
PHYSICAL REVIEW A VOLUME 49, NUMBER 3 MARCH 1994
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We employ an alternative technique for determining the Lorentzian linewidth based upon the simul-

taneous measurement of the vapor transmission and group-velocity delay outside the Doppler core of an

optically dense transition. We apply this technique to measure the cross sections for broadening of the
intercombination lines of calcium, 4s 'S0~4s4p Pi, and strontium, Ss 'S0~5s5p Pi, by collisions
with argon, neon and the ground-state neutral vapor. We compare our measured results with calculated
values as well as previously determined values by other workers.

PACS number(s): 32.70.Jz, 34.40.+n, 35.80.+s

I. INTRODUCTION

The measurement of spectral line shapes and collision-
al broadening cross sections has wide application in many
areas including astrophysics, plasma and atomic physics,
and gaseous electronics. The collisional broadening cross
sections and the related line shapes are essential for
describing radiation transport in such diverse systems as
stellar atmospheres, laser-produced plasmas, the weakly
ionized gas discharges found in gas lasers and Quorescent
lamps, and ultranarrow-band atomic filters. In a more
fundamental role, these cross sections aid in understand-
ing the interaction potentials between colliding atoms.
Several excellent reviews summarize both the experimen-
tal and theoretical status of collisional broadening and
line-shape measurements as well as give specific values
for many of the radiative transitions that have been mea-
sured to date [1—3].

Our need for accurate, collisional broadening cross sec-
tions was driven by an investigation into the use of reso-
nant transitions in atomic vapors to compress frequency-
chirped laser pulses [4-8]. In such a scheme the wings of
an atomic resonance can easily provide tens of
nanoseconds of group velocity dispersion, allowing atom-
ic vapors to be applied to compressing pulses that are too
long ( &2 ns) for grating and prism techniques [9,10].
Using atomic vapors for pulse compression, a high-
average-power pulse laser, such as a copper-vapor-laser
(CVL) pumped dye laser that produces a 50 ns pulse,
might be converted to a system with greatly enhanced
peak power, expanding its potential use into areas such as
x-ray lithography, high-order harmonic and incoherent,
soft-x-ray generation. However, for this process to be
practical, the absorption loss must be kept to a minimum,
otherwise the intensity enhancement realized by the tem-
pora1 compression is quickly 1ost due to attenuation. To
minimize loss the laser pulse propagates at a frequency
offset that is outside of the strongly absorbing Doppler
core in the Lorentzian wing of the transition. Here, the
amount of absorption for a specified amount of group ve-
locity dispersion is directly proportional to the Lorentzi-
an linewidth, Eve .

In this paper we describe our measurements of hvt on
the 4s 'So —+4s4p P& line in Ca and the 5s 'So
~5s5p P, line in Sr. We chose these transitions for
several reasons: they are weak intercombination lines, so
their natural and self-broadening linewidths make a small
contribution to the total linewidth; their wavelengths (Sr
689.1; and Ca 657.3 nm) are suitable for efficient dye laser
operation; their isotope and hyperfine structures are sim-
ple enough that either transition can be treated as a single
line in the Lorentzian wing; and the vapor properties of
both elements are ideal for production of high densities in
a heatpipe. We describe in the following sections the ex-
perimental details of our measurement technique, the re-
sults for our measurements of the rare gas broadening
and self-broadening cross sections for the Sr and Ca in-
tercombination lines, comparing our values with other
works, and finally we show semiclassical calculations for
these cross sections that we compare with our measured
values.

II. DESCRIPTION

Traditionally, collisional line-broadening rates are
determined from line shapes by scanning a laser or mono-
chromator across the emission or absorption line and
fitting the data to a Voigt profile using a multivariable,
nonlinear-least-squares fit [11]. The parameters of the fit

are the Doppler and Lorentzian linewidths, the pressure-
dependent frequency shift, and an amplitude scaling fac-
tor that is proportional to the product of the column den-
sity and the transition oscillator strength, Nfl. To accu-
rately fit the line shape, this technique is limited to an ap-
proximate absorption range of 10—90%, therefore limit-
ing the atomic density range that can be measured. In
this section we describe a new technique for measuring
the Lorentzian linewidth based upon a simultaneous mea-
surement of the group velocity delay and the vapor
transmission in the Lorentzian wing of the broadened
line. Penkin and co-workers first developed the idea of
simu1taneously measuring absorption and dispersion to
obtain linewidth and employed this method successfully
for a variety of atomic systems [12]. In our method we
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measure the Lorentzian linewidth directly without fitting
the data to a line-shape function or deconvolving an in-
strument function; therefore data processing is very rap-
id, permitting us to take a few hundred data points dur-
ing a single experiment. In addition the dynamic range
of this technique is several orders of magnitude for Nfl
[13];consequently, we can cover a large range in density
and obtain accurate values for the self-broadening
linewidth as well.

In the linear propagation regime, the properties of the
vapor that we want to measure, Nfl and the Lorentzian
linewidth, b,vL are contained in the complex propagation
vector, k(v). We can write the real and imaginary parts
of this vector as constant multiples of a complex line-

shape function, g (v), whose real and imaginary parts (g'
and g" ) are related by the Kramers-Kronig equations:

k'=ko(n —1)= roNfg
"—(v),

2 '
k"= = rNfg'(v—) .o(v)N m'

2 2 '

(la)

(lb)

In Eqs. (1) k0 =2m. /1, is the free space propagation con-
stant, cr is the absorption cross section, ro is the classical
electron radius, f is the absorption oscillator strength, N
is the atom density and v is frequency. The group veloci-
ty delay (or group delay), rn, of a pulse traveling near in

frequency to an atomic transition in a vapor, measured
with respect to a pulse traveling the same distance in vac-
uum, is given by [13]

1
7D =1

U

a , roc a[k'(v)]= Nfl g"(v, bv},2' v 4 Bv

(2)

I (l)—ln = —In[ T(v) ]= rrrucNflg'(v),I,(0)
(3)

where us is the group velocity, c is light speed, l is the va-

por path length, and g "(v,bv} is the imaginary part of
the line-shape function. The opacity [minus the loga-
rithm of the vapor transmission, T(v)] of the vapor near
an optical transition is

b,vL = +—+—QN~(0';v;) .1 1 1 1

277 7g 7f 7T
(6)

The first term in brackets, called the natural linewidth, is
the sum of the reciprocals of the upper and lower state
radiative lifetimes. Since we are considering only
ground-state transitions in this paper, we take I/r&=0.
The second term includes all collisional effects that
broaden the transition linewidth. 1V,. is the density of the
ith collision partner, cr; is the collision cross section, and
U,. is the center-of-mass velocity of the two colliders. In
our measurements we include two terms in the sum in
Eq. (6): (o,u, ) for collisions between rare gas atoms and
excited state metal atoms and (cr2u2 ) for collisions be-
tween the excited state and ground state of the metal
atom, i.e., self-broadening collisions.

The experimental setup for measuring linewidth is
shown in Fig. 1. The metal vapor was generated in a 1.2
m long pipe made of 310 stainless steel that allows opera-
tion above 1000'C. A uniform hot zone, 95 cm long, was
created with a Lindberg furnace. The temperature was
measured at fifteen locations along the pipe with thermo-
couples and recorded at regular intervals on a computer.
We measured the buffer-gas pressure at room tempera-
ture with three different capacitance manometers to cov-
er the full range in pressure of the measurements. The
region of the pipe outside of the furnace was water cooled
to prevent vapor condensation on the windows and to
provide a rapid drop in temperature that defines the va-
por column length. Although this system could be run as
a heatpipe [14] we avoided operating in this mode during
measurements by keeping the buffer gas pressure above
the metal vapor pressure at all times. We occasionally
operated the system as a heatpipe to transport metal from

Eqs. (4a) and (4b} into Eqs. (2) and (3) we can write

—ln(I /Io )

2777D

which is valid in the Lorentzian wings of the Voigt profile
when (v —vo) ))(hvL /2) .

The Lorentzian linewidth of a dipole transition be-
tween two atomic levels is

where I,(l) is the laser intensity transmitted through the
vapor, I„(0)is the incident intensity at the vapor column
input, and g'(v) is the real part of the complex line-shape
function. For our linewidth measurements we operated
just outside of the strongly absorbing Doppler core of the
Voigt profile in the Lorentzian wing. In this regime the
real and imaginary parts of the line-shape function are
approximately
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where hvL is the Lorentzian linewidth (full width at
half-maximum) and v —vo is the laser frequency measured
with respect to the transition line center, vo. Substituting

FIG. 1. Experimental setup showing ring laser, group delay
diagnostic, absorption diagnostic, and frequency calibration
techniques.



1668 JOHN K. CRANE, MICHAEL J. SHAW, AND R. W. PRESTA

the cold zone back to the hot zone, but due to the rapid
mass transport, this mode of operation was very unstable
and unsuitable for accurate cross section measurements.

To generate the opacity and group delay probes we

used a stabilized, single-frequency ring dye laser,
Coherent model 699-21. The linewidth of this laser was
less than 1 MHz. We used three techniques for position-
ing the laser near the transition of interest and generating
the frequency scale. With a Burleigh wavemeter we

tuned the laser within a few GHz of the transition of in-

terest. A 60 cm long iodine cell operated at about 100'C
provided a set of reference absorption peaks whose posi-
tion in frequency we carefully measured relative to line
center of the calcium and strontium lines. Finally, for an
accurate frequency scale we used a temperature-
controlled Fabry-Perot confocal interferometer with a 2-

GHz free-spectral range.
We determined the Lorentzian linewidth outside the

Doppler core by simultaneously measuring the vapor
transmission and the group velocity delay over the same
vapor pathlength, and calculating hvL from Eq. (5) [13].
Both diagnostics are depicted in Fig. 1. To generate the
vapor transmission (absorption) probe we split off a por-
tion of the laser beam as shown in the layout. This
transmission probe beam was amplitude modulated with

an acousto-optic crystal and sent to the vapor cell via
single-mode fiber. Light emerging from the fiber at the
cell was again split into a reference and signal beam. The
reference beam went directly to a reference photodiode
detector, while the signal probe traveled through the va-

por cell and illuminated the signal detector. Both detec-
tor signals were sent to lock-in amplifiers for signal con-
ditioning before being sent to the computer. We main-

tained the vapor probe beam power below 10 pW to
avoid optically pumping population out of the atomic
lower state.

The group delay diagnostic was generated from the
remainder of the laser beam that was not used for fre-

quency calibration and the vapor transmission probe.
We frequency shifted the laser using a Bragg cell and
recombined the fundamental and first-order beams via
single-mode fiber as shown in Fig. 1. The relative ampli-
tudes of the two frequency components can be balanced
with a polarization rotator. The beam emerging from the
fiber at the vapor cell was also split into a reference and
signal beam. We used the same type of photodiode detec-
tor as used for the transmission probe; however, the sig-
nal processing electronics were different. The photodiode
signals were amplified with small rf amplifiers and filtered
with rf bandpass filters. The resulting signal was the
beat frequency between the fundamental and first order
of the Bragg cell, which was driven by a high-quality,
phase-locked oscillator. The signals from the reference
and vapor detector were sent to a vector voltmeter —an
instrument used in rf circuit analysis and testing. The
vector voltmeter is capable of measuring the phase be-
tween two sinusoidal signals independent of their ampli-
tude over several orders of magnitude. Finally, the ana-
log output of the voltmeter was sent to the computer.

The relationship between the group velocity delay, 7D,
and the phase difference between the two detectors due to

the vapor, b,P„, is [13]

b,P,
+D

27TVB

where v~ is the drive frequency of the Bragg cell. We
operated at v~=280 MHz to obtain good diffraction
eSciency from the Bragg cell and to match the frequency
of available bandpass filters.

