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Polarization-dependent Mg„3p 1P1˜5s1S0, 4d 1D2…–rare-gas-atom excited-state optical
collisions: Experiment and theory
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Experimental spectra for excited-state optical collisions between Mg(3p 1P1) atoms and rare-gas atoms are
presented. Aligned Mg atoms are produced in the 3p 1P1 level by excitation with linearly polarized light.
Collisions between the excited metal atoms and Ne or Ar rare-gas atoms are probed in a 1000-cm21 range in
the vicinity of the Mg 3p 1P1→5s 1S0 and 3p 1P1→4d 1D2 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 3p 1P1 and 3p 1S0

1 molecular terms to the 5s 1S0
1 ,

4d 1D2 , 4d 1P1 , and 4d 1S0
1 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.@S1050-2947~97!08108-0#

PACS number~s!: 34.50.Rk, 34.80.Qb, 34.20.2b, 33.80.Gj
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I. INTRODUCTION

Dissociative states of molecular complexes, ranging
size from large clusters to two-atom pairs, are important t
wide range of basic and applied collision phenomena@1–10#.
In atomic collisions with energies typical of chemical force
the intermediate dissociative states of a collision comp
mediate exchange of energy, spin, charge, or fragment
the complex. However, experimental investigation and in
pretation of the results are often made difficult by the tra
sient nature of the states, and the normally very short l
times associated with them. Nevertheless, there is m
motivation for study of such states, and many experime
approaches have been taken, for the transitional states
the nonadiabatic interactions between them are determin
of the details of collision or reaction dynamics.

Development of new techniques and technolog
@4–7,9–15# for the study of transient states of small mo
ecules has recently led to further elaboration of the amo
of detail determinable directly from experiment. For e
ample, collision experiments in atomic beams regularly
lect the initial internal atomic states, and determine the fi
ones as a function of scattering angles and energy@12#.
These experiments can be complete in the sense that all
surable quantities associated with the full collision may
found by experiment. However, it is possible to determ
additional information about the collision dynamics by pro
ing the colliding pair during the collision process itself. Th
may be accomplished in the time domain by direct resolut
of polarization or population dynamics on a femtoseco
time scale@2#, or in the frequency domain by nonresona
561050-2947/97/56~3!/2095~14!/$10.00
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excitation of the colliding pair with moderately narrow-ban
light sources@3,4,10,11#. Recent elegant experiments@16#
have demonstrated that it is possible to optically excite
colliding pair of atoms during a collision in the controlle
environment of an atomic beam, and to selectively detect
excitation products. This approach promises to provide m
more information concerning the collision than the traditio
ally complete atomic beam experiments.

Another technique@10,17# recently applied to studies o
diatomic and triatomic collisions relies on the absorption
two photons during a single collision. This fractional col
sion process may be considered the frequency-domain
log of femtosecond-scale time domain studies, in that
excited-state molecular dynamics is both initiated and pro
during the process. In the process, polarized light is absor
by colliding pairs of atoms or molecules; this generally co
responds to generation of a superposition of molecular sta
Absorption of polarized light of a different frequency from
second source reveals details of the rotational and vibratio
dynamics. Mapping the frequency domain dynamics into
coordinate representation may be approximately acc
plished through the classical Franck-Condon princip
which relates the frequency of the light absorbed to the
ference potential surfaces relevant to the process@3#.

In the present report, detailed experimental results
theoretical modeling are presented for collisional studies
atomic Mg(3p 1P1) and the rare gases Ne or Ar. In th
studies, a simplified variant of the fractional collision a
proach is employed. In it, absorption of linearly polariz
light from a pump source takes place in the asymptotic
gime, producing excited Mg atoms via the 3s 1S0→3p 1P1
2095 © 1997 The American Physical Society
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resonance transition. This generates an electronic alignm
in the 3p 1P1 level. Collisions with the rare-gas atoms tran
port the alignment into the molecular regime, where it
probed by a second linearly polarized light source. Vary
the relative polarization directions of the two light sourc
generates a linear polarization spectrum as a function of
frequency of the second light source. The polarization sp
trum for this process, termed an excited-state optical co
sion, depends on both the detailed evolution of the alignm
during the collision and the symmetry of the molecular ter
accessed in the probe phase. In the present work, the a
ment is probed in the vicinity of the atomic M
3p 1P1→5s 1S0 and 3p 1P1→4d 1D2 transitions, thus ac-
cessing 5s 1S0

1 , 4d 1D2 , 4d 1P1 , and 4d 1S0
1 molecular

terms. Focus in the present work is primarily on the 4d chan-
nels and on the possibility of inelastic processes leading
the 5s 1S0 singlet or 5s 3S1 triplet channels; we have re
ported previously on direct excitation in the vicinity of th
5s 1S0 level @11#. Theoretical modeling of the process ca
reveal both the alignment dynamics and the weights of
various molecular transitions contributing to the process.

In the present paper, the details of the experimental
proach will first be described, including the excitation a
detection scheme for the process. This will be followed
presentation of the results and discussion of systematic
fects on the measurements. The theoretical sections will
be concerned with the general properties of the interato
potentials. This will be followed by discussion of the expe
mental results through a semiclassical model of the proc
developed earlier for optical collisions of polarized atom
@18#, using plausible, qualitatively correct interatomic pote
tials. The main tool employed for the discussion will bees-
timatesof the range of linear polarization values possible
allowed optical transitions between each pair of molecu
terms, and ignoring interference.

II. EXPERIMENTAL APPROACH

The basic physical scheme of the experiment is simila
that employed in our earlier work@11#, and so will be only
briefly described here. The approach is illustrated in Fig
which shows the relevant atomic Mg energy levels and qu
tative Mg–rare-gas interatomic potentials. In the sche
aligned and excited Mg atoms are produced in the 3p 1P1
level by resonant excitation at 285.2 nm with laser 1, wh
is linearly polarized along az axis. In the absence of colli
sions, only atomic stepwise excitation is possible on the
3p 1P1→5s 1S0 and 3p 1P1→4d 1D2 transitions at 571.2
and 552.8 nm. This is accomplished with a second, linea
polarized probe laser 2. Signals in each case may be m
tored at 202.6 nm on the 4p 1P1→3s 1S0 cascade transition
The alignment in the 3p level is probed by measuring th
signal I zz when laser 1 and laser 2 are linearly polariz
along the same line, andI zx when they have orthogonal lin
ear polarizations. The alignment is determined through
experimentally convenient linear polarization ratio

PL5
I zz2I zx

I zz1I zx
. ~1!
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In the absence of hyperfine, Zeeman, or collisional dep
arization in the 3p 1P1 level, the linear polarization value
expected on these transitions arePL51 ~100%! ~3p 1P1
→5s1S0 transition! andPL51/7 ~14.3%! ~3p 1P1→4d 1D2
transition!.

When collisions are considered, excitation by laser 2 c
occur even when the atomic resonance condition is not m
These excited-state optical collisions occur because of o
cal electronic transitions in the transient Mg–rare-gas m
ecules formed during binary Mg atom and rare-gas atom
lisions. As illustrated in Fig. 1, the transitions occur in th
vicinity of stationary phase points localized at internucle
separationsR, which may be estimated by application of th
classical Frank-Condon principle. Defining a detuningD
5h f22h f20, where h f20 is the atomic Mg 3p 1P1
→4d 1D2 transition energy, transitions occur for intern
clear separationsR satisfying UU(R)2UL(R)5D, where
UU(R) andUL(R) are upper and lower term potentials. In
spection Fig. 1 shows that in the present case there are
merous potentials in the same energy range, leading to
likelihood that several rootsR will contribute to optical ex-
citation at a specified detuning.

Because the precursor excited Mg atoms are aligned,
transient molecules formed in collision will be also, althou
the amount of molecular alignment will depend on reco
pling of the atomic angular momentum into the molecu
frame and on the integrated effects of molecular rotati
during the course of the collision, in the Mg–rare-g
3p 1P1 and 3p 1S0

1 electronic states. Following molecula
excitation, the Mg–rare-gas molecules dissociate, produc
Mg atoms in the 5s 1S0 and 4d 1D2 levels. In a previous
report we described the results of experiments with det
ings such that primarily the 5s 1Sn

1 state was produced

FIG. 1. Qualitative interaction potentials for sever
magnesium–rare-gas electronic states, and an illustration of the
perimental scheme.
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56 2097POLARIZATION-DEPENDENT Mg(3p 1P1→5s 1S0 , . . .
Present measurements are concerned with excitation in
vicinity of the 4d 1D2 level, for which the 4d 1LV terms
dominate. However, some excitation of the 5s 1S0

1 state is
possible, either by direct optical excitation or by nonad
batic Coriolis coupling with the optically excited 4d 1P1 ,
state. This is monitored by a second detection channel
observes the 5s 1S0→3p 1P1 fluorescence at 571.2 nm. F
nally, there remains the possibility of spin-orbit-coupling
induced nonadiabatic transitions to the 5s 3S1

1 state. Thus,
the second detection channel can be replaced as need
that the 5s 3S1→3p 3Pj triplet series fluorescence aroun
333 nm can instead be monitored.

A schematic diagram of the experimental apparatus
shown in Fig. 2. There, two pulsed dye lasers are pumped
the second harmonic of a neodymium:yttrium aluminum g
net ~Nd:YAG! laser at 532 nm. The grazing incidence d
lasers produce 100-mJ, 6-ns pulses having an approximate
3-GHz bandwidth. The laser outputs are strongly linea
polarized in a horizontal plane. The output of each lase
passed through separate amplifiers, increasing the pulse
ergy by about a factor of 10. Laser 1 is then focused int
potassium dihydrogen phosphate doubling crystal. A gl
absorption filter is then used to remove the residual fun
mental, but permitting about 85% of the desired 285.2-
radiation. The frequency-doubled output typically has 30-mJ
pulses, which were attenuated to less than 1mJ in order to
avoid saturation of the Mg resonance line. Laser 2, wh
operates near 552.8 nm, has its output spectrally filtere
remove broadband fluorescence from the beam. This is
sential in the experiments, for the relatively low level flu
rescence is sufficient to produce signals larger than the
sired ones due to the excited-state optical collision proc

FIG. 2. A block diagram of the experimental apparatus.
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When laser 2 is tuned to stepwise atomic resonance
power is attenuated by about 104, in order to avoid saturation
of the atomic transition.

The laser 2 beam passes through a liquid-crystal varia
waveplate, the retardance of which may be varied by cha
ing the voltage applied to the device. The optic axis of t
liquid crystal is set at 45° from the laser’s initial linear p
larization direction. Thus with zero retardance, the polari
tion is unchanged from its horizontal orientation but with t
crystal voltage set for half-wave retardance, the polarizat
is rotated by 90°. The device produces linearly polariz
light with a polarization purity of better than 1023. This is
assessed by both contrast ratio tests and by a 45° test. I
contrast ratio test, the transmission of the laser radia
through the liquid-crystal retarder and through an orthogo
Glan-Thompson polarization analyzer is measured. In a
test, the Glan-Thompson analyzer is oriented at 45° to
initial polarization direction. Then anin situ polarization
measurement@viz. Eq.~1!# should measure zero forPL . This
demanding test typically yieldsPL,0.002(2), limited by
counting statistics.

The two laser beams are collinear, but propagate in op
site directions through the sample cell. The beams each h
a diameter of about 0.5 cm in the interaction region of t
cell. The sample cell consists of a 250-ml Pyrex bu
mounted with two sidearms, located on opposite sides of
cell and at right angles to the laser beams, for fluoresce
viewing. Two other sidearms allow for passage of the la
beams. As described elsewhere@10,17#, an internally heated
boat containing Mg chips generates a metal atom densit
about 1011 cm23 in the central region of the cell. Connectio
of the cell to a vacuum-gas handling system allows
evacuation to less than 1027 Torr, and for admission of re-
search grade rare gases. The rare-gas pressure is deter
by a capacitance manometer, which is calibrated agains
oil manometer. Because of the method of vaporizing the M
the metal vapor and the rare gas are at an estimated tem
ture of 330 K. One detection channel monitors t
4p 1P1→3s 1S0 cascade transition at 202.6 nm. This cha
nel is sensitive to population in both the 5s 1S0 and
4d 1D2 levels, although the branching ratios strongly fav
the 4d 1D2 level @19#. A photomultiplier tube~bialkali cath-
ode! mounted with two narrow-band interference filters pa
only about 2% of the desired radiation, but eliminate the v
intense resonance radiation and other background light s
that it is at most 10% of the weakest molecular signals. T
second detection channel is normally used to monitor
5s 1S0→3p 1P1 fluorescence at 571.2 nm, thus providing
relative measure of the 5s 1S0 population. The photomulti-
plier ~PMT! used to obtain the signals has a bialkali catho
and is mounted with three narrow-band interference filt
and two colored-glass cutoff filters to eliminate residu
green light from entering the cell~primarily background
from the YAG pump laser!. The signal-to-noise ratio is
strong enough for excitation in the vicinity of the 4d 1D2
level, but reliable measurements could be obtained only
detuningsD,25 cm21. As indicated earlier, auxiliary mea
surements were also made in this second channel in ord
measure possible intersystem transfer to the 5s 3S1 level. A
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2098 56LASELL, BAYRAM, HAVEY, KUPRIYANOV, AND SUBBOTIN
narrow-band interference filter centered at 330 nm and
ultraviolet transmitting glass filters were used to select
5s 3S1→3p 3Pj transitions.

The output from each PMT was amplified, integrated o
a 200-ns gate in a boxcar averager. The resulting sig
were digitized and stored in a laboratory computer for la
analysis. The data were collected in runs consisting of 2
laser shots, partitioned into two halves. In each half th
was a datum and a background run for each polariza
direction, with the order of data taking in each polarizati
channel reversed for the two halves. This minimized the
fects of laser power and frequency drift on the polarizat
measurements.

III. EXPERIMENTAL RESULTS
AND GENERAL DISCUSSION

The measured linear polarization spectraPL(D), as deter-
mined by monitoring the main 4p 1P1→3s 1S0 signal chan-
nel, for Mg-Ne and Mg-Ar excited-state optical collisions a
presented in Figs. 3 and 4. In each case, the data for de
ings uDu.450 cm21 are reproduced from Lasell,et al. @11#
in order to facilitate comparison with new data taken
smaller detunings and to make comparisons with the theo
ical calculations described in a later section.

In the data, the uncertainty in the horizontal detuni
scale of61 cm21 is negligible on the scale of the figure
The indicated vertical error bars on the polarizationPL(D)
are from a combination of statistical errors in the measu
ments and from an extrapolation of the data to a single
lision limit. The origin of the pressure dependence is co
sional disalignment of the Mg 3p 1P1 atoms prior to
excitation during a collision with laser 2. To illustrate th
effect, characteristic pressure-dependent data for Mg-Ne
presented in Fig. 5. As described in earlier work, the nea
linear curves represent fits to the data accounting for
collisional depolarization, radiative decay, and the fin
pulsewidth of the pump and probe lasers. These fits yie
collisional depolarization rate coefficient for the disalig

FIG. 3. Polarization spectrum for Mg-Ne excited-state opti
collisions. The spectrum is presented for the zero-pressure l
The origin of detuning (D50) corresponds to the atomic M
3p 1P1→4d 1D2 transition.
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ment collisions; the results of modeling the laser pulses
temporally constant or triangular, and with a widthT
56.0 ns, are presented in Table I. As in our earlier work,
uncertainty in the rate coefficientk is larger than the differ-
ences between the two models. Thus we simply average
results. The average is seen to be consistent, within the c
bined error bars, of the values fork reported earlier. The
measured average rate coefficients are used to extrap
data taken atP520 Torr to a single collision limit, as pre
sented in the figures. Other than the pressure dependenc
measured polarization spectra are free of measurable sys
atic effects due to laser power, Mg density, or systema
variations in background light. Signals due to amplifi

l
it.

