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Three-photon excitation and multiphoton ionization techniques have been used to measure self-
broadening for several resonance lines in xenon and krypton. Tabulations of widths and shifts of the
xenon lines at 146.9, 129.6, 119.2, and 117.0 nm were made for pressures between 50 and 900 Torr.
Similar measurements were made for the krypton resonance line at 116.5 nm. For pressures less
than 500 Torr the widths were found to be in reasonable agreement with theoretical results, which
were extrapolated into regions of concentration where the criteria for their validity are at best ques-
tionable. We have also found the lines to be shifted to the high-energy side of the unperturbed line.
For four of the five lines studied, the blue shifts increased nearly linearly with increasing pressure. In
the four cases where the shift could be measured the ratio of shift to width was close to % Our ex-

perimental technique is very simple, but it has yielded what we believe to be the first resonance
broadening data based on absorption under conditions where there is strong trapping of the reso-

nance radiation.

INTRODUCTION

The experimental problems associated with the mea-
surement of self-pressure broadening for resonance lines
in atomic gases and vapors are well known. They are as-
sociated with the fact that relatively high concentrations
are required for pressure-broadening widths to exceed the
Doppler widths, while the medium becomes extremely
opaque to resonance light with Doppler broadening still
dominant. An extreme example will illustrate the prob-
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lem. Consider the absorption of light near the 3s(J =)

to 3p(J=3) resonance transition in sodium. The latter
transition is near 590.0 nm, and has an absorption oscilla-
tor strength of 0.655. At room temperature, and slightly
higher, the Doppler width is many times larger than the
natural width of the line and the absorption coefficient at

low concentrations is
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where M is the atomic mass, F;, is the absorption oscilla-
tor strength, ¢ is the speed of light, k is the Boltzmann
constant, T is the absolute temperature, ®, is the resonant
angular frequency, e is the electronic charge, m, is the
electron mass, n is the concentration, and
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An evaluation of Eq. (1) for a few centimeters’ thickness
of sodium vapor Sshows that the medium is already opaque
at concentrations of 10'! cm~3. That is, the effective ab-
sorption cross section at line center is ~10~!! cm?. Obvi-
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ously, the measurement of the absorption line shape at
much higher concentrations, where pressure-broadened
widths start to exceed Doppler widths, would require very
thin samples of the vapor if extreme nonlinearities in the
absorption are to be avoided. The latter characteristics
explain why almost all measurements of resonance
broadening effects have been based on analyzing the emis-
sion spectrum of untrapped light resulting from transi-
tions between excited states, where either the upper or
lower level is the resonantly broadened state.

At a concentration of ~10'® cm~3 resonance broaden-
ing frequently starts to dominate the core of the line, as
well as the wings. In this region of concentration, where
resonance broadening is just starting to dominate the en-
tire line shape, the time between energy transfer collisions
is large compared with the time of collision. For detun-
ings from resonance which are small compared with the
reciprocal collision time, the impact theory of resonance
broadening is valid. Under these circumstances a large
portion of the mechanism for broadening the line is the
resonant transfer of excitation energy between collision
partners, with accompanying changes in the magnetic
quantum number occurring in many collisions. This is
different from the mechanism involved in pressure
broadening due to a foreign buffer gas where the major
effect is due to accumulated phase changes which occur
during collisions, resulting in broadening through a loss of
phase memory. Most of the theoretical papers'~® on
self-broadening predict a width and a violet shift which
are both proportional to the product of concentration, ab-
sorption oscillator strength, and resonance wavelength.
With the exception of a theory by Vdovin and Galitskii*
who (unlike the other authors) deal with collisional recoil
effects, the shift is found to be very small compared with
the width. The latter workers find a ratio of shift to full
width at half maximum (FWHM) close to 0.25. In most
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of the more recent theories?® the decay rate of the dipole
autocorrelation function is found to be within a few per-
cent of

[, =0.61A,(e2/m.c)nFy, , 3)

where A, is the resonant vacuum wavelength and only
J =0 to J=1 transitions are considered. Equation (3)
also gives the width parameter in the Lorentzian line
shape predicted for untrapped emission between the reso-
nance state and another unbroadened excited state under
conditions of strong trapping of the resonance radiation
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The line-shape function S,(w) of Eq. (4) is only appropri-
ate when I', considerably exceeds the Doppler width of
the line.

The rate given by Eq. (3) implies a velocity-averaged
cross section for the relaxation which usually satisfies
o,>10"12 cm? for strong transitions with A, > 100 nm.
Consequently, most of the relevang collisions occur for
impact parameters greater than 50 A. The dominance of
such large impact parameters makes the validity of in-
cluding only dipole-dipole interactions between atoms
nearly certain to be an accurate approximation. Such an
approximation was used in deriving Eq. (3), thereby ac-
counting for the simple analytical form. With such large
cross sections the time of collision is of the order of 10~ !!
sec, which implies that Eqgs. (3) and (4) may hold for
room temperature xenon while the width of the line in an-
gular frequency units is less than 3 10! sec™!.

Consider absorption of light at a large detuning from a
resonance line. With the weak coupling between the
ground state and an excited state, which is characteristic
of three-photon absorption at low power densities, absorp-
tion will not occur in the time between collisions, due to
the large detuning. For example, if the detuning from
resonance is much greater than 10'! sec™!, the process of
absorption does not even happen during collisions unless
the dipole-dipole interaction either produces sufficiently
large shifts so that the collision complex comes into tran-
sient resonance at some internuclear separation, or the
collision is at such small impact parameters that the in-
teraction contains Fourier components sufficiently large to
compensate for the energy mismatch. Consequently, with
such large detunings from line center only collisions with
relatively small impact parameters make a contribution to
absorption. In such near collisions the coupling between
various states in which one atom is excited and the other
is in the ground states is very strong. It is convenient to
introduce linear combinations of such product states in
order to diagonalize the dipole-dipole interaction at fixed
intranuclear separations and orientations. With this set of
states, which are energy eigenstates in which relative
atomic positions have been regarded as fixed, changes in
atomic position provide a coupling between such adiabatic
excited states, while the laser couples states with both
atoms in the ground state to the excited states. For
sufficiently large detunings, collisions must occur at such
small impact parameters that the magnitude of the molec-

ular frequency shifts dwarfs the inverse time of collision
(shifts go up with b3 while time of collision approxi-
mately equals b /v, b is the impact parameter, and v is the
mean relative speed) and the adiabatic states are no longer
mixed by relative nuclear motion. This is the quasistatic
limit, in which no absorption occurs unless the relative
atomic positions become such that the adiabatic energy
shift produces an exact compensation for the detuning of
the laser. In the quasistatic theory a simple mathematical
procedure is used in which the absorption is assumed
negligible except for times very close to that time at which
the adiabatic molecular shift exactly compensates for the
detuning of the laser. Transition probabilities are calcu-
lated, which are assumed to add incoherently for different
“curve crossings.” Finally, the proper averaging and
summations over collision histories are made in order to
arrive at an absorption coefficient. Simplified applications
of the above model, in which the dipole-dipole potential
curves are angle averaged, lead to energy shifts propor-
tional to R ~>. Application of the above concepts then
yields an absorption coefficient proportional to (v —w,) 2.

Vdovin and Galitskii* have treated resonance absorp-
tion by using many-body theory to calculate the dielectric
constant. They find an absorption coefficient at large de-
tunings which varies with detuning just like the wings of
the Lorentzian function, which they also derived by using
approximations which were valid near line center. Their
approximations near line center are much like those used
in impact theories, while their far-wing results are closely
related to the quasistatic theory. The use of their impact-
theory results on the far wing of the line yields exactly the
same answer as their quasistatic limit, except it is smaller
by a factor of about 0.8. At high concentrations the qua-
sistatic theory results are valid for detunings which are
large enough to validate the quasistatic approximation,
but not so large as to sample small R values where the
dipole-dipole approximation is inadequate.

At high concentrations, the quasistatic theory may be-
come valid before the absorption greatly decreases relative
to its value at line center. The total area under an absorp-
tion line satisfies a sum rule, which for the case of one-
photon absorption, is identical to the following Einstein
relation:

37\%"%441
= —_4 N
where y,_,; is the spontaneous decay rate for the reso-
nance transition and «(w) is the absorption coefficient.
Applying the sum rule, we see that, since the actual wings
are about 20% higher than the prediction from impact
theory, the core of the line must be lower than predicted
by this theory. This is suggestive that at higher pressures
the impact theory may underestimate the width, and the
line shape will deviate from a Lorentzian shape.

The application of three-photon excitation to the mea-
surement of pressure broadening obviously avoids the ab-
sorption problem in carrying out an atomic excitation in
an optically dense medium. Further, at low pressures
where the impact-broadening theory applies, the mecha-
nism for line broadening in three-photon excitation should
be very similar to that for one-photon excitation. To our
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knowledge there is no detailed theory for three-photon ab-
sorption in the presence of resonance broadening effects.
However, formulation of the problem for three-photon ab-
sorption with plane-polarized light should only differ from
one-photon absorption through the strength of the cou-
pling parameter and the replacement of w by 3w. For this
reason one expects that an absorption profile for three-
photon excitation in the impact regime is

r,/m
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where 3w=w, corresponds to the unperturbed three-
photon resonance, A, is the pressure-induced shift, and
I', is an appropriate width similar to Eq. (3). In our own
analysis we use I', to be just the value in Eq. (3), or 2
[, =0.0229nA}F, ,.

Most estimates of the level shift that accompanies line
broadening tend to yield a value that is about 5% of the
width, and toward the high-energy side of the unper-
turbed resonance. However, the theory of Ref. 4 includes
the effect of recoil on the shift and finds the shift to be
nearly 25% of the width, which is more in line with re-
sults obtained in the present study, as described below.
Measurements of resonance broadening by the observation
of untrapped fluorescence associated with transitions be-
tween excited states should not exhibit the shift predicted
for resonance transitions.* Even with the Vdovin and
Galitskii theory, none of the earlier studies (which were
all based on studies of untrapped radiation emitted in
transitions between excited states) should have found ap-
preciable shifts in the observed lines.

Because of its obvious advantage in avoiding the trap-
ping problem, it seems very likely that three-photon exci-
tation must have been tried previously as a technique for
measuring self-broadening. However, it has only recently
been known’~!? that if three-photon resonance excitation
is attempted with a laser, at elevated pressures, excitation
will not be seen, due to a completely destructive interfer-
ence between the three-photon pumping and one-photon
pumping of the same transition by an internally generated
third harmonic field.”~!? In three-photon excitation of an
atomic transition with unfocused laser beams, the onset of
the latter phenomena can occur at pressures as low as
10~ Torr. However, when the laser beam is reflected
back on itself, there is a portion of the three-photon cou-
pling in which two photons are absorbed propagating in
one direction and another photon is absorbed propagating
in the opposite direction. The latter part of the three-
photon coupling has no corresponding part of the third-
harmonic field to cancel it, and it provides a perfectly nor-
mal source of excitation for the upper state.> Possibly,
the failure to provide a counterpropagating beam could
have led to no signals and resulted in the abandonment of
earlier studies.

EXPERIMENTAL APPARATUS

The experimental setup is shown schematically in Fig.
1. The laser used in the study consisted of a Lumonics
861T Series Excimer laser which, with Xe-Cl as the active
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FIG. 1. Schematic of the experimental apparatus used for the
study of the resonance broadening of lines in xenon and krypton.

gas, generated approximately 80 mJ per pulse when
operated at a repetition rate of 10 Hz. When pumped
with the above-mentioned excimer laser, the dye laser
(Lumonics EDP 330) generated 4-ns pulses, with an out-
put of several millijoule per pulse. Absolute laser outputs
were measured by Scientech Model 36-0001 and Scientech
Model 38-0105 energy meters. The bandwidth of the dye
laser was ~0.2 cm~!. The dye laser was operated un-
focused and had a beam diameter of about 2 mm. The
gas cells used in the experiment were proportional
counters operated in tandem, with each having windows
at either end. Each of the two proportional counters
operated with a gain such that ionization process yielding
fewer than 100 electrons could be measured over a wide
range of krypton or xenon pressures. At pressures above
a few Torr each counter could be calibrated by normaliz-
ing the ionization signals to pulses produced by an inter-
nal 3Fe radioactive source. Data acquisition was based
on an LSI-11/03 computer and related electronics.

Pressures were measured to an accuracy better than
1% by using a MKS Baratron gauge. In all cases where
line shapes were recorded, the cells were filled with high-
purity Xe or Kr following pumping the cells to vacuum.
A combination of mechanical and diffusion pumps pro-
duced a vacuum in the apparatus of less than or equal to
10~ Torr.

In the actual operation of the experiment, a low-
pressure sample of the gas under study was introduced
into one ionization cell, while that same gas at the desired
pressure was used in the other cell. The laser beam
passed through both cells and was reflected back through
both chambers by a mirror placed near the exit window of
the second cell. The dye laser, described above, gave
power densities in the ionization cells which were typical-
ly 107 W/cm?. With such intensities it was easily possible
to measure line shapes by three-photon resonantly
enhanced four-photon (five-photon ionization for Xe 6s)
ionization at pressures above 1 Torr. In the absence of
the reflected laser beam no ionization signal could be ob-
served due to the well-established interference effect. A
data acquisition computer recorded for each laser pulse
the wavelength, the laser output, and the ionization sig-
nals from each ionization cell. The low-pressure or
“reference” ionization chamber served to locate the un-
shifted atomic resonance and to give a monitor of the
laser linewidth. As the pressure in the first cell was
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changed, the gain on the ionization counter could be mea-
sured and adjusted to a convenient value by making use
of the internal **Fe radioactive source. Consequently, ab-
solute signals could be measured as a function of pressure.
Two typical line shapes are shown in Figs. 2(a) and 2(b)
for the Xe 6s and Xe 6s’ states, respectively, along with
smooth curves which represent best-fit Lorentzian func-
tions. Figure 3 shows the line shapes which develop at
high pressures, together with the simultaneously observed
signal from the low-pressure reference cell. Note that at
higher pressures, there is a large blue shift in the position
of the line, but nothing dramatic happens to the line shape
at the position of the unperturbed line. We believe that
the general features of these curves argue strongly against
the possibility of blue shifts that are actually small, but
appear shifted due to differences between ionization prob-
abilities on the blue and red sides of the resonance. In the
higher-pressure cases most of the area under the curves
lies on the blue side of the unperturbed line. The high-
pressure line shapes shown in Fig. 3 are for the Xe 5d res-
onance, but very similar results were observed for other
resonances where the signal from the high-pressure cell
and the reference cell could be measured simultaneously.
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FIG. 2. Measured line shape of (a) the xenon 6s resonance
line at a pressure of 93.9 Torr and (b) the xenon 6s’ resonance
line at a pressure of 84.6 Torr. The smooth curve is the best-fit
Lorentz function.
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FIG. 3. Pressure-dependent profiles of the 5d [%]"J =1 reso-
nance for five values of Px.. At the upper right is the trace of
the low-pressure line profile simultaneously recorded in the
second ionization cell (reference chamber) in each experiment.
Within experimental error, all profiles are absolute in wavelength
and amplitude (reference signal shown at a larger amplification).

EXPERIMENTAL RESULTS

All of our measurements of pressure-broadened line
shapes were carried out at absolute temperatures within
2% of 293 K. The usual'’'? precautions were taken to
limit the production of ions to less than a few times 10°
per laser pulse, so that the detector response could be kept
linear, and the line shapes would not be broadened due to
space-charge effects. Some tests were carried out in which
the power density was varied in an effort to eliminate the
possibility of the line shape depending on the efficiency
with which the excited state was ionized. No changes in
line shape were observed. Theoretical estimates of the
pressure-broadened widths were based on Egs. (3) and (5)
which yield the full width at half maximum (FWHM) in
wavelength of the dye laser, AAgwyy in terms of the laser
wavelength A;, the concentration n, and the absorption
oscillator strength as

92

sALNF ., 6)
m,c
A rather significant disadvantage in the present experi-
ment resulted from the 0.2-cm~' bandwidth of the dye
laser. The rather large laser bandwidth typically dom-
inates the observed widths at pressures below 100 Torr,
and makes necessary a significant correction to measured
widths even at 200 Torr. In addition line shifts could not
be measured well until the shift became comparable with
the laser linewidth.
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The laser linewidth was included crudely in the theoret-
ical estimates by writing

AXEL ~AA] +Arfwhm > (7)

where AA,, is the estimate of the observed linewidth,
AApwym Wwas taken from Eq. (6), and AA;, the laser line
FWHM, was measured in the second cell to be typically
0.0025 nm.

We will now consider, individually, the data for each of
the resonance lines studied. Theoretical widths were
based on Egs. (6) and (7), utilizing absorption oscillator
strengths from a paper by Geiger.”> At the highest con-
centrations considered experimentally, even the most op-
timistic estimates of the region of validity of Eq. (6) sug-
gest that it may not apply.

Xenon 5p %(J =0)—5p 3(2P3,2)6s[ 21°(J =1) transition

The unperturbed resonance wavelength for this transi-
tion is approximately 146.96 nm, thus the dye laser need-
ed to be scanned through the wavelength region near
440.88 nm. A typical line shape, at an intermediate con-
centration, is shown in Fig. 2(a).

The magnitude of the blue shift in the resonance line is
nearly linear in pressure as shown in Fig. 4. The widths
and shifts of the lines were determined at concentrations
up to 200 Torr by fitting the observations with a Lorentzi-
an, with the resulting peak position being compared to the
peak position recorded simultaneously in the reference cell
in order to determine the shift. At higher pressures, the
quality of such a fit became poor and the widths were
then obtained by plotting the smoothed data and simply
reading the FWHM and the shift graphically. A display
of the data on FWHM versus xenon pressure is shown in
Fig. 5. The solid line is calculated from Eq. (7).

At pressures below 300 Torr the agreement between the
theoretical estimate of the width and the data is surpris-
ingly good. This agreement is in accord with other stud-
ies using emission of untrapped radiation, which have al-
ways given widths which agree well with theory for reso-
nance transitions with large oscillator strengths providing
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FIG. 4. Graph of the measured blue shift of the xenon 6s res-
onance line as a function of xenon pressure.
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FIG. 5. Graph of the full width at half maximum (FWHM)
of the xenon 6s resonance as a function of pressure. The smooth
curve is calculated from Eq. (7).

the measurements are made in the region of concentration
where the impact theory should apply. In the present
case of the Xe 6s level the ratio of shift to width is actual-
ly found to be 0.48+0.05. By the time concentrations are
increased to a point where the pressure width can be ob-
served, the impact-broadening theories are already ques-
tionable in our study.

With a better dye laser, measurements could easily be
made at concentrations of 10'® cm™3. Such an extension
of the method should permit the use of three-photon in-
duced fluorescence, or three-photon resonance enhance-
ments in ionization for tests of theory in many vapors and
gases.

In the case of the 6s resonance the ionization of the
upper state requires two photons. Correspondingly, it is
not possible to rule out completely the possibility of biases
in the line shape due to the fact that atomic excited states
are being ionized on the blue side of the line, while at
high pressures bound molecular states may be formed on
the red side. However, we shall see that with higher
states, where it should have been possible to increase the
laser power to the point either atomic or molecular species
would have been ionized with nearly 100% efficiency, the
shifts in the lines persist consistently. In addition, the line
shapes at high pressure show no dramatic change in shape
at the position of the unperturbed resonance. An example
of high-pressure line shapes will be presented for the xe-
non 5d resonance.

Xenon 5p 8(J =0)—5p *(*P1,2)6s[ 1 1°(J =1) transition

The unperturbed resonance wavelength for the Xe 6s’
transition is near 129.6 nm. Thus the dye laser is scanned
through the region near 388.6 nm in recording these line
shapes. A typical line shape in the 100-Torr pressure
range is shown in Fig. 2(b). If the pressure is increased
from 1 Torr upward, the observed width of the line is ini-
tially dominated by the laser bandwidth. As long as the
pressure-broadened width is small compared with the
laser bandwidth, the absolute signal should increase pro-
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FIG. 6. Absolute ionization signal at line center vs xenon
pressure for the 6s’ resonance of xenon. Once the pressure-
broadened width becomes much larger than the laser bandwidth,
the signal is independent of pressure to our experimental accura-

cy.

portional to the concentration. However, once the
pressure-induced width starts to dominate the width to
the laser, the number of ionization events should start to
be pressure independent. Experimental data on this effect
are shown in Fig. 6. The errors involved in retaining
known gains as the pressure is changed are believed to be
about 25% based on the achievable repeatability of such
measurements. Blue shifts which increase approximately
linearly with pressure are again observed with this transi-
tion. These data are shown in Fig. 7. As in the case of
the Xe 6s transition, the agreement between observed
broadening and theory is good for pressures below 300
Torr. The comparison between experiment and Egs. (6)
and (7) is shown in Fig. 8. For this level we find the ratio
of shift to width to be 0.54£0.05. In this case the excited
state can be ionized by one photon, with the photoioniza-
tion cross section being larger than 10~'® cm? With
power densities a few times larger than 10 W/cm?, the
ionization probability becomes close to unity.
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sure.
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FIG. 8. Width of the xenon 6s’ resonance vs pressure. The
smooth line is based on Eq. (7).

Xenon 5p %(J =0)—5p°(*P3,2)5d[3]°(J =1) transition

The Xe 5d resonance is at 119.2 nm, which corre-
sponds to the laser wavelength of 357.6 nm. The dye
laser worked quite well in this wavelength region and
some of the best data were obtained near this strong reso-
nance.

In Fig. 9 we again demonstrate the pressure depen-
dence of the absolute ionization signal. Atomic excitation
varies linearly with pressure while the pressure broaden-
ing is small compared with the laser bandwidth, becoming
pressure independent once the pressure-broadened width
becomes much larger than the laser bandwidth.

The blue shift for this line is close to linear in the pres-
sure. The latter data are shown in Fig. 10. Actual line
profiles of the 5d resonance at several pressures are shown
in Fig. 3 above. The ratio of shift to width for the Xe 5d
level is found to be 0.53£0.05.

The photoionization cross section of this state is greater
than 107 cm?, thus with modest power densities nearly
100% ionization of the excited state is achieved. With
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FIG. 9. Absolute ionization signal at line center for the xenon
5d resonance line.
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FIG. 10. Blue shift vs pressure for resonance broadening of
the xenon 54 line.

this state we feel assured that the blue shift is not an ar-
tifact due to differences in ionization probabilities for
atomic excited states relative to Xes. Figure 11 shows the
measured and calculated widths of the 5d resonance line.
Agreement with Eq. (7) is good for pressures less than
300 Torr.

Krypton 4p %(J =0)—4p >(*P1,2)5s[ +]°(J =1) transition

The data on the Kr 5s’ and the Xe 7s resonances are
not as good as those for the other three resonances due to
the poor operation of the dye laser at the 116.5- and
117.0-nm three-photon resonances. Due to the poor out-
put of the dye laser, both of the latter resonances were
studied with beams focused with a 50-cm focal length
lens.

To obtain the shifts and widths shown in Figs. 12 and
13 the dye laser was scanned through the region around
349.5 nm. Figure 12 shows a nearly linear blue shift as
the pressure is varied. The widths are in rough agreement
with theory at the lowest pressures where the increase in
width can be seen above the laser linewidth. The ratio of
shift to width is found as 0.54+0.05 for the Kr 5s’ level.
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FIG. 11. Width of the xenon 5d resonance line vs pressure.
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FIG. 12. Blye shift vs pressure for resonance broadening of
the krypton 5s’ transition.

Xenon 5p %(J =0)—5p*(*P3,2)7s[ 3 ]°(J =1) transition

To obtain data on the Xe 7s resonance at 117.02 nm
the dye laser was scanned through the region near 351.06
nm. The data here are of lower quality than for any other
level due to the poor operation of the dye laser at 351 nm
and to the small size of both the widths and shifts. The
relatively small size of the width and shift (compared to
the laser linewidth) is due both to the small oscillator
strength and to the relatively short resonance wavelength.
The lack of an adequate signal could be compensated in
the first cell by focusing the laser beam and having higher
concentrations. This still left a problem with the refer-
ence cell, which is important in determining the level shift
as a function of pressure. The level shifts were poorly
determined, but did appear to be to the violet side of the
unperturbed line. The widths are shown in Fig. 14. They
are in good agreement with our extrapolation of theory
into the high-pressure region where the pressure-
broadened width exceeds the laser bandwidth.
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FIG. 13. Width of the krypton 5s’ resonance line vs pressure.
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CONCLUSIONS

Previous measurements of resonance broadening have
been based on studies of light emitted in transitions be-
tween two excited states, one state being the upper state
for the resonance transition.!* According to Vdovin and
Galitskii,* the previous measurements should not have ex-
hibited a shift, but the observed width should be the same
as for resonance absorption. The observations are con-
sistent with this prediction. On the other hand, if one ob-
serves the resonance transition, the theory of Ref. 4 pre-
dicts a blue shift which depends on the oscillator strength,
the concentration, and the wavelength in exactly the same
way as the pressure-induced width. The ratio of shift to
width was predicted to be 0.24. This shift is five times
larger than the result obtained when recoil effects are
neglected in the collisions. Most theories have used a
classical trajectory method with straight-line trajectories
and have thereby neglected recoil effects. The latter
theories still yield the correct width but apparently neglect
an important factor in calculating the shift. The shifts
which have been observed in this study also have a con-
stant ratio (within experimental error) to the width. This
ratio averaged over four levels is 0.52+0.05.

For the five levels studied here we have found that the
widths calculated from Ref. 2 are systematically about
20% lower then the higher-pressure data. However, the
data start at pressures where the impact-theory assump-
tions are no longer justified over most of the line shape.
Previous comparisons between theoretical widths? and ex-
periment'* have given impressive agreement for cases
where the pressure was low enough for the impact-
broadening theory to be valid. In order to estimate oscil-
lator strengths (and confirm their theory), Berman and
Lamb? used width data based on flourescence line shapes
in which the lower level is the upper resonance level and
the pressure is much lower than in our study. The results
were so good that in many cases present day oscillator
strengths are far closer to their results than were the
values known in 1967.

Even though we have used a broad bandwidth dye
laser, we have obtained the first absorption data on self-
broadening of resonance lines under conditions of strong
radiation trapping. It is unlikely that the slightly faster
than linear increase in width at the highest pressures is
due to differences in ionizing atoms on the blue side of
resonance, relative to the ionization of excimers on the red
side. We say this because for all resonances except the Xe
6s, the ionization of atoms excited on the blue side of res-
onance should have been nearly 100% efficient. If the
ionization was less than 100% efficient for excitation on
the red side, the effect would be to narrow the line. Fig-
ure 3 demonstrates that nothing dramatic happens to the
observed line shape at the position of the unshifted reso-
nance. In fact, at the higher pressures most of the area
under the line shapes lies on the blue side of the line.

The fair agreement with low-pressure theoretical widths
extrapolated to high pressures is a bit surprising. Howev-
er, studies of the transport of resonance radiation'® have
already indicated that this might be the case. In the latter
studies it is found that the application of the Holstein
theory!®!7 of radiation trapping to the prediction of the
rate of escape of resonance radiation from a pulse-excited
atomic gas agrees very well with theory at pressures as
high as 150 Torr. A simple picture applies to radiation
trapping. Essentially, the emitted photons go nowhere,
unless they are emitted so far on the wing of the line that
their mean free path is comparable with the dimensions of
the gas cell. Emission on the extreme wing of the line is a
very rare event, so that the escape of the radiation may be
slowed by several orders of magnitude relative to the
spontaneous decay rate for a cell with dimensions of a few
centimeters. In a sense, this apparent validity of Lorentzi-
an absorption very far from line center is even more
surprising at high pressures than the results found here.
Transport equations, like those of Holstein, have been de-
rived® from many-body theory where they do not rely on
a particle picture of the photon.

There are variations on the present method which could
be important. For instance, for excited states which have
allowed transitions to another lower excited state, one
could monitor the integrated emission of the untrapped
radiation as the laser is scanned through three-photon res-
onance as an indicator of the absorption line shape.
There is certainly no problem with signal size with the
latter technique. With a good dye laser, measurements of
shift and width should be possible from the onset of the
dominance of resonance broadening relative to Doppler
broadening.
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