We acquired the data with a Macintosh computer.
The computer generated a linear voltage ramp that
scanned the laser over several GHz (up to 35 GHz), while

simultaneously collecting signals from the group delay
and vapor transmission probes, Fabry-Perot frequency
markers, iodine reference absorption peaks, plus tempera-
ture and buffer-gas pressure. The computer converted
the Fabry-Perot markers into a frequency scale, whose
value with respect to the transition line center was deter-
mined from the position of the iodine peaks. Figure 2
shows a typical data set from a single laser scan. This
scan was taken at a relatively low vapor density and Fig.
2(b) shows the functional form of the group delay signal
as given by Eq. (2).

Most of the data were taken at large values of vapor
opacity, up to several thousand, where the laser was to-
tally absorbed at the transition line center. In this case
we scanned the laser on one side of the atomic resonance
as shown in Fig. 3. The discontinuities in the group delay
signal, Fig. 3(a), are an instrumental effect in the vector
voltmeter: when a phase difference of 180' is reached be-
tween reference and signal inputs the vector voltmeter in-

verts the polarity of its output voltage ("wraps-around"),
which is equivalent to subtracting 2m from b,((„produc-
ing the sudden discontinuity in zD. The group delay sig-

nal between v —vo = —10 and 0 GHz in Fig. 3(a) is mean-

ingless because the laser probes propagating through the
vapor were completely absorbed as shown in Fig. 3(b) and
therefore the signal input to the vector voltmeter was
zero.

We measured the group delay and vapor transmission
at two frequencies vI and vz, in the Lorentzian wing of
the atomic transition (see Fig. 3). By measuring these
quantities differentially we avoid several problems associ-
ated with an absolute measurement, and we simplify the
determination of the vapor density [13] and linewidth.
We can easily derive the following expression for the
linewidth from Eq. (5):

ln T(v, )
—lnT( vz)1 2

(8)
rD(+2) rD(+1)

So by simultaneously measuring group delay and vapor
transmission at two accurately known offset frequencies,
we can determine the Lorentzian linewidth quite simply
and avoid the complex, multivariable analysis associated
with fj[tting the absorption linewidth to a Voigt profile.

For each laser scan we acquired and recorded values
for buffer-gas pressure, temperature, vapor transmission,
and group delay at the two o8'set frequencies, vI and vz.
From these values we calculated the linewidth from Eq.
(8) and the vapor density as described in Ref. [13]. For
comparison we calculated the vapor density from the
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temperature using a polynomial fit to the vapor pressure
curves [15]. All of these measured and calculated values
were automatically transferred to a data base. The entire
process of scanning the laser, determining the frequency
scale, acquiring the measured values, calculating the va-

por parameters, plotting the data, and down-loading the
results into a data base took about one minute per scan.

III. RESULTS

In a typical experiment we operated the vapor cell at a
constant temperature and varied the buffer-gas pressure
from a value slightly above the metal vapor pressure to
about 100 torr, taking several data points at pressures
spanning these two limits. Figure 4 shows a plot of the
linewidth of the 5s 'So —+Ss5p P& transition in stronti-
um versus buffer-gas density in the hot zone, Nz
(atoms/cm ), given by

N —P 3 54X10"—N

P is the pressure, in torr, read from the capacitance
manometer, T is the average hot zone temperature (in
Kelvins), and N, is the vapor density determined from
the group delay diagnostic. In addition to the data points
we plotted a solid curve representing the linear-least-
squares fit to the linewidth data. The fit is based upon
Eq. (6) and yields a value for the slope,

(crtvt )
k, = (10)

and intercept,

(o2v~) 1+
7T 2' r.

where cr
&

is the cross section for broadening by collisions
with the rare gas atoms, o.

2 is the cross section for col-
lisional self-broadening via the ground-state metal atoms,
and ( v ) is the average Maxwellian velocity between col-
liding atoms. The average velocity is

8k TN~(v)=
I 1/2

+
M) M2

(12)

where k is Bolzmann's constant, T is the hot zone tern-
perature, Nz is Avogadro's number, and M& and M2 are
the masses in atomic units of the colliding atoms.