FIG. 4. Polarization spectrum for Mg-Ar excited-state optic
collisions. The spectrum is presented for the zero-pressure li
The origin of detuning (D50) corresponds to the atomic M
3p 1P1→4d 1D2 transition.

FIG. 5. Illustrative pressure dependence at selected detun
for Mg-Ne excited-state optical collisions. The zero-pressure in
cept of each line gives the zero-pressure limit, represented as
data points in Figs. 3 and 4.
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spontaneous emission from the two lasers were neglig
compared to the optical collision signals.

Generally, the measured polarization is seen to unde
strong variations with detuning. But, as expected, in the li
of no depolarizing collisions, the measured polarization
PL(D52578.3 cm21)5100(2)% at the atomic Mg
3p 1P1→5s 1S0 transition, andPL(D50 cm21)514(1)%
at the atomic 3p 1P1→4d 1D2 transition. The agreement o
these values with those expected for these atomic transit
is a measure of the quality of the polarimeter used to m
the linear polarization measurements. Qualitatively,
variations of polarization with detuning are similar fo
Mg-Ne and Mg-Ar excited-state optical collisions. Partic
larly notable for the new data in the vicinity of th
3p 1P1→4d 1D2 transition is the quite rapid variation from
a valuelarger than the atomic value whenD.0 to anega-
tive range whenD,0. To our knowledge, this represents t
first time that collision-induced absorption in an optical c
lision has yielded a larger value for the polarization than t
for the associated resonance transition. As will be discus
later in this report, the variations of polarization with detu
ing are due to the type of molecular transitions respons
for absorption at a specific detuning, the recoupling of
atomic alignment into the molecular frame, and the rotat
of the molecular axis during the collision.

As discussed above, an experimental effort was mad
directly observe inelastic scattering into the 5s 1S0 and
5s 3S1 levels. For the singlet channel, direct excitation of t
4d 1D2 level generated a weak signal originating in t
5s 1S0 level, indicating that there are some nonadiabatic
teractions between the molecular terms associated with t
levels. For detunings within about 25 cm21 of direct excita-
tion, it was possible to detect signal in the inelastic sing
channel. However, the ratio of intensity in this channel co
pared to the main channel did not vary with detuning. F
ther, comparison of the ratio of the intensities in the inelas
to main channel revealed a linear pressure dependence
zero intercept. Thus, the observed signals in the inela
singlet channel are apparently due to subsequent collision
rare-gas atoms with the Mg(4d 1D2) atoms; the spectral re
gion associated with the inelastic process was not dire
accessed in these experiments. Inelastic collisions medi
by the spin-orbit interaction can produce intersystem po
lation transfer. As discussed, we searched for this possib
by setting up one detection channel sensitive to popula
generated in the 5s 3S1 level, which is 680 cm21 lower in
energy than the 5s 1S0 level. However, no signal was de
tected in this channel, even for resonant excitation of
atomic singlet levels. Apparently the much weaker spin-o
interaction in Mg, in comparison to Ca~where intersystem

TABLE I. Rate coefficients atT5330 K for depolarization of
the atomic Mg 3p 1P1 level by collisions with the rare gases N
and Ar.

k (10210 cm3/s)

ReferenceMg-Ar Mg-Ne

9.4~5! 6.5~7! Lasell et al. @11#

9.6~5! 6.7~7! This work
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collisional crossing has been observed!, is insufficient to
generate measurable population in this channel, in comp
son to the main singlet one.

IV. THEORY: Mg –RARE-GAS INTERACTION
POTENTIALS

The theoretical sections are organized into two parts
the first part,qualitative discussion is made of the inter
atomic interaction of highly excited magnesium and rare-
atoms. General peculiarities of the behavior of excited m
lecular potentials, which are important for the followin
semiclassical calculations of optical collision cross sectio
are ascertained. In the second portion, we make nume
estimates of the polarization signal for the different spec
domains examined in experiment. The estimates are base
a semiclassical approach developed earlier for polariz
atom optical collisions@18#, i.e., on a quantum description o
the electronic subsystem combined with a classical desc
tion of the motion of atomic nuclei. However, in the absen
of quantitatively reliable interatomic potentials for the im
portant molecular terms in Mg-Ne and Mg-Ar, the detunin
dependent linear polarization is not calculated. Instead, p
sible estimates of the interatomic potentials are used to
ranges of Condon points for the allowed transitions, and
describe the collision dynamics in the lower terms. A part
polarization is determined for the transition at each Cond
point. These results are then used to establish upper
lower bounds on the polarization. These bounds, and
qualitative shapes of the interatomic potentials, then form
basis of the discussion of the experimental results.

A. Magnesium–rare-gas-atom potentials correlated
with Mg „5s 1S0, 5s 3S1, 4d 1D2…

The interaction of alkaline-earth atoms with rare-gas
oms has been considered theoretically by several gro
@20–23#. The calculation of the potentials for the Mg-N
system were done by Malvern@20# and Czuchajet al. @21#
and for Mg-Ar by Hliwa and Daudey@22#. The numerical
results of these authors cover the energy domain from
ground state, with 3s2 electronic configuration, to all pos
sible excited states of the magnesium atom up to the 3s3p
and 3s4p configurations. The precise evaluation of molec
lar potentials in the energy domain near the 3s5s 1S0 ,
3s5s 3S1 , and 3s4d 1D2 states has some specific difficultie
because of the many atomic configurations that should
included in numerical calculations. However, to make cle
the following analysis of polarization-dependent Mg–ra
gas-atom optical collisions, we briefly discuss a qualitat
picture of the interatomic interactions.

The interaction of a highly excited alkaline-earth ato
with a rare-gas atom can be considered in a pseudopote
approximation@24,25#. In such an approximation the highl
excited orbital can be described as a single electronic sta
an effective potential. This potential is determined by t
self-consistent field~SCH! of the core electrons and can in
clude long-range polarization interactions with the molecu
core. TheN-electron wave function with one highly excite
electron in the outer shell for a diatomic system at intern
clear separationR can be expressed as follows:
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ClL̃sS̃~r1j1 ,...,rNjN ;R!

5
1

AN
(

p
~21!pP̂fnls8 ~r 1j1 ;R!

3C̃L̃S̃~r 2j2 ,...,r NjN ;R!. ~2!

Herel ands are the electronic and spin angular moment
projection of the excited electron andn describes other quan
tum numbers of the orbital. TheC̃L̃S̃ is the wave function of
the Mg–rare-gas molecular ion core andL̃,S̃ are the orbital
and spin angular momentum projections, respectively.
sum in Eq.~2! is over all possible transpositionsp of the
space position and spin coordinatesr1 ,j1 of the excited or-
bital and corresponding coordinates of core electronsr i ,j i
with i 52,...,N, which are generated by transposition ope
tors. The orbital and spin core quantum numbers areL̃50,
S̃56 1

2 and for the total orbitalL and spinS angular mo-
menta projections we obtainL5l, S5S̃1s.

The excited electron wave functionfnls8 (rj;R) can be
introduced as the projection of a so-called pseudo-orb
wave functionfnls(rj;R) on a space orthogonal to the co
orbitals

fnls8 5~12T̂c!fnls , ~3!

whereT̂c is the core projection operator@24#. In a nonrela-
tivistic approximation the pseudo-orbital can be expresse
fnls(rj;R)5fnl(r ;R)xs(j), where xs(j) is the spin
function, and the space-coordinate-dependent wave func
fnl(r ;R) satisfies the following Schro¨dinger equation~in
a.u.!:

@2 1
2 D1V̂eff~r ,R!#fnl~r ;R!5Unl

~1!~R!fnl~r ;R!, ~4!

where V̂eff(r,R) is the effective interaction operator for th
nl shell andUnl

(1)(R) is the corresponding energy of th
electron. In a self-consistent field approximation the to
interaction energy of the system described by the wave fu
tion ~2! is

UnL~R!5Unl
~1!~R!1U~R!, ~5!

where the second term is the core interaction, which can
expressed as the average of HamiltonianĤ (N21) for the N
21 electron system over the wave functionC̃L̃S̃ :

U~R!5^C̃L̃S̃uĤ ~N21!uC̃L̃S̃&. ~6!

This core contribution to the interatomic interaction does
depend on spin projectionS̃6 1

2 or on L̃50 in our case. It is
assumed here that the potentialU(R) reproduces only the
short-range part of the core interaction in the SCF appro
mation; i.e., the atomic orbital approximation of internal m
lecular orbitals, with the following determinant reduction
the wave functionC̃L̃S̃ , is used.

It is convenient and more correct to include long-ran
polarization~asymptotically;R24! of the core directly in
the effective potential~5! because, at largeR, the interfer-
ence should be between both types of rare-gas-atom p
e
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izations, that is, polarization both by the metal ion and
excited electron. In the SCF approximation, the adiaba
potential depends only on configuration quantum numb
n and on total angular momentum projectionL ~or l! as is
shown by Eq.~5!. In this step only exchange interaction
closed shells of the molecular core is to be taken into
count. However, the exchange interaction between the
cited orbital and the uppers3s orbital of the molecular core
which is mainly a Mg1(3s) atomic orbital, leads to the split
ting between the states with different values of total s
quantum numberS. To estimate this splitting we introduce
instead of wave function~2!, wave functions with a definite
value of S: CLSS( ). We omit here and below the sym
bolic quantum numberL̃50 and useL instead ofl as a
wave function quantum index. The singlet-stateS50 wave
function is

CL00~ !5
1

&
@CL1/221/2~ !2CL21/21/2~ !# ~7!

and the triplet-stateS51, S561,0 wave functions are

CL161~ !5CL61/261/2~ !,
~8!

CL10~ !5
1

&
@CL1/221/2~ !1CL21/21/2~ !#.

The exchange potential splitting caused by the excited orb
and core exchange interaction can be estimated by avera
of the total HamiltonianĤ (N) for theN-electron system ove
these wave functions. We expect that in accordance w
Hund’s rule the triplet state described by wave function~8!
has less energy because of a less repulsive interaction
tween the excited ands3s orbitals.

To estimate the excited orbital energyUnl
(1)(R) we con-

sider theV̂eff interaction as the sum

V̂eff5V̂eff
~1!1V̂eff

~2! , ~9!

whereV̂eff
(1) is the interaction with the core and the 3s orbital

of magnesium atom andV̂eff
(2) is the interaction with the rare

gas atom. The first interaction is described mainly by
SCF of the metal atom electrons and includes the short-ra
repulsive interaction and the long-range Coulomb attracti
We ignore here the polarization effects for the 3s shell and
core electrons of the magnesium atom. The second inte
tion can be represented as the sum of a short-range rare
atom effective potentialV̂(s) and a polarization contribution
of the valence shell of this atom induced both by interactio
with the magnesium ion and with the excited electron. It c
be presented in the following form@25#:

V̂eff
~2!5V̂s2

a2

2 S 1

R4 1
1

r 4 1
2 cosu

r 2R2 D , ~10!
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where a2 is the dipole polarizability of the rare-gas atom
The r coordinate, as well as the polar angleu, relate to the
rare-gas-atom coordinate frame.

With the assumptions described above we can recove
following qualitative picture of the potential’s behavior. F
an internuclear separationR that is larger than the averag
radial location for the excited electron, the electron ene
Unl

(1)(R) and the potential~5! reduce to a dispersive interac
tion between rare-gas and metal atoms,Unl

(1)(R)}R26. This
asymptotic interaction can be obtained if we treat
pseudo-orbital as an excited atomic orbital of the metal a
in the V̂eff

(1) potential and expand the second term in Eq.~10!
assuming an electron localized near the metal atom core
the adiabatic potentials should be negative relative to
corresponding asymptotic atomic energy levels in this reg
of internuclear separation. In the asymptotic region, pot
tials correlating with the 3s4d 1D2 level and a ground-leve
rare-gas atom have the following energy ordering: the1S0

1

potential should be lower in energy than that for the1P1
term, while the1P1 potential should be lower than that o
the 1D2 term. As indicated in Fig. 1, this ordering is revers
at shorter range.

To estimate the energyUnl
(1)(R) at an internuclear separa

tion comparable with the characteristic orbital radius of
excited electron, the multiple scattering method can be
plied @25,26#. This method is based on the idea of analytic
continuation of the Schro¨dinger equation~4! in integral form
~which is normally used in scattering problems! from small
positive to small negative energy values. It gives an anal
cal result for thes orbital of an excited electron, when th
probability of finding the electron near the internuclear a
is nonzero for this orbital. The short-range interactionV̂(s)

then dominates in Eq.~10!.
Approximating this short-range part of the interaction

a zero-range potential, the following analytical estimator
Uns

(1)(R) can be obtained@27#:

Uns
~1!~R!.«nl12pLucnl0~R!u2, ~11!

which is in accordance with the Fermi result@28#. Here«n is
the corresponding electron energy in thenl shell of the mag-
nesium atom and the wave functioncnl0(R) is the atomic
wave function for the excited electron. The parameterL is
the scattering length for a low-energy electron in the ra
gas-atom potential. Unfortunately it is difficult to get a sim
lar analytical expression for the orbitals withlÞ0 because
of zero location probability near the internuclear axis in t
case. However, we can expect that the contribution of s
short-range interactions should be much less for the e
tronic shells withlÞ0 and we can assume

Unl
~1!~R!.«nl , lÞ0, ~12!

i.e., zero contribution in comparison with thes orbital result.
In accordance with Eq.~11! we can expect that alls orbitals
should be repulsive in such a range of internuclear sep
he

y

e
m

ll
e
n
-

e
p-
l

i-

s

r

-

h
c-

a-

tions, with the most repulsive being thes4d orbital. As will
be seen, this is an important point in our interpretation of
polarization spectrum in the blue wing of th
Mg 3p 1P1→4d 1D2 transition perturbed by Ne or Ar.

The correction to the electron energy~11! caused by the
polarization part of the effective potential~10! is very impor-
tant when the internuclear separation becomes less than
still comparable with, the distancer of the excited electron
from the Mg nucleus. A corresponding contribution can
found by direct solution of the Schro¨dinger equation~4!
only. However, we can expect here that the direct polari
tion interaction of the atomic ion Mg1 with the rare-gas atom
would dominate at such internuclear separations and we
select its contribution as follows:

Unl
~1!~R!;•••2

a2

2R4 , ~13!

where the ellipses denote the contribution arising from
electron interaction and described by solution of Eq.~4!.
However, we presume that the attractive polarization con
bution to the interatomic interaction will be greater for th
4d 1P1 and 4d 1D2 molecular potentials than for th
5s 1S0

1 term because of the relatively smaller electron pro
ability density along the internuclear axis for the 4d 1P1 and
4d 1D2 orbitals. Because of the greater overall attraction,
expect the 4d 1P1 ~and possibly 4d 1D2! and 5s 1S0

1 po-
tentials to cross at some internuclear separation. The e
tence of such a crossing is important for our explanation
the observed polarization spectrum in the blue wing of
Mg 3p 1P1→5s 1S0 transition.

At yet smaller internuclear separationsR ~comparable to
or smaller than the separations of the internal atomic e
trons from their associated nuclei!, direct Coulomb repulsion
of atomic nuclei dominates in the interatomic interaction.
this region, the molecular potentials are mainly described
the core interaction part. All the potentials should be rep
sive in this domain of internuclear separations. In princip
the potential in the highly repulsive domain can be obtain
by preciseab initio numerical evaluation of the potentia
curves. Such calculations have not yet been described in
literature.

We conclude our discussion of the Mg–rare-gas int
atomic interactions by showing in Fig. 1 aqualitativepicture
of potential curves for the terms correlated with atomic M
3s3p 1P1 , 3s5s 3S1 , 3s5s 1S0 , and 3s4d 1D2 levels and
ground-state rare-gas atoms. We expect these curves a
accordance with above general analysis and, as will be s
in the following discussion, consistent with the linear pola
ization data presented above. We have recently been
formed via private correspondence withE. Czuchaj that the
potentials in Fig. 1 are in qualitative agreement with his u
published calculations.

B. Theoretical estimate of polarization signal

The measured polarization-dependent spectra are ge
ated by photon absorption in the wings of Mg(3p 1P1
25s 1S0) and Mg(3p 1P1→4d 1D2) atomic transitions in
optical collisions of aligned magnesium atoms in t
3p 1P1 state with rare-gas atoms in the ground state. T
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2102 56LASELL, BAYRAM, HAVEY, KUPRIYANOV, AND SUBBOTIN
polarization signalPL5PL(D) can be expressed in terms
a ratio of optical collision cross sections as follows

PL5PL~D!5
s̄ i~D!2s̄'~D!

s̄ i~D!1s̄'~D!
, ~14!

where s̄ i(D) and s̄'(D) are the cross sections when th
absorbed light polarization is parallel or perpendicular to
direction of the atomic alignment~z axis in major coordinate
frame!; D is the detuning from the resonance frequency
the unperturbed atomic transition. The overbar in Eq.~14!
denotes the averaging over the frequency of collisions,
suming a Maxwell velocity distribution. Each cross secti
depends on atomic polarization assumed to be of a p
alignment type. The polarization of the atoms with angu
momentumj can be defined through an alignmentA @29#:

A5
^3mz

22 j ~ j 11!&
j ~2 j 21!

. ~15!

This definition is in accordance with the normalization co
dition for the quadrupole moment introduced in@30#. It can
be expressed in terms of the often-used alignment param
A0 @31# as follows:A5A0( j 11)/(2j 21). In our case when
j 51 the limiting values of this parameter are 1 or22 if
atoms populate Zeeman sublevelsmz561 or mz50, respec-
tively. The polarization signalPL depends on both frequenc
detuning and alignment. In the present study, the meas
resonant values ofPL correspond to the limiting atomic val
ues. The expression~14! corresponds directly to the exper
mentally determined polarization defined in Eq.~1!.

Numerical results presented in this section are based
the semiclassical theory of optical collisions discussed fi
by Lewiset al. @32#. The theory considers a quasistatic sem
classical picture of the optical transition in a diatomic sy
tem. For definite detuning the optical transitions in the el
tronic subsystem are induced by the electromagnetic fi
when the atomic nuclei move near the vicinity of one
more Condon points located at internuclear separationsRf
( f 51,2,...). Thedependence of the transition probability o
electronic and light polarization appears as a result of tra
formation of atomic and light density matrices into the m
lecular ~body-fixed! frame with the assumption of classic
spatial motion for colliding atoms. There have been seve
attempts in the literature to explain and to bring this mode
a more consistent level based on a quantum treatmen
atomic scattering perturbed by interaction with coherent li
@18,33–35#. In these papers, the importance in a semicla
cal analysis of such effects as curvature of classical traje
ries and nonadiabatic dynamics of electronic subsystem
been demonstrated. All discussions have shown that the
sulting semiclassical expressions for polarization-depend
cross sections are in good agreement with quantum res
both qualitatively and quantitatively.

The basic approach of the Lewiset al. @32# model in cal-
culation of polarization-dependent transition probability is
ignore the interference between different classical paths f
single Condon point as well as interference coming fr
different Condon points. Such simplification seems norm
in conditions of the present experiment, where all interf
ence terms tend to zero because of double averaging
e
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frequency of collisions and over impact parameter. The fi
expression of the polarization-dependent part of the opt
collision cross sectionss̄ i(D) and s̄'(D) obtained in this
approximation can be explained in terms of combined tra
formations of light and atomic alignment components. It
of great importance for such an explanation to realize t
light and atomic components are transformed in differ
ways. The light density matrix should be transformed in
the body-fixed frame at a Condon point by simple rotati
from the laboratory frame. The atomic density matrix tran
formation is more complicated as it represents the convo
tion of rotational transformation for large separations in t
decoupling region@Hund’s case~d!, where there is negligible
interatomic interaction# with a subsequent adiabatic evolu
tion of the molecular state in a Hund’s case~a! coupling
scheme region~where the interaction is strong!. In the final
expressions for the polarization-dependent cross sections
difference in transformation laws is indicated by the cor
sponding Wignerd functions depending on classical defle
tion angles in the 3p 1P1 and 3p 1S0

1 potentials. It is im-
portant to note that the deflection angles depend directly
the lower term potentials, but also indirectly on the locati
of and size of radiative coupling at the Condon points. Th
deflection angles describe the rotation of the internucl
axis for nuclear motion along a classical trajectory with se
ration changing from the decoupling radiusRd to the Condon
point locationRf . The decoupling radiusRd is an important

FIG. 6. Definition of geometrical terms used in theoretical mo
eling of the excited-state optical collision process. The deflect
angle dh1 is shown as a single line, whiledh2 is shown as a
double line.
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parameter of the model, and is estimated by the internuc
separation where the transition from Hund’s case~d! to
Hund’s case~a! occurs. The definitions of characteristics
the model are shown in Fig. 6 for both repulsive@6~a!# and
attractive@6~b!# trajectories.

Applying the general theory to analysis of th
polarization-dependent absorption in the wings of
Mg(3p 1P1→5s 1S0) and Mg(3p 1P1→4d 1D2) atomic
transitions, consider only dipole-allowed molecular tran
tions. The following excitation channels in optical collision
of magnesium and rare-gas atoms are possible: from
lower 3p 1P1 term into the upper 5s 1S0

1 , 4d 1P1 ,
4d 1D2 , and 4d 1S0

1 terms, and from the lower 3p 1S0
1

state into the upper 5s 1S0
1 , 4d 1P1 , and 4d 1S0

1 terms.
Corresponding expressions for the cross sectionss̄ i(D) and
s̄'(D) can be derived from the general semiclassical exp
sions of@18#. The procedure was described in detail in th
paper and we show here the final results only.

For Condon transitions induced at an internuclear sep
tion Rf between 3p 1S0

1 and 5s 1S0
1 states or between

3p 1S0
1 and 4d 1S0

1 states, we obtain

s i
~ f !~D!5

1

9
2pE

0

rm
~ f !

rdrw~ f !~r! ~16!

3F22
2

5
A@d00

2
„dh2

r ~Rf ,Rd!…

1d00
2
„dh1

r ~Rf ,Rd!…#G ,
ar

e

-

he

s-
t

a-

s'
~ f !~D!5

1

9
2pE

0

rm
~ f !

rdrw~ f !~r!

3F21
1

5
A@d00

2
„dh2

r ~Rf ,Rd!…

1d00
2
„dh1

r ~Rf ,Rd!…#G ,
wherew( f )(r) is the reduced~independent of polarization!
transition probability at the Condon pointRf , as defined
below; dqq

k ,( ) are Wignerd functions defined as in@36#,
which depend on deflection angledh6

r (Rf ,Rd) for atomic
motion along a classical path between internuclear sep
tions Rd andRf and defined for incoming~2! and outgoing
~1! parts of the trajectory with impact parameterr. The
integrals~16! are bounded by the maximum value of impa
parameterrm

( f ) . This value is determined by the limiting
trajectory crossing~touching! the Condon pointRf . The de-
pendence on detuning appears because of the correspo
dependence of the Condon point location, viz.,Rf5Rf(D).
The cross sections~16! depend also on the recoil energy
the collision and should be averaged over the frequency
collisions in order to be used in Eq.~14!. To simplify nota-
tion we omit here and below the dependence on recoil
ergy.

