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The broadening and shifting of spectral lines induced by collisions with the five noble gases in both the
intercombination 5s2 1S0→5s5p 3P1 system and the triplet 5s5p 3P0,1,2→5s6s 3S1 manifold of Sr are studied
using tunable dye laser absorption spectroscopy. Cross sections for impact broadening and line shifting are
determined from an examination of the spectral line profiles. These results are utilized in an analysis to
compute difference potentials modeled by the Lennard-Jones �6-12� potential and the coefficients C6 and C12

derived from this analysis are reported.
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INTRODUCTION

The broadening and shifting of atomic spectral lines in-
duced by interactions with a variety of foreign gas perturbers
has been extensively studied both experimentally and theo-
retically for many years and has led to a number of insights
in a variety of fields �1�. Studies of line shapes in the pres-
ence of foreign gases is of fundamental interest because they
contribute to our understanding of long-range interactions
between atoms and provide a method to determine local con-
ditions in laboratory plasmas or neutral gas environments.
For example, collision-broadened line shapes of metallic
lines in solar and stellar atmospheres can provide indications
of local conditions �temperature and number density� and
have even been used to determine the surface gravity of stars
by examining calcium atomic lines perturbed by hydrogen
atoms �2�. The collision-broadening cross section is essential
for describing radiation transport in gaseous electronics and,
along with the line-shifting cross section, has application to
narrowband blocking filters used in remote sensing �3,4�.
More recently, a number of spectral lines in the alkali-metal
and alkaline-earth-metal atoms are in use or being considered
for high-precision frequency standards �5�, and understand-
ing line perturbations is important for determining the oper-
ating characteristics of devices using these transitions �6�.
Singly ionized species have been extensively explored for
this application, but there is new interest in utilizing neutral
atoms. Strontium, in particular, has attracted interest as a
candidate for atomic clocks based on optical frequency tran-
sitions �7–10�.

The study of line shapes from transitions in strontium has
been rather sparse. Much of the earlier work focused on the
5s2 1S0→5s5p 1P1 resonance transition at 460.7 nm as
shown in Fig. 1. Farr and Hindmarsh �11� studied the absorp-
tion line shapes for this resonance transition perturbed by He
and Ar. They extracted line-broadening and line-shifting rate
coefficients and used them to compute difference potentials
between the two states of interest. They utilized the Lennard-
Jones �6-12� description to model the difference potential
and, subsequently, determined values for the attractive and
repulsive terms C6 and C12 from their analysis. Other experi-
mental and theoretical studies followed this initial work in

attempts to corroborate Farr and Hindmarsh’s results and
provide a consistent and complete understanding of the
broadening and shifting process of the strontium resonance
line in the presence of noble gases �12–16�. More recently,
Kerkeni et al. �17� have computed broadening cross sections
for the alkaline-earth-metal atoms in collisions with H atoms.
Crane et al. reported the only study of collision broadening
of a Sr intercombination band that we are aware of to date
�3�. In their work, they determined broadening cross sections
for the 5s2 1S0→5s5p 3P1 in collisions with Ar, Ne, and the
ground-state neutral Sr vapor and subsequently computed the
Lennard-Jones interaction C6 and C12 coefficients.

In this work, we report the results of a systematic study of
collision broadening and line shifting of spectral features for
the 5s2 1S0→5s5p 3P1 transition at 689.5 nm and the
5s5p 3P0,1,2→5s6s 3S1 transitions at 679.3, 688.0, and
707.2 nm, respectively in 88Sr using the five noble gases as
collision partners, thereby extensively extending the work
reported by Crane et al. �3�. Figure 1 shows the relevant
energy levels and transitions for strontium. We experimen-

FIG. 1. Lower-energy electronic manifold of atomic strontium.
The transitions of interest to this study are identified by the solid
arrowed lines.
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tally map the line shapes using absorption spectroscopy with
a narrowband tunable dye laser. We confine our investigation
to the core region of the spectral lines where the impact
approximation remains valid, yielding a Lorentzian profile
for the line shape, and subsequently determine collision-
broadening rate coefficients. We were able to extract both
line-broadening and line-shifting cross sections from the ab-
sorption line shapes and we use this information to create
difference potentials modeled by the Lennard-Jones �6-12�
potential and, thereby, determine the C6 and C12 coefficients.

EXPERIMENTAL METHOD

Our experimental arrangement is shown in Fig. 2. Stron-
tium vapor cells were constructed with tantalum-foil-lined
quartz cylinders, each 1.83 m long and 3.8 cm in diameter. A
strontium vapor was created inside both cells by placing
strontium granules �Aldrich, 99% pure� in the center of each
cylinder and heating the central region of the cylinders in a
tube furnace. The central section of each tube, 76 cm in
length, was embedded in the furnace while the remaining
length protruded equally from both ends of the furnace. This
arrangement was required to prevent a Sr film from being
deposited on the cell windows and interfering with the opti-
cal absorption measurements. Each cell was connected to a
vacuum pump, a gas handling system, and MKS Baratron
capacitance manometers which monitored the pressures. