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We have employed a two-laser double-resonance method to measure, for the first time, the
broadening and shift of the Mg1 intercombination line (3s3p3P,-3s2'S,) and first triplet
(3545 3S, -3s3p *P,) transition due to the presence of helium, neon, argon, krypton, and xenon. Our
measurements were performed at pressures below 1 atm. A semiclassical impact theory interpreta-
tion of our experimental cross sections provides insight into the nature of the interaction potentials
between the two pairs of levels and the noble gases. Our results can be explained in terms of attrac-
tive dispersive forces and short-range repulsive forces. A comparison is made between the Mg1
broadening and shift cross sections and cross-sectional data of intercombination lines of other
alkaline-earth elements and resonance transitions of alkali-metal vapors.

INTRODUCTION

Collisional line broadening and shifting of atomic tran-
sitions has been a subject of keen interest to scientists
since the beginning of this century.! These studies pro-
vide insight into the nature of interatomic forces and,
hence, they provide an excellent test of theory. Further,
broadening and shift coefficients are useful for plasma di-
agnostics and analysis of emission from stellar atmo-
spheres’ and gaseous discharges. Collisional line
broadening also provides an optical bandwidth control
method for ultra-narrow-band atomic filters.>

An early description of spectral line broadening and
shifts was provided by Mitchell and Zemansky' in their
classic 1934 text. Subsequent excellent reviews include
the 1957 article by Chen and Takeo,* a 1980 article by
Lewis,’ and the 1982 review by Allard and Kielkopf.6

Collisional effects involving the Mg atom are of great
interest. Of particular interest for line broadening and
spectral shift studies are the intercombination line and
the first excited triplet level. The latter transition gives
rise to the intense b,, b,, and b, Fraunhofer lines’ in the
solar spectrum near 517 nm. However, we have
discovered a dearth of experimental data for these levels.
The void, perhaps, is due to the highly forbidden nature
of the intercombination line; i.e., f =4 X 107, which pre-
cludes direct measurement by conventional absorption or
emission spectroscopy. Broadening of the singlet reso-
nance line of neutral Mg by the noble gases was measured
by Zhuvikin et al.® while Giles and Lewis’ obtained
broadening and shift coefficients for the interaction of
this line with argon.

Much of the experimental broadening and shift cross
sections deduced from measurements of neutral line
profiles has been collected by the use of a variety of
discharge and shock tube light sources. Grating spec-
trometers and Fabry-Pérot interferometers provided the
spectral analysis resolution. While much excellent work
has been performed with these methods, it has been not-
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ed’ that these techniques suffer from one or more of four
major problems: (1) the inability to measure forbidden
lines with very small oscillator strengths; (2) the produc-
tion of ions and electrons that mask neutral atom interac-
tions; (3) operation at high pressure that could permit
collision processes involving more than two bodies, thus
nullifying the impact approximation; and (4) limited spec-
troscopic resolution.

We have applied a modified double-resonance tech-
nique that uses tunable single-frequency dye lasers to
measure the broadening and shifting of the Mg1 inter-
combination line and first excited triplet in the presence
of five noble gases. To our knowledge, this is the first re-
port of such measurements. QOur two-laser method has
enabled acquisition of spectral line profiles of a weak in-
tercombination line, without the production of electrons

and ions, at pressures below 1 atm, and with
+10"%-cm ™! resolution.
EXPERIMENTAL METHOD