For a transition induced at an internuclear separationRf

between 3p 1P1 and 5s 1S0
1 states or between 3p 1P1 and

4d 1S0
1 states, we obtain
m

s i
~ f !~D!5

2

9
2pE

0

rm
~ f !

rdrw~ f !~r!H 22
1

10
A@d00

2
„dh2

r ~Rf ,Rd!…16d22
2
„dh2

r ~Rf ,Rd!…1d00
2
„dh1

r ~Rf ,Rd!…

16d22
2
„dh1

r ~Rf ,Rd!…#J ,

~17!

s'
~ f !~D!5

2

9
2pE

0

rm
~ f !

rdrw~ f !~r!H 21
1

20
A@d00

2
„dh2

r ~Rf ,Rd!…16d22
2
„dh2

r ~Rf ,Rd!…1d00
2
„dh1

r ~Rf ,Rd!…

16d22
2
„dh1

r ~Rf ,Rd!…#J .

Here, and in Eqs.~18! and~19!, we have used the same notation as in Eqs.~16!. For these transitions the angular momentu
projection on the internuclear direction has changed byDL561 ~perpendicular transitions! and strong interference in
excitation from 1P1 with L561 should be taken into account. This interference is described by thed22

2 functions in Eqs.
~17!.

For transitions 3p 1S0
1→4d 1P1 and 3p 1P1→4d 1P1 , the cross sections are

s i
~ f !~D!5

2

9
2pE

0

rm
~ f !

rdrw~ f !~r!H 21
1

5
A@d00

2
„dh2

r ~Rf ,Rd!…1d00
2
„dh1

r ~Rf ,Rd!…#J ,

~18!

s'
~ f !~D!5

2

9
2pE

0

rm
~ f !

rdrw~ f !~r!H 22
1

10
A@d00

2
„dh2

r ~Rf ,Rd!…1d00
2
„dh1

r ~Rf ,Rd!…#J ,
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In spite of the fact that the transitions have different symmetry~3p 1S0
1→4d 1P1 is perpendicular and 3p 1P1→4d 1P1 is

parallel! they have same dependence on deflection angles.
For a Condon point associated with the 3p 1P1→4d 1D2 transition, we obtain

s i
~ f !~D!5

2

9
2pE

0

rm
~ f !

rdrw~ f !~r!H 22
1

10
A@d00

2
„dh2

r ~Rf ,Rd!…1d00
2
„dh1

r ~Rf ,Rd!…#J , ~19!

s'
~ f !~D!5

2

9
2pE

0

rm
~ f !

rdrw~ f !~r!H 21
1

20
A@d00

2
„dh2

r ~Rf ,Rd!…1d00
2
„dh1

r ~Rf ,Rd!…#J .
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This transition is perpendicular, but there are no interfere
terms fromL561 transitions here because the upper te
has the larger angular momentum projection and such in
ference is thus impossible.

To evaluate the dependence of deflection angles on
pact parameter in the integrals~16!–~19! we need to know
the lower potentials for the 3p 1S0

1 and 3p 1P1 states.
These interaction potentials for the Mg-Ne diatomic syst
were evaluated by Czuchajet al. @21#. The evaluated poten
tials were in qualitative and quantitative agreement w
spectroscopic data reported by Wallace and Breckenr
@37#. For a Mg-Ar system the same potentials were evalua
by Hliwa and Daudey@22# and results were in agreeme
with spectroscopic data reported by Bennettet al. in @38# as
well. However, in the case of Mg-Ar the spectroscopic stu
is more informative than in the case of Mg-Ne. By analy
of the spectra observed in the experiment, it is possible
recover the potential forms in the interaction region. T
3p 1P1 potential can be recovered as a Morse function
fitting vibrational components of the molecular fluorescen
spectrum. The behavior of the repulsive 3p 1S0

1 potential
can be estimated by fitting the lambda-doubling constant
the observed lambda-doubling spectrum. In calculating
dependencies of deflection angles on impact parameters
use the potentials evaluated by Czuchajet al. @21# in the
Mg-Ne case and empirical potentials recovered from exp
mental data of Bennettet al. @38# in the Mg-Ar case.

The asymptotic behavior of the interatomic interaction d
termines the limiting value of the decoupling radius~mini-
mum possible impact parameter for the trajectory replace
the decoupling scheme region! by the following equation:

\

Rd
S 2E

m D 1/2

.
DC6

Rd
6 , ~20!

whereDC6 is the difference inC6 constants for long-range
interactions correlated with Mg(3p 1P1), E is the recoil en-
ergy, andm is the atomic reduced mass. For the Mg-N
interaction, the corresponding value was reported by Ma
ern in @20# asDC65175 a.u. We have no information abo
DC6 for the Mg-Ar interaction and approximate it accordin
to

DC6.
DC6~Mg–rare gas!

C6
g~Mg–rare gas!

C6
g;3C6

g , ~21!

whereC6
g5170 a.u. is the ground-state constant, see@19# and

DC6 ~Mg–rare gas! with C6
g ~Mg–rare gas! are the corre-
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sponding constants for the Mg–rare-gas system with He
Ne as the rare gas taken from Malvern@20#. Such an approxi-
mation is based on the assumption that van der Waals
stants increase proportionally for excited Mg atoms in
presence of He, Ne, or Ar. It also is in accordance with
fact that the difference in the constants is mainly determin
by the difference in the polarizabilities of the rare-gas atom
For Mg-Ar this estimate leads toDC65510 a.u. In any case
residual uncertainty inDC6 is not very important for esti-
mates of the decoupling radiusRd , for Rd depends only
weakly on DC6 . The limiting decoupling radii estimated
from Eq. ~20! for the energyE;300 K are ;14 a.u. for
Mg-Ne and;18 a.u. for Mg-Ar.

The important parameter in Eqs.~16!–~19! is the reduced
transition probabilityw( f )(r) at the Condon pointRf :

w~ f !~r!5
1

\2 @V~ f !t~ f !~r!#2. ~22!

It depends on the transition matrix elementV( f ) and on the
transition time in the vicinity of the Condon point

t~ f !~r!5S 2p\

DF ~ f !y~ f !~r! D
1/2

, ~23!

whereDF ( f ) is the difference between the slopes of the u
per and lower potentials at the Condon pointRf andy ( f )~r!
is the radial velocity near this point. The latter depends
impact parameterr as follows

y~ f !~r!5F2E

m S 12
U~Rf !

E
2

r2

Rf
2D G1/2

, ~24!

where the lower potential functionU(R) is taken atRf .
From expressions~22!–~24! it is clear that only limited

information about the upper potentials is necessary in or
to calculate the cross sections in Eqs.~16!–~19!, namely, the
slope of the upper potentials at the Condon pointRf . In fact,
substituting the partial contributions from separate Cond
points into the polarization ratio~14! shows that there is no
dependence on the slope difference for each partial contr
tion. If there are several contributions to the cross sect
then there is a dependence on the slope of the differe
potential. Nevertheless, it is clear that even if several Con
points make a contribution at some particular frequency
the cross section, bounds on the actual polarization ratio m
still be obtained from the partial contributions estimated
each Condon point. We use these circumstances to m
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theoretical estimates, using the limited available quantita
information about the upper potentials, of the possible va
tions in the polarization in different spectral domains. This
accomplished by the following general procedure. First,
each spectral domain we locate the possible Condon tra
tions that make the contributions to photon absorption. S
ond, for each transition we estimate the polarization ra
~14!, independently taking into account possible locations
Condon points. Third, the measured value of the polariza
signal is found as a mixture of these estimated valu
weighted with probabilities describing the partial contrib
tion of each Condon point. This approach ignores interf
ence between Condon points, but still provides bounds
the polarization in the different spectral regimes.

1. Red wing of the Mg„3p 1P1˜5s 1S0… transition

We expect that parallel Condon transitions betwe
3p 1S0

1 and 5s 1S0
1 molecular terms mainly determine th

optical excitation in this spectral domain. A second mole
lar transition, 3p 1P1→5s 1S0

1 , which can also contribute
if the potential well of the 5s 1S0

1 term is deep enough
should lead to a smaller contribution because the corresp
ing Condon point should be positioned at smaller inter
clear separations. For the same reason we can ignore he
possible contribution coming from the 3p 1S0

1→4d 1P1

excitation channel, with subsequent Coriolis-type nonad
batic transfer into the 5s 1S0

1 state. The corresponding tran
sition probability should additionally be smaller in order
magnitude because of the different signs of the slopes for
upper and lower potentials in this case, as shown in Fig.

The estimates were made with cross sections~16! assum-
ing a possible location of a Condon point in the regi
11–13 a.u. for Mg-Ne and 10–14 a.u. for Mg-Ar. We su
pose that uncertainties in Condon point locations are cha
terized by internuclear separations less than but still clos
the decoupling radius for each pair. The cross sections~here
and in other spectral domains! were averaged over frequenc
of collisions at a temperature of 330 K. Finally, we estima
polarization signal variations in the following interval
0.44–0.42 for Mg-Ne and 0.18–0.22 for Mg-Ar. Comparin
with experimental values we can conclude that these e
mates are in satisfactory agreement with experimental
sults. The spectral dependence can be explained by migra
of the Condon point to smaller internuclear separations w
increased detuning. In the case of Mg-Ne we obtain an
crease of the polarization in the far red wing of t
Mg(3p 1P1→5s 1S0) transition, tending to its recoil limit-
ing value of 0.5~see@18#!, in agreement with experimenta
results. For Mg-Ar the experimental and theoretical d
each give a smaller value than this with large detuning
possible explanation for this is a stronger reduction in Mg-
of the polarization-dependent part in cross sections bec
of averaging over impact parameter.

2. Blue wing of the Mg„3p 1P1˜5s 1S0… transition

The 5s 1S0
1 molecular term correlates adiabatically on

with the Mg(5s 1S0) state but the other singlet terms corr
late with the Mg(4d 1D2) state. However, it is possible t
produce magnesium atoms in the 5s 1S0 state indirectly by
photoexcitation of the quasimolecule into the 4d 1P1 mo-
e
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lecular state, followed by a subsequent Coriolis-type no
diabatic transition into the 5s 1S0

1 state. Such an indirec
excitation channel can be more effective in the blue wing
the Mg(3p 1P1→5s 1S0) atomic transition because of th
larger oscillator strength@19# ~approximately 30 times! for
Mg(3p 1P→4d 1D) than for Mg(3p 1P→5s 1S). It seems
reasonable that the probability of photoexcitation is high
also for the 4d 1P1 molecular state than for the 5s 1S0

1

state. Moreover, the 4d 1P1 potential is expected to be a
tractive for internuclear separations inside the excitation
gion. Thus, for recoil collision energy close to 330 K th
diatomic system should be excited into bound states in
potential. Under such conditions, all the molecules pump
into the 4d 1P1 state should pass into the 5s 1S0

1 state be-
cause of Coriolis coupling between these terms.

An alternative channel of atomic losses via radiative tra
sitions into the lower state is possible, but does not giv
significant contribution because of the relatively mu
smaller probability for radiative transitions. This is readi
shown by comparing the Coriolis coupling constantV(c) and
radiative transition matrix elementV( f ). Such a comparison
is done in the Appendix. For a laser pulse with 1-mJ ene
and a temporal width of 6 ns, characteristic of the pres
experiment, the stimulated absorption or emission r
should be on the order of 1011 s21, and the spontaneous ra
around 108 s21. The Coriolis coupling should be on the o
der of 1012 s21. Thus the probability of Coriolis nonadiabati
transitions from the bound 4d 1P1 state into the 5s 1S0

1

state is expected to be much greater than radiative coupl
into the lower molecular terms.

We made estimates of the polarization using cross s
tions described by Eqs.~18! and assuming possible excita
tion from both lower potentials 3p 1P1 and 3p 1S0

1 . We
assumed that the Condon points should be located at in
nuclear separations greater than the minimum point in
attractive 3p 1P1 potential~these are approximately 9.5 a.
for Mg-Ne @21# and 6.1 a.u. for Mg-Ar@38#! and we esti-
mated their locations as 10–12 a.u. for Mg-Ne and 6.5–
a.u. for Mg-Ar. The following results were obtained. F
excitation via the 3p 1P1→4d 1P1 transition, the partial
polarization signals can vary within the following interval
20.05 to 20.10 in the case of Mg-Ne collisions an
10.01 to20.05 in the case of Mg-Ar collisions. For excita
tion via the 3p 1S0

1→4d 1P1 transition, the possible varia
tions are20.31 to 20.27 in the case of Mg-Ne collision
and 20.14 to 20.08 in the case of Mg-Ar collisions. We
suppose that the main contribution in the total polarization
coming from the 3p 1P1→4d 1P1 excitation channel be-
cause the slopes for lower and upper potentials at the co
sponding Condon point have the same sign, as indicate
Fig. 1. On the contrary, the slopes of the upper and low
potentials for the 3p 1S0

1→4d 1P1 Condon point have the
opposite signs, which reduces the transition probability,
per Eqs.~21! and~22!. Thus, we can estimate that the pola
ization signal for this spectral domain should be negative
less than 10% in magnitude, in agreement with experime
results.

We have to note here that the possibility of a direct ad
batic excitation via the 3p 1P1→5s 1S0

1 transition was dis-
cussed earlier@18# for Mg-Ar optical collisions. It was ob-
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tained there that the polarization signal should have a st
positive value close to 40% for such photoexcitation, wh
was in discrepancy with experimental results for large det
ings. The reason for the large calculated polarization wa
strong interference contribution existing in Eq.~17!. In the
experiment, we obtained high positive polarization only
small detuning in the blue wing. No visible interference ga
and very small polarization in the far blue wing led us to
nonadiabatic explanation of the observed polarization sp
trum in this spectral domain. In other words, the results
the experiment show the existence of Coriolis coupling
tween the 4d 1P1 and 5s 1S0

1 potentials. We show by this
example how important details of excited-term potentials
be displayed via polarization-dependent analysis of opt
collisions spectra.

3. Red wing of the Mg„3p 1P1˜4d 1D2… transition

The dynamics of photoexcitation in the wings of th
Mg(3p 1P1→4d 1D2) transition is largely adiabatic in th
upper states. The nonadiabatic coupling with the Mg–ra
gas 5s 1S0

1 term is not important here because direct dec
via the open 4d 1D2 channels dominates in the vicinity o
the Mg(3p 1P1→4d 1D2) resonance line.

For the red wing of the Mg(3p 1P1→4d 1D2) transition,
excitation from the 3p 1P1 term into the 4d 1D2 and
4d 1P1 states, and from the 3p 1S0

1 term into the 4d 1P1

state is expected. As the 3d 1S0
1 potential is expected to b

quite repulsive in the accessible range of internuclear se
rations, its contributions to the cross section should oc
predominately to theblue of the resonance line. For sma
red detunings, transitions to the other terms should be
duced at large internuclear separations located close to
decoupling radius. We estimate the following intervals
the Condon point locations: 11–13 a.u. for Mg-Ne a
10–14 a.u. for Mg-Ar.

Estimates of the polarization signal were made with cr
sections~18! for excitations from the 3p 1P1 and 3p 1S0

1

states into the upper 4d 1P1 state and with cross section
~19! for excitation from the 3p 1P1 term into the 4d 1D2
state. The following variations of partial polarization cont
butions are possible: for the 3p 1P1→4d 1P1 transition:
20.07 to20.11 in Mg-Ne collisions and20.05 to20.11 in
Mg-Ar collisions. For 3p 1S0

1→4d 1P1 transitions these
are20.30 to20.27 in Mg-Ne collisions and20.08 to20.12
in Mg-Ar collisions. For 3p 1P1→4d 1D2 photoexcitation,
these are 0.04 to 0.06 for Mg-Ne collisions and 0.04 to 0
for Mg-Ar collisions.