This type of measurement, represented by Fig. 4, was
repeated at several different vapor cell temperatures for
each metal and buffer-gas combination. For each data
set we entered the values for ko, 0 &, ( v ), and T into the
data base. We repeated this procedure for each of the
gas-metal-vapor combinations: Ca-Ar, Ca-Ne, Sr-Ar,
and Sr-Ne. Next, the values for ko were plotted versus
the product of the metal atom density times the average
velocity at each temperature as shown in Fig. 5 for stron-
tium. As before, the solid line shown on this plot is the
linear fit, yielding values for the slope and the zero densi-
ty intercept. Based upon Eq. (11), the slope of this plot is
0 z/n, where cr& is the cross section for broadening of the
dipole transition by collisions with the ground-state metal
vapor, also known as self-broadening. The intercept of
this linear fit is the zero density contribution to the
Lorentzian linewidth —the natural linewidth. We mea-
sure a value of 668 kHz for the intercept in Fig. 5. The
lifetime of the 5s 'S0~5s5p P, transition in strontium
is 22 ps [16], which corresponds to a linewidth of 7.23
kHz. This value is smaller than the error bar in our mea-
surement, and consequently less than the accuracy of this
technique. For stronger dipole transitions this technique
may yield an accurate measurement of the radiative life-
time.

Table I gives a summary of our experimental results as
well as those of other recent measurements. For the met-
al atom —rare gas collisions each cross section was deter-
mined from approximately 200 separate, processed laser
scans covering a range of temperatures and buffer-gas
pressures. For example, the Sr-Ar collisional cross sec-
tion is the average calculated from 13 separate plots simi-
lar to Fig. 4, taken at 13 different temperatures between
860 and 1200 K. Each plot contains about 20 data points
spanning a buffer-gas pressure range from a few torr to
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FIG. 4. Plot of measured linewidth data
(triangles) versus argon density for the
5 Sp ~5 P 1 transition in strontium at 930 K.
Solid line represents the linear fit, which yields
the value (n, v, ) =1.41X10 radcm /s from
the slope.
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transition in strontium. The intercepts are
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peratures. The solid line is a linear fit that
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TABLE I. Summary of the measured values for the impact-
broadening cross sections and comparisons with previously re-
ported works.

Excited state Perturber cr(10 ' cm ) Other works

ca
ca

Sr
Sr
Sr

Ca
Ar

Ne

Sr
Ar
Ne

0.528+0.06
1.27+0.21

0.77+0.06

6.55+0.6
1.52+0.18
0.98+0.12

1.14'
3.12
1.03'
0.82'
1.44b

'Smith [17].
Rohe-Hansen and Helbig [18).

'Khan and Al-Knlaili [19].

approximately 100 torr. From each plot we determined
a value for the cross section, then calculated an average
and standard deviation from all of the plots representing
a particular collision pair.

In searching the literature we found three previous
works [17-19] that reported measured values for the
widths of the Ca (4s 'So —»4s4p P, ) line, broadened by
collisions with rare gas atoms. We compared our mea-
sured values to those reported in these references by con-
verting their values for linewidth or collisional rate to a
collisional cross section at the density and temperature of
their measurement. Our values are very close to those re-
ported by Smith [17] but differ by a factor of 2 from the
more recent measurements of Rohe-Hansen [18]. In the
work of Khan [19], measurements were made at two
different Ar pressures and five different temperatures.
We converted their linewidth at the higher Ar pressure
(640 mbar) and lowest temperature (750'C) to a collision-
al cross section. We selected their lowest temperature
value for the comparison to minimize the self-broadening
contribution, which should be less than 1% for the Ca
vapor density at 750'C. We were unable to find any re-
ported measurements of either linewidths or collisional
broadening cross sections for the Sr transition, or col-

lisional self-broadening from either transition. Later in
the paper we will compare our measured results for this
transition with calculated values.

The error bars given in Table I represent the purely
statistical errors calculated from the linear-least-squares
ffts described in the previous paragraphs. In addition
several experimental errors are worth discussing. In a
previous work [13] we analyzed sources of noise and er-
ror in the group delay diagnostic and estimated that the
combined instrumental error was about 2%. The instru-
mental error in the opacity measurement is comparable;
therefore we estimate that the total instrumental error in
measuring hvL via Eq. (8) is 2%%uo. This low value for the
instrumental error is due primarily to the differential na-
ture of the measurement, i.e., an absolute measurement of
either opacity or group delay is more difficult and there-
fore would produce a larger error. The remaining
sources of error arise from our determination of the cross
section based upon the simple impact model represented
by Eq. (6). In our measurements we have ignored the fre-
quency shift of the transition and treated only the line-
broadening efFect of the collisions. For our operating
range the largest collisional linewidth that we measured
was 300 Mhz. For a purely van der Waals interaction be-
tween colliding atoms, the corresponding frequency shift
is 107 MHz (i.e., the ratio of the linewidth to the frequen-
cy shift is —2.8 for a van der Waals interaction [20]).
However, we make the differential linewidth measure-
ment at a frequency offset of 10—20 GHz from linecenter;
therefore the collisional frequency shift produces less
than l%%uo error in the linewidth measurement.

A potentially larger source of error is the deviation of
the transition wings from a purely Lorentzian shape. In
Ref. [13] we discuss the error resulting from some
Doppler contribution to the wings and estimate that this
error is &2% for the largest value that we measured,
hvl /hvD =0.5. We also considered the effect that mul-

tiple isotopes and hyperfine structure have on the line
shape. We constructed a composite Voigt line shape for
the 5s 'S0~5s5p P& transition using the isotope shifts
and hyperfine constants found in Refs. [21,22]. The com-
posite Voigt profile was about 20% broader in the
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Doppler core, but there was no detectable difference be-
tween the single and composite lines in the region of the
Lorentzian wing where we made our measurements.
Since calcium is 97% Ca [23], the 4s 'So~4s4p P,
transition can be accurately treated as a single line. Fi-
nally, there may be an error due to a deviation of the line
shape from Lorentzian, especially at the highest densities
of our measurement. We noted that at buffer-gas pres-
sures of a several hundred torr, satellite peaks started to
appear, and for this reason we limited the gas pressure to
a maximum value of about 100 torr. At high buffer-gas
pressures the simple impact model that we employ may
not be appropriate for describing the interaction between
colliding atoms and so this technique is limited to
linewidth measurements where the line shape can be ac-
curately described by a Voigt or Lorentzian function.
Based upon plots such as shown in Fig. 4, we believe that
a simple Lorentzian function is still accurate at the
highest be'er-gas density of our measurements and that
any error based upon this assumption is small.

IV. DISCUSSION

As an additional means of validating our experimental
results, we compared the measured broadening cross sec-
tions to those predicted by simple classical broadening
models. For the case of foreign gas broadening, the spec-
tral broadening cross section is given by [24]

0 =2m f [1—cosy(p)]pdp, (13)

where ri(p) is the phase change of the classical radiating
oscillator caused by a collision which occurs at an impact
parameter p. The phase change is defined as

ri(p) =—f V(R)dt, (14)

where V(R) is the interaction potential and the interac-
tion distance R is assumed to be

R =p —(vr ) (15)

corresponding to a straight line trajectory for the per-
turbing atom. Transforming phase change into an in-

tegral involving distance, we have

1 ~ V(R)R dR
ri(p) =-

[R 2 2]1/2
(16)

For broadening by a foreign gas, we will assume that
the interaction between the atoms is described by the
Lennard-Jones [25] potential:

11/5
63'1F 8

256 3p C

(19)

Substituting Eq. (19) into the expression for the collision-
al broadening cross section, Eq. (13), yields the following
expression:

2/5
3mC,

a =4m B(a),
8%v

(20a)

B(a)=f x sin P(ax "—x )]dx . (20b)

For the foreign gas interactions involving Sr, we have
been unable to find published theoretical or experimental
values of C6 and C,2. We can, however, approximate
these using the corresponding calcium parameters and
simple scaling assumptions. We recall that the dipole-
dipole interaction coefticient C6 is given by the expres-
sion [28]

C, =e'a, &r,', ), (21)

where a is the polarizability of the perturbing atom, and

( rf, ) is the difference of the quantum mechanical expec-
tation value of r for the final and initial levels of the em-

itting atom:

The integral expression for the dimensionless number
B(a) must be solved numerically for a given value of a.
Thus, given values of C6, C,2 and a mean relative veloci-
ty, one can calculate a, B(a), and o.

Experimentally derived values of C6 and C&2 have been
reported by Hindmarsh [27] for both the Ca-Ne and Ca-
Ar interactions. These values are listed in Table II. For
a temperature of 1050 K, the relative velocities of the col-
lision partners are l.29 X 10 cm/sec and 1.05 X 10
cm/sec for the Ca-Ne and Ca-Ar interactions, respective-
ly. Substituting these values into the expression for a [Eq.
(19)] yields a(Ca-Ne) = 16.39 and a(Ca-Sr) = 3.92. Nu-
merical integration of Eq. (20b) gives B(a(Ca-Ne))
=0.424 and B(a(Ca-Sr))=0.316. Substitution of these
values into Eq. (20a) yields the following collisional
broadening cross sections:

o.(Ca-Ne)=0. 83X10 ' cm

0 (Ca-Ar) = 1.19X 10 ' cm

V(R) = —
6

C&2 C6
R12 R6 (17)

& rf; & =(rf &
—(r & .

g(p) =ax "—x

where we have defined

(18)

For this form of the interaction potential, the phase shift
is given within the impact approximation by [26]

631T 12 i i 317 6C C

A'v 8 tv

c,
C12

Ca-Ne

1.13X 10' erg cm
1 ~ 1QX 1Q ' erg cm

Ca-Ar

4.6X10 ' ergcm
7.4X10 ' erg cm

TABLE EI. Lennard-Jones interaction coefficents used in col-
lisional broadening calculations for calcium.

Collison partners
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Further, we will approximate (r ) by the Unsold formu-
la [29]:

2Js+ I [era]Af
u, +1 (24}

(r, ) = ,'a—on' I5n* +1—31(l+1)] . (23)

In this expression, I is the angular momentum of the lev-

el, n is the eS'ective principal quantum number (quan-
tum defect), and ao is the Bohr radius. From this formu-

la, we can find the ratio of C6(Sr) and C6(Ca) for a given

perturbing atom and use the ratio to find C6 for the
strontium-rare gas interactions.

The quantum numbers of the states involved in the cal-
cium transitions are ng('So)=1. 49, n ( P, }=1.79,
while those for the strontium transition are nf'('So)
=1.861 and n, ( P, )=1.868. These parameters yield a
ratio of

C6(Sr —M)

C6(Ca —M)

which, in turn, give

C6(Sr-Ne) = 1.68 X 10 9 erg cm6,

C6(Sr-Ar}=6.84X10 erg cm

To complete our analysis of foreign gas broadening for
strontium, we require values for C&2 for the two interac-
tions. Unfortunately, we cannot use such simple scaling
arguments as before since, as Hindmarsh [24] states, no
simple theoretical formula exists for C,2. However, since

C&2 only enters in the calculation of the broadening cross
section in the evaluation of B(a) and since 8(a) only
varies between approximately 0.2 and 0.4 for reasonable
a, any errors introduced by a poor approximation of C&z

should be small. With this in mind, we wi11 assume that
the ratio of C6/C, 2 for the two Ca interactions are the
same as for the respective Sr interactions. Within this
approximation, we have

C,2(Sr-Ne) = 1.63 X 10 ' erg cm'

C,2 (Sr-Ar }= 1.01 X 10 ' ' erg cm'

At a temperature of 1050 K, the relative velocities for
the interactions are 1. 18 X 10 and 0.91 X 10 cm/sec for
the Sr-Ne and Sr-Ar interactions, respectively. These ve-
locities along with the interaction coeScients give

a(Sr-Ne) =9.12, B(a}=0.379,

a(Sr-Ar) =2.05, 8(a)=0.264,

and collisional broadening cross sections of

cr(Sr-Ne) =0.91 X 10 ' cm

o(Sr-Ar)=1. 23X10 ' cm

These calculated cross sections agree with our mea-
sured values to within 10% for the calcium interactions
and to within 25% for the strontium interactions.

Homogeneous or self-broadening is due to the dipole-
dipole interaction between the upper and lower levels of
the optical transition. Lewis [2] approximated the homo-
geneous broadening cross section as

V. CONCLUSIONS

We have developed and demonstrated a new technique
for measuring the Lorentzian linewidth of collisionally
broadened, radiative transitions, based upon the simul-
taneous measurement of the vapor transmission and
group velocity delay in the Lorentzian wing of an atomic
resonance. We applied this technique to measure the
broadening of the resonance, intercombination transi-
tions in Ca, 4s 'S0~4s4p P&, and Sr, 5s 'So
~5s5p P&, by collisions with Ar, Ne, and the ground

TABLE III. Comparison of measured collisional broadening
cross sections with theoretical values.

Emitting
atom

Ca
Ca
Ca
Sr
Sr
Sr

Perturbing
atom

Ca
Ar
Ne
Sr
Ar
Ne

+meas

( 10
—14

cm )

0.528
1.27
0.77
6.55
1.52
0.98

+theory

( 10
—14

cm )

0.21
1.19
0.84
6.15
1.23
0.91

Relative
error

+ 124%
+7%
—8%
+7%

+24%
8%

where E' is a numerical constant of order 1 which ac-
counts for the angular momentum of the states, f is the
transition oscillator strength, A, is the transition wave-

length, c is the speed of light, and ro is the classical elec-
tron radius. Using K'=1 and substituting in the ap-
propriate quantities (where a temperature 1050 K gives
U =1.05 X 10 cm/sec and 0.742X 10 cm/sec for Ca and

Sr, respectively), in this equation yields

o (Ca-Ca) =0.21 X 10 ' cm

o (Sr-Sr) =6.15 X 10 ' cm

From this analysis we see that the measured cross sec-
tion for the Ca-Ca (f=5.1X10 [30]) interaction is ap-
proximately 2.5 times larger than the theoretical value,
while the two values for the significantly stronger Sr-Sr
(f =1.0X10 [16]) interaction agree reasonably well.
This discrepancy is plausible since the theoretical expres-
sion is based upon a semiclassical treatment which should
be valid only for larger cross sections. In the weak transi-
tion strength regime, the neglecting of higher-order terms
(beyond the dipole-dipole interaction) and overlap contri-
butions as explicitly done in this formulation is not
justified. For the experimentally measured cases dis-
cussed by Lewis, (Af ) varies between 60 and 2300 A. In
contrast, the transitions studied in this paper have (Af)
products of 6.9 (Sr) and 0.34 (Ca). The magnitude of the
Sr transition cross section as well as those studied by
Lewis justify the reliance on a semiclassical formulation
of the interaction. Table III summarizes our comparison
of the experimentally measured cross sections with our
simple theoretical values.
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state of the metal atom itself. From the linewidth we
determined the collisional broadening cross sections and
compared our results with those in previous publications.
In addition we calculated values for these cross sections
using a classical impact model where we assume that the
interaction between colliding atoms can be described by a
Lennard-Jones potential. The calculated values are very
close to our experimental results except in the case of
self-broadening of the Ca transition, where the assump-
tion of a purely dipole transition may not be valid. We
believe that this technique is very accurate in the pressure
regime where the broadened transition is truly Lorentzi-
an, and that the simplicity derived from making simul-

taneous measurements of the real and imaginary index is
an advantage over traditional methods that fit a Voigt
profile to the absorption or emission line shape.
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