Our experimental approach to the measurement of the
linewidth of 3s3p 3P;-3s5%1S, intercombination line and
the 3s4s3S,-3s3p *P, triplet transition can be best de-
scribed with the aid of Fig. 1. A partial energy level dia-
gram of the levels of interest is shown in this figure. A
single-frequency blue dye laser is tuned to the 457-nm in-
tercombination line. A second single-frequency laser
emits radiation at 518 nm that corresponds to the wave-
length of the triplet line originating from the J =2 level.
The lineshape of the intercombination line is recorded by
monitoring with a photomultiplier tube the green emis-
sion from the 3s4s S, level to the metastable level as the
blue laser is electronically scanned over the intercom-
bination line. By monitoring the green emission rather
than the blue, the problem of detecting the feeble fluores-
cence is overcome and spectra with excellent signal-to-
noise ratios can be acquired. The resolution of the
method is determined by the wavelength stability of the
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single-frequency ring dye lasers. It is nominally 3 MHz.
It is noted that the lower level (3s3p 3P,) of the green
transition does not correspond to the upper level
(3s3p *P,) of the blue transition. Our measurements
were performed in this manner to avoid the possibility of
coherence effects manifesting themselves in our spectra
and complicating their interpretation. Atomic popula-
tion is transferred between the fine structure metastable
triplet by collision processes that serve to destroy the
coherence between the radiation fields and the atomic
states. Collisional redistribution of population among the
various J levels of the metastable triplet proceeds with
high efficiency because weak spin-orbit coupling leads to
small energy differences compared to k7. The energy
separation between the J =0 and J =1 levels and the
J=1and J =2 levelsis 19.9 and 40.9 cm ™!, respectively.
The collisionally broadened linewidth of the triplet line
was obtained in a similar fashion. For this case, the blue
laser was tuned to the 457-nm intercombination line.
The green laser was then scanned over the same
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FIG. 1. Partial energy-level diagrams for Mg1. The laser-
excited levels are connected with arrows.
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354538, -3s3p 3P, line and the green emission from the
upper level was recorded.

EXPERIMENTAL APPARATUS AND TECHNIQUE

The apparatus used to acquire the line profiles of the
Mg intercombination line and triplet lines is schematical-
ly shown in Fig. 2. Magnesium vapor was contained in a
stainless steel cell that was held at a nominal temperature
of 400°C. Six thermocouple thermometers were placed
at various points on the outside of the cell. The cell was
enveloped in foil for uniform heat distribution and heated
by heating tapes wrapped around the foil. Magnesium
metal was loaded into a sidearm that could be indepen-
dently heated. The side arm was held typically at tem-
peratures 30-40 K below the temperature of the cell to
prevent deposition of Mg on the cell walls. The cell was
attached to a vacuum system incorporating lines through
which noble gases at high pressure could be introduced.
All measurements were performed at pressures below one
atmosphere to ensure that the collisions responsible for
the observed line shapes involved only two bodies.

Sapphire viewing ports were incorporated into the va-
por cell to allow passage of the laser beams and collection
of Mg emission. Optical excitation was provided by two
single-frequency ring dye lasers. The bandwidth of each
single-frequency dye laser was ~3 MHz and they could
be electronically scanned continuously over a 20-GHz
range. The typical output power of each laser was ~ 50
mW. Blue light was provided by stilbene 3 dye while
coumarin 6 dye emitted the green radiation. Beam spli-
tters were arranged to sample the power in each beam
(not shown in Fig. 2) and to direct the laser light into a
wavelength reference cell. The reference cell contained
tellurium vapor at temperatures between 350°C and
400°C and it was used for the shift measurements. Emis-
sion from the reference cell was imaged onto a photomul-
tiplier tube. The fiducial Te emission was recorded
simultaneously with each scan of the Mg profile.

The laser beams entered the vapor cell from opposite
sides and overlapped in the middle. Magnesium emission
perpendicular to the direction of the laser beams was col-
lected by a lens and focused onto the photocathode of a
photomultiplier tube. A long-wavelength-pass glass filter
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FIG. 2. Schematic representation of the experimental ap-
paratus.
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blocked the blue light and allowed transmission of green
light. Emission spectra were acquired by fixing the wave-
length of one laser while the other was scanned over the
appropriate Mg transition. Signals measuring the scan-
ning laser power, the emission from the reference cell, the
Mg vapor emission, and the laser scan control were digi-
tized and stored in a laboratory computer. The Mg emis-
sion was normalized to incident laser power and printed
out together with the reference emission spectrum. The
data were also stored on a floppy disk for subsequent pro-
cessing.

Two examples of data are shown in Figs. 3 and 4. In
Figs. 3(a) and 3(b) we display the line shapes of the 518-
nm triplet line buffered by 15 Torr and 150 Torr of Xe,
respectively. The green emission from the Te reference
cell is also shown. Note that the nominal frequencies do
not match, owing to variability in the start frequency of
the scanning electronics. This figure clearly illustrates
the broadening and red shift of the Mg line shape as a
function of Xe pressure. In Figs. 4(a) and 4(b), we display
analogous experimental spectra for the Mg intercombina-
tion line buffered with 10 and 300 Torr of Ar, respective-
ly. For this case, the reference spectrum corresponds to
Te emission near 457 nm. Note the excellent signal-to-
noise ratio and high resolution of the data in both figures
which permitted accurate fits to Gaussian and Voigt
profiles.