The excitation from the 3p 1P1 and 3p 1S0
1 states into

the 4d 1P1 state givesnegativecontribution in the total po-
larization. On the contrary, the partial polarization via t
3p 1P1→4d 1D2 excitation channel has a positive sign. T
competition between different partial channels in the form
tion of the total polarization signal can manifest itself in
polarization sign changing from positive to negative w
detuning. The experimental polarization spectra in the
wing of the 3p 1P1→4d 1D2 atomic transition shows such
sign change in the total polarization signal for both Mg-N
and Mg-Ar pairs. The small absolute value of polarizati
observed shows that the main contribution should come f
excitation from 3p 1P1 into 4d 1D2 and 4d 1P1 states.
le
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Such an assumption is in agreement with the general po
tial behavior shown in Fig. 1, for the slopes of the upper a
lower potentials have the same sign for these transitio
Note also that, because the partial contributions~as well as
omitted interference contributions! have different signs, the
total polarization signal tends to17 on resonance for the
3p 1P1→4d 1D2 atomic transition instead of 1 as it does f
a 3p 1P1→5s 1S1 transition.

4. Blue wing of the Mg„3p 1P1˜4d 1D2… transition

For the blue wing of the Mg(3p 1P1→4d 1D2) transi-
tion, two excitation channels are possible: 3p 1P1→4d 1S0

1

and 3p 1S0
1→4d 1S0

1 . Each of these gives a positive con
tribution for polarization and the Condon point locations a
expected to be close to the decoupling radius. We take
following intervals for Condon point locations: 11–13 fo
Mg-Ne and 10–14 for Mg-Ar. Calculations of the polariz
tion signal were made with cross sections described by
~17! and Eq. ~16! for 3p 1P1→4d 1S0

1 and 3p 1S0
1

→4d 1S0
1 transitions, respectively. For the partial polariz

tion signal in the case of the 3p 1P1→4d 1S0
1 transition we

obtained 0.52–0.58 for Mg-Ne and 0.39–0.51 for Mg-Ar.
the case of the 3p 1S0

1→4d 1S0
1 transition we obtained

0.44–0.42 for Mg-Ne and 0.18–0.22 for Mg-Ar.
The interesting and important peculiarity in the behav

of the polarization-dependent spectrum in the blue wing
the 3p 1P1→4d 1D2 transition is thegreatermagnitude of
the value of the polarization than for pure resonance pho
excitation. This fact can be clearly understood within a se
classical description of the optical collision. As mention
above, the resonance value of1

7 is the sum of partial contri-
butions~and also interference terms between them! that have
different signs. Some of the partial contributions are grea
than the total magnitude of the polarization in this case.
have here such a situation when both Condon transiti
induced in the blue wing give positive contributions and,
shown by our calculations, they are greater than 1/7. T
transitions leading to the negative sign of the polarizat
ratio make a contribution to the spectrum in the red wi
only. However, in Mg-Ne optical collisions, the experime
tal value of the total polarization is less than our theoreti
estimates. Such a discrepancy can be probably explaine
the negative influence of interference terms, which were
taken into account in our calculations. It seems reasona
that interference influence is more effective in collisions w
the lighter Ne atoms. But the spectral dependence of
polarization spectra in the red and blue wings of t
3p 1P1→4d 1D2 transition is still in qualitative agreemen
with the asymptotic behavior of the interaction potentia
shown in Fig. 1.

V. CONCLUSIONS

A combined theoretical and experimental study
excited-state optical collisions involving Mg-Ne and Mg-A
molecules has been presented. In the study, a comprehe
experimental data set involving molecular transitions to
5s 1S0

1 , 4d 1D2 , 4d 1P1 , 4d 1S0
1 , and 5s 3S1

1 final
channels from the 3p 1P1 and 3p 1S0

1 initial electronic
states were considered. A semiclassical analysis of the p
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lem using only a qualitative picture of the interaction pote
tials allowed good agreement to be reached between m
surements and theoretical estimates for the lin
polarization spectra. Both the general size and the sign o
linear polarization degree were successfully described.
relative insensitivity to the shapes of the interatomic pot
tials occurs because their primary role is in determining
locations of the Condon points and the total cross section
the process. The polarization itself is determined by Wig
d functions depending on deflection angles in the lower te
potentials. Because of the averaging over impact parame
there is only a weak dependence overall on thed functions.
In different spectral domains, the polarization is mainly d
termined by the symmetry type of the transition making
major contribution. Varying the potential form does n
change the order of magnitude of the polarization signal

The comparison of experimental and calculated res
shows similar behavior for both Mg-Ne and Mg-Ar. Th
allows a parallel discussion of both sets of results. Moreo
such close spectral behavior indicates that the interato
interactions are expected to be qualitatively similar for b
pairs. The semiclassical analysis used in the theoretical
cussion shows all important features of the spectral beha
of the linear polarization degree. However,ab initio numeri-
cal calculation of the highly excited Mg–rare-gas intera
tions seems desirable, and would be useful for more com
hensive theoretical calculations. Finally, a parallel, b
completely quantum, theoretical analysis would be usefu
order to provide a deeper understanding of the physics
diatomic optical excitation as well as the relationship b
tween the semiclassical description and the fully quant
mechanical coupled channel calculations of the optical co
sion process.
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APPENDIX: RADIATIVE TRANSITION AND CORIOLIS
COUPLING MATRIX ELEMENTS

In a semiclassical picture the probabilities of both rad
tive and Coriolis transitions are the square products of c
responding matrix elements and the transition times in
vicinity of Condon or crossing points. We assume that th
times are the same in order of magnitude so the probabil
differ mainly by transition matrix elements. We estima
here the order of magnitude of these matrix elements.

The complex amplitude of the electric radiation field«
can be estimated from the total energy of the laser pu
DEp , the pulse durationtp , and the spot area of the las
beamsb as follows:
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«;S 2p

c

DEp

sbtp
D 1/2

. ~A1!

The transition matrix element of the dipole momentdi f con-
necting the initiali 53p 1P1 to the finalf 54d 1P1 molecu-
lar state can be estimated by the corresponding matrix
ment for the resonance atomic transition. The latter can
expressed in terms of the reduced matrix elementd0 . Fordi f
we obtain

di f ;
1

)
C21 10

11 d052
1

A10
d0 , ~A2!

where we use notation of@36# for the Clebsch-Gordan coef
ficient. Introducing here the oscillator strengthf 0 as a char-
acteristic of the atomic dipole 3p 1P1→4d 1D2 transition
@19# we can estimate the radiative transition matrix elem
at the Condon pointRf as follows:

uV~ f !u5udi f «u;S 3
\e2

2mev0

3

10
f 0

2p

c

DEp

sbtp
D 1/2

, ~A3!

wheree andmc are electronic charge and mass, respective
andv0 is resonance frequency. Substituting in Eq.~A3! the
valuesDEp;1 mJ, tp;6 ns, sb;0.1 cm2, wavelengthl0
'553 nm, and oscillator strengthf 0;0.15, we obtain
uV( f )u/\;1.331011 s21. Thus the excitation rate greatly ex
ceeds the typical spontaneousE1 rate of;108 s21.

The Coriolis coupling constant for a Landau-Zener ty
of nonadiabatic transition located at the crossing pointRc
can be expressed as follows:

V~c!>\n`

r

Rc
2 j', ~A4!

wheren` is the recoil velocity for infinitely separated collid
ing atoms,j';O(1) is the matrix element of electronic an
gular momentum between the 4d 1P1 and 5s 1S0

1 states,
which is of order unity for allowed Coriolis-induced trans
tions. We estimate the internuclear separationRc and impact
parameterr in order of magnitudes asRc;r;10 a.u. The
recoil velocities for typical energyE;T;300 K are 6.7
3104 cm/s ~Mg-Ne! and 5.73104 cm/s ~Mg-Ar!. Substitut-
ing these values into Eq.~A4! we obtain the following esti-
mates for Coriolis coupling constants 1.331012 s21 and 1.1
31012 s21 for Mg-Ne and Mg-Ar collisions, respectively.
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