
locations of the Condon points and the total cross section fof! State can be estimated by. the corr_espondmg matrix ele-
the process. The polarization itself is determined by Wignerment for th'e resonance atomic transmpn. The latter can be
d functions depending on deflection angles in the lower tem{axpress_ed in terms of the reduced matrix elenagat=or di¢
potentials. Because of the averaging over impact parameterd® 0Ptain
there is only a weak dependence overall ondheinctions.
In different spectral domains, the polarization is mainly de-
termined by the symmetry type of the transition making the 1 1
major contribution. Varying the potential form does not dis~ 73 Ca11dlo=— \/_1—0 do. (A2)
change the order of magnitude of the polarization signal.

The comparison of experimental and calculated results
shows similar behavior for both Mg-Ne and Mg-Ar. This .
allows a parallel discussion of both sets of results. MoreoverVhere we use notation ¢86] for the Clebsch-Gordan coef-
such close spectral behavior indicates that the interatomiticient. Introducing here the oscnllator strerlg@as a char-
interactions are expected to be qualitatively similar for both@cteristic of the atomic dipole 8°P,—4d "D transition
pairs. The semiclassical analysis used in the theoretical di¢19 We can estimate the radiative transition matrix element
cussion shows all important features of the spectral behavidit the Condon poink; as follows:
of the linear polarization degree. Howeval initio numeri-
cal calculation of the highly excited Mg-rare-gas interac-
tions seems desirable, and would be useful for more compre- V= |dye |~ 3 ne* 3 2m AE,|?
hensive theoretical calculations. Finally, a parallel, but —IHit€ 2mewq 10 0 ¢ ShTp
completely quantum, theoretical analysis would be useful in
order to provide a deeper understanding of the physics of

diatomic optical excitation as well as the relationship beé~yheree andm, are electronic charge and mass, respectively,
tween the semiclassical description and the fully quantu

. . ) Mand wq IS resonance frequency. Substituting in E43) the
mechanlcal coupled channel calculations of the optical Co”"valuesAEp~1 mJ, 7,~6 ns, s,~0.1 cn?, wavelength,
SIon process. ~553 nm, and oscillator strengtti,~0.15, we obtain
|V(D]/~1.3x 10" s71. Thus the excitation rate greatly ex-
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APPENDIX: RADIATIVE TRANSITION AND CORIOLIS
COUPLING MATRIX ELEMENTS

In a semiclassical picture the probabilities of both radia-Wherev.. is the recoil velocity for infinitely separated collid-
tive and Coriolis transitions are the square products of coring atoms,j, ~O(1) is the matrix element of electronic an-
responding matrix elements and the transition times in thgular momentum between thed4I1; and 5 '3 states,
vicinity of Condon or crossing points. We assume that thesavhich is of order unity for allowed Coriolis-induced transi-
times are the same in order of magnitude so the probabilitieons. We estimate the internuclear separaffarand impact
differ mainly by transition matrix elements. We estimate parameterp in order of magnitudes aB;~p~10 a.u. The
here the order of magnitude of these matrix elements. recoil velocities for typical energfe~T~300K are 6.7

The complex amplitude of the electric radiation fiedd X< 10* cm/s(Mg-Ne) and 5.7< 10* cm/s (Mg-Ar). Substitut-
can be estimated from the total energy of the laser pulséng these values into E§A4) we obtain the following esti-
AE,, the pulse duration,, and the spot area of the laser mates for Coriolis coupling constants x30%2stand 1.1
beams, as follows: X 10*? s7* for Mg-Ne and Mg-Ar collisions, respectively.




2108 LASELL, BAYRAM, HAVEY, KUPRIYANOV, AND SUBBOTIN 56

[1] Atomic and Molecular Beams Methods édited by Giacinto  [20] A. R. Malvern, J. Phys. B1, 831(1978.

Scoles(Oxford University Press, New York, 1988 [21] E. Czuchaj, H. Stoll, and H. Preuss, J. Phys.2@ 1487
[2] A. H. Zewail, Science242 1645(1988; L. R. Kundekar and (1987.
A. H. Zewail, Annu. Rev. Phys. Chem1, 15(1990. [22] M. Hliwa and J. P. Doudey, Chem. Phys. Lett53 471
[3] K. Burnett, Phys. Repl18 339(1985. (1988.
[4] P. D. Kleiber, W. C. Stwalley, and K. M. Sando, Annu. Rev. [23] E. Czuchaj, F. Rebentrost, H. Stoll, and H. Preuss, Chem.
Phys. Chem44, 13 (1993. Phys. Lett.182 191 (199J.
[5] W. H. Breckenridge, C. Jouvet, and B. SoepAidvances in  [24] L. K. Kahn, P. Baybutt, and D. G. Truhlar, J. Chem. P85,
Metal and Semiconductor Clusterdited by M. DuncartJAI 3826(1976.
Press, Greenwich, 1985vol. 3. [25] E. E. Nikitin and S. Ya. UmanskiiTheory of Slow Atomic
[6] P. R. Brooks, Chem. ReB8, 407 (1988. Collisions (Springer, Berlin, 1984
[7] D. M. Neumark, Annu. Rev. Phys. Ched3, 153(1992. [26] G. K. Ivanov, Opt. Spectrosid7, 636 (1974; 39, 384 (1975
[8] E. Hirota, High-Resolution Spectroscopy of Transient Mol- [Opt. Spectrosc37, 361(1974; 39, 474(1975)].
ecules(Springer-Verlag, New York, 1985 [27] M. Ya. Ovchinnikova, Zh. Eksp. Teor. Fiz19, 275 (1965
[9] P. Arrowsmith, S. H. P. Bly, P. E. Charters, P. Cheuvrier, and J. [Sov. Phys. JETR2, 194(1996)].
C. Polanyi, J. Phys. CherB83, 4716(1989. [28] E. Fermi, Nuovo Cimentd1, 157 (1934.
[10] D. A. Olsgaard, M. D. Havey, A. Sieradzan, and R. Lasell,[29] D. V. Kupriyanov and O. S. Vasyutinskii, Chem. Ph$31, 25
Phys. Rev. Lett69, 745 (1992. (1993.
[11] R. A. Lasell, D. A. Olsgaard, M. D. Havey, and D. V. Kupriy- [30] L. D. Landau and E. M. LifshitzQuantum Mechanic&erga-
anov, Phys. Rev. A0, 423(1994). mon Press, Oxford, 1965
[12] I. V. Hertel, H. Schmidt, A. Baering, and E. Meyer, Rep. Prog. [31] U. Fano and J. H. Macek, Rev. Mod. Ph¥§, 553 (1973.
Phys.48, 3785(1985. [32] E. L. Lewis, M. Harris, W. J. Alford, J. Cooper, and K. Bur-
[13] J. P. J. Driessen, C. J. Smith, and S. R. Leone, Phys. Rev. A nett, J. Phys. BL6, 553(1983.
44, 1431(1991). [33] F. Rebentrost, R. Best, and W. Behmenburg, J. Phy20B
[14] C. J. Smith, E. M. Spain, M. J. Dalberth, and S. R. Leone, J. 2627(1987).
Chem. Soc. Faraday Trar9, 1401(1993. [34] R. J. Bieniek, Phys. Rev. 85, 3663(1987).
[15] J. P. J. Driessen and S. R. Leone, J. Phys. CH#8n6136  [35] R. J. Bieniek, P. S. Julienne, and F. Rebentrost, J. Physl, B
(1992. 5103(199).
[16] J. Grosser, D. Gundelfinger, A. Maetzing, and W. Behmen-[36] D. A. Varshalovich, A. N. Moskalev, and V. K. Khersonskii,
burg, J. Phys. BR7, L367(1994); J. Grosser, D. Hohmeier, and Quantum Theory of Angular MomentutWorld Scientific,
S. Klose,ibid. 29, 299 (1996. Singapore, 19838
[17] D. A. Olsgaard, R. A. Lasell, M. D. Havey, and A. Sieradzan, [37] I. Wallace and W. H. Breckenridge, J. Chem. PH§8. 2768
Phys. Rev. A48, 1987(1993. (1993.
[18] D. V. Kupriyanov, Chem. Physl93 141 (1995. [38] R. R. Bennett, J. C. McCafrey, |. Wallace, D. J. Funk, A.
[19] A. A. Radzig and B. M. SmirnovReference Data on Atoms, Kowalski, and W. H. Breckenridge, J. Chem. Phg6, 2139

Molecules, and longSpringer-Verlag, Berlin, 1985 (1989.