We recorded asymmetrical intercombination line-
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FIG. 3. Emission from the Mg triplet line recorded as the
green dye laser scans over the 3s4s 3S,-3s3p °P, line. Measure-
ments at (a) 15 Torr (b) 150 Torr of xenon are displayed. A tel-
lurium reference spectrum near 518 nm appears in the lower
portion of each plot.
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shapes as seen in Fig. 4. The asymmetries were indepen-
dent of buffer gas and always appeared in the blue wing.
A possible source of the asymmetry is the experimental
measurement procedure. Measurement sources of line-
shape distortion include: nonlinear laser scans, laser
beam position drift, power broadening, radiation trap-
ping, long-time constants, and changes in magnesium
density during the scan. We exclude measurement fac-
tors as the asymmetry source because our recorded 518-
nm line shapes, which were obtained using the identical
method, exhibited no asymmetry.

Previous laser measurements by Harris et al. of the
broadening and shift of the calcium resonance line per-
turbed by the noble gases revealed asymmetric line
shapes.!® They attributed the asymmetry to physical
mechanisms associated with the collision process, name-
ly, finite collision time and correlations between pressure
broadening and emitter velocity.!! This physical explana-
tion is inconsistent with our data because the noticeable
asymmetry manifests itself in the profile of the 457-nm
transition only and not on the 518-nm line shape. We do
not exclude the possibility of physical mechanisms gen-
erating asymmetries in our lineshapes; however, they
would necessarily account for only a very small com-
ponent of the recorded asymmetry.

A more likely explanation for the observed asymmetri-
cal line shape is an isotopic effect. Unlike calcium,'® in
which the major isotope comprises 97% of the natural
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FIG. 4. Emission from the Mg triplet line recorded as the
blue dye laser scans over the Mg intercombination line. Mea-
surements at (a) 10 Torr and (b) 300 Torr of argon are displayed.
A tellurium reference spectrum near 457 nm appears in the
lower portion of each plot.
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abundance, the major magnesium isotope, 24Mg, is natu-
rally present at only 79%. The remaining Mg is almost
equally distributed among **Mg and ®Mg. Analysis of
the 457-nm line shape in terms of a major isotopic line
and a minor line shifted slightly from the center of the
Mg line shape provides an excellent fit to the data.
Also, a shift consistent with isotopic effects, namely, ~2
GHz, can be extracted. This analysis is supported by the
fact that the measured lineshapes are essentially indepen-
dent of buffer gas at low pressure. Asymmetry contribut-
ed by the mechanism of Harris et al. is expected to
change with buffer gas species. Further, the isotopic
effect explanation is consistent with the lack of asym-
metry on the green transition because: (1) the blue laser
was tuned to the center of the 2*Mg absorption, thus pref-
erentially populating the metastable level with **Mg
atoms, and (2) the isotopic shift associated with high-
lying transition tends to be smaller than for transitions
involving the ground state.

To obtain the collisional broadening cross sections, we
fit the measured line shapes with either a Gaussian profile
at pressures below 20 Torr, or a Voigt profile at higher
pressures. The asymmetric intercombination line shape
was reduced by fitting a Voigt profile centered at the
line-shape peak to the red wing of the profile. The residu-
al blue-wing asymmetry was subsequently ignored for
linewidth computational purposes. Given the Doppler
width, we extracted values for the homogeneous pressure
broadening linewidths from our Voigt profiles.

All of our linewidths are full width at half-maximum
(FWHM). By dividing these linewidths by pressure, we
obtained broadening coefficients. To facilitate compar-
ison with data obtained by other workers as tabulated in
the Lewis review article® and to factor out differences in
average relative velocities of the different collision
partners, we converted our values of pressure broadening
coefficients into standard broadening cross sections o g.
This procedure was followed at each pressure for each of
the five noble gases at both 457 and 518 nm.

Our line-shift values were obtained in the following
manner: A reference Te emission feature was selected.
The frequency difference from this reference line to the
center of the Mg line at half maximum was measured
from our spectra. This procedure was repeated at each
pressure for a given noble gas in one wavelength region.
The data were then plotted as line shift (GHz) versus
pressure (Torr). A least-squares fit to a straight line was
obtained. The slope of the line yielded our shift
coefficients. We display our 518-nm shift data in Fig. 5.
Similar plots were obtained for the intercombination line.
As in the previous case, the experimental shift coefficients
were converted into shift cross sections o; assuming
averages over Maxwellian velocity distributions at 673 K.

To calculate the cross sections from our measured
FWHM linewidths AV, ,, and shifts A%, both in units of
cm ™~ !/atom cm ™3, we used the following expressions:’

AV, oxt AV, o0

N m¢’ N 2mc

where the average relative velocity 5=(8KT /mu)'’? and
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FIG. 5. Line-shift data for the Mg13s4s S, -3s3p *P, line

interacting with the noble gases.

p is the reduced mass of the collision pair.

The Mg triplet lines lie at the short-wavelength edge of
the coumarin-6 dye-laser emission curve. Consequently,
stable cw operation was most conveniently obtained for
the 3s4s 3§, -3s3p 3P, transition at 518 nm. As a result,
we recorded emission spectra primarily on this line. In
order to extend our results, we performed several scans
over the other members of the triplet. Reproducible,
high-quality spectra were obtained. They appeared iden-
tical, within experimental uncertainty, to the
3s4s 3S,-3s3p *P, line profiles.

We now discuss measurement precision. The major
uncertainty in our linewidth measurements originates
from the reproducibility of our line shapes. At each pres-
sure, three spectra were recorded. The line shapes were
reproducible to within £5%. Each spectrum was com-
puter fit to a Voigt profile. The homogeneous component
of the linewidth was then extracted. However, the
broadening cross section uncertainty depends upon the
relative magnitude of the collisional broadening to the
Doppler broadening. Large errors can accrue from small
uncertainties in the line shapes at pressures where the
collisional broadening is much less than the Doppler
width. For most of our cases, the two contributions were
comparable in the 200-300-Torr range. Thus, for the
15-500-Torr range of pressures used in our work,
Doppler broadening was always a significant component
of the linewidth. This fact accounts for the 10-20 % un-
certainties in our broadening cross-section values.

Our ability to locate the line centers of the Mg profiles
and the reference spectral features was the major source
of uncertainty in the lineshift measurements. As previ-
ously mentioned, we measured the frequency offset from
a reference spectrum peak to the center of the full width
at half maximum of the Mg line profile in order to deter-
mine the collisional-induced lineshift. Figure 5 illustrates
this point. When the shifts were small in comparison to
the offset, large uncertainties in the slope (shift
coefficient) arose. For species with extremely small shift
coeflicients, such as for the interaction of He and Ne with
the intercombination line, measurement uncertainties in
the range of 50% accrued. The precision improved to
10% for the noble gases with large shift coefficients.
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RESULTS AND DISCUSSION

Our values for collisional broadening (o ) and shifting
(o;) cross sections are displayed in Table I. The
broadening cross sections for the intercombination line
are the smallest for the lighter noble gases and gradually
increase as the noble gas gets heavier. The values range
from 70 to 220 A% The shift cross sections show more
dramatic behavior. The values for He and Ne are very
small, namely less than 10 A2. A tenfold increase in o,
is observed as one progresses from Ne to Ar. Gently
monotonically increasing values for o; are recorded for
the heavier gases.

Interpretation in terms of interatomic potentials offers
a possible explanation of these results. The well-known
potential V' (R) associated with dispersive forces due to
the interaction of two static charge distributions separat-
ed by distance R can be expressed as®

pRy=——s S8 S0

R R R
where the C,’s are coefficients that depend upon the po-
larizabilities and ionization energies of the collision
partners. The first term is the classical van der Waals po-
tential. The second and third terms include higher order
polarizabilities that are necessary to accurately describe
line-core broadening.

The ratio of broadening to shift cross sections is related
to the expression for the dispersive potential by semiclas-
sical collision theory. Values for 20 /o; of 2.75, 4.15,
and 5.49 have been calculated for long-range attractive
dispersive potentials that vary as —C,/R® —Cg/RS,
and —C,,/R'°, respectively.® In actuality, 20 /0, is
dependent upon the detailed form of V' (R) because the
shift arises from the long range component of V(R ) while
broadening effects occur at short range. However, for the
purpose of our analysis we shall use the approximation.
Consequently, van der Waals forces shall be presumed re-
sponsible for interactions that produce measured 20 /o,
ratios in the 2.75-5.49 range. Ratios greater than 5.49
and positive (blue-shifted) o; values shall be interpreted
to signify interactions that are dominated by short-range
repulsive forces. The repulsive forces arise from mutual
penetration of the electron clouds of the interacting
species. A simple closed-form theoretical description of
the repulsive force does not exist.’

To aid in the discussion of our results we have included
the 20, /o ratios in Table I along with the static polar-
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izibilities of the noble gases. A dramatic fourfold in-
crease in static dipole polarizability between Ne and Ar is
noted. A ninefold gap exists in the quadrupole polariza-
bility values.® These jumps provide a clue to the interpre-
tation of the data.

Let us consider first the 457-nm results. According to
semiclassical collision theory the cross section ratios for
Ar, Kr, and Xe are consistent with a van der Waals
dispersive forces while the oz /o ; ratio for He and Ne
reflects a strongly repulsive interaction.

It is noted that the ground-state interaction potential
of the Mg-He system has been theoretically calculated.'?
It was shown that the ground level is strongly repulsive
with no potential minimum. The minute value of o; and
its positive sign suggest that the interaction potential of
the level derived from the Mg (3s3p *P;) and He is simi-
lar in shape and slightly more repulsive than the Mg-He
ground-state potential.

A similar conclusion can be drawn from the Mg-Ne
data. The large oy /o, ratio indicates a repulsive in-
teraction potential. Again, the small magnitude of o,
suggests parallel potential surfaces. However, because o
is negative for this case, the upper level is slightly less
repulsive than the ground-state potential.

Thus, repulsive forces account for the interaction of
Mg intercombination line with He and Ne. The dramatic
increase in shift cross section between Ne and Ar, which
coincides with a jump in both the dipole and quadrupole
polarizabilities, signals the appearance of a strong long-
range attractive potential for the heavier noble gases.
These dispersive forces are dominant over the short-
range repulsive interaction.

Our cross sections for the triplet transition exhibits a
similar pattern. However, compared to the intercom-
bination line, the differences between o, for He and Ne
and the heavy gases is not as great, and the overall mag-
nitude of the cross sections are 2 to 4 times as large with,
of course, the exception of o; at 457 nm for He and Ne.

The broadening to shift ratios for Ar, Kr, and Xe are
consistent with van der Waals forces acting between Mg
and the foreign gas. Once again, the oz /o, ratio for the
lighter gases, He and Ne, suggest that the interaction is
dominated by a repulsive force, though one that is weak-
er than the repulsive force responsible for the interaction
with the intercombination line.

Next, it is noted that the magnitudes of the 518-nm
cross sections are larger than the 457-nm ones. We offer
an intuitive explanation for this result in terms of the po-

TABLE 1. Broadening and shift cross sections for the Mg intercombination line and first triplet line.

Relative static

Mg (3s3p3P,-352'S,)

Mg (3s4s 'S, -3s3p °P,)

polarizability® ORr o; oRr g
Noble gas (1072 cm?) (A? A? 20, /0, (A% A? 204 /0,
He 0.204 70+15 +(3+2) +46 160+20 +(50+10) +6.4
Ne 0.395 90+15 —(5%3) —36 170+20 —(60+10) —5.7
Ar 1.64 130+£20 —(60£15) —4.3 450+50 —(270+30) —3.3
Kr 2.48 220+30 —(100£20) —4.4 450+50 —(260+30) —3.4
Xe 4.04 200+30 —(100£20) —4.0 740+70 —(320+30) —4.6

*Reference 14.
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larizability and the atomic radius of the Mg levels. Be-
cause of its larger effective principal quantum number,
the atomic radius of the 3s4s 35, level is greater than the
radius of the 3s3p 3P,. Furthermore, dipole polarizabili-
ty scales as the square of atomic radius so that the
3s4p 3§, polarizability can be expected to be substantially
larger than the 3s3p P, polarizability. We now recall
that van der Waals interactions exhibit a strong depen-
dence upon the polarizabilities of the atomic levels in-
volved. The repulsive force also depends upon the size of
the atom because it originates from the interpenetration
of the electron clouds. Thus, for both types of interac-
tions, dispersive or repulsive, the magnitude of cross sec-
tions for the triplet line should be greater than the inter-
combination line values.

Our measurements on the Mg intercombination line
can be compared to cross sections for the intercombina-
tion line of other alkaline-earth elements such as Cd and
Hg.5 For Cd, data exist for interactions with He, Ar, and
Xe. Our Mg cross sections exhibit similar trends but are
overall slightly smaller than the values for the 326-nm Cd
intercombination line. Cross sections for the interaction
of all five noble gases with the 254-nm Hg intercombina-
tion have been measured. Our results for Mg interacting
with all five noble gases is very similar, though somewhat
smaller, than those obtained for Hg. We note that the
broadening to shift ratios for the three heavier noble
gases interacting with Hg and Mg all fall within the van
der Waals range. They are in close agreement, thus sug-
gesting similar long-range dispersive forces for the two
atoms. It is interesting to note that the ratio of oscillator
strengths of the three intercombination lines differ by
three orders of magnitude. These results can be ex-
plained by noting that the alkaline-earth polarizabilities
responsible for long range van der Waals forces do not
arise from the coupling between the ground and metasta-
ble level but originate through the interaction of the
ground and metastable levels level with their respective
singlet and triplet manifolds.

Our values for the He and Ne shift coefficients for the
intercombination line tend to be factors of 2 to 3 times
smaller than those measured for Cd and Hg. The corre-
sponding broadening to shift ratios are larger by the same
amount reflecting strong repulsive forces. These ‘“hard-
sphere” collisions, by their nature, tend to be short range
so that it may be reasonable to attribute cross sectional
variations in the charge distributions in the immediate vi-
cinity of the respective atoms.

We now discuss our experimental cross sections ob-
tained for the Mg 518-nm triplet transition. O’Neill and
Smith!? measured the broadening and shift of the Cal
first triplet line due to He, Ne, and Ar at 2000 K. The
coefficients of each triplet member was identical to within
experimental uncertainty. Because our measurements
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were performed at a much lower temperature, we shall
not compare o’s directly. Instead, we compare broaden-
ing to shift ratios because of the temperature indepen-
dence of this ratio according to impact theory.> The two
sets of ratios are in close agreement.

Because the 518-nm Mg line is a strongly allowed tran-
sition from a metastable level, it would be of interest to
compare its broadening and shift cross sections to those
values for the first resonance transition of the alkali ele-
ments of comparable size. Therefore, we shall perform a
comparison with the cross sections for Na and K for
which much experimental data exist.” Compared to the
Na cross sections, our values appear to be 10-50 %
higher with the exception of o, for He. In this case, o is
a factor of 5 larger. Our broadening to shift ratios are in
good agreement except for the He case.

Our data is very similar to K cross sections both in the
magnitudes of the cross sections and in their ratios with
the notable exception, once again, of the He values. For
He, the potassium o is 50% larger and o is a factor of
2 to 4 greater than the Mg values.

Therefore, we conclude that dispersive forces are re-
sponsible for the long-range interaction of the heavier no-
ble gases with the Mg triplet line in the same fashion as
they do with the resonance lines of Na and K. Repulsive
forces dominate the interaction with He for all three
species. It is suggested that the different He cross sec-
tions are due to variations in the charge distributions in
the proximity of the atoms, thus giving rise to differing
short-range repulsive forces.

CONCLUSIONS

We have measured the broadening and shift of the
Mg I intercombination line and first triplet line due to the
presence of the noble gases. A two-laser double-
resonance technique was employed which yielded excel-
lent high-resolution low-pressure emission spectra. We
have calculated broadening and shift cross sections from
our measured line profiles. Our data indicate that van
der Waals forces are responsible for the interaction of
both transitions with Ar, Kr, and Xe. Strong repulsive
forces dominate the interactions with He and Ne. Not-
ably small shift cross sections have been recorded for the
intercombination line interaction with He and Ne.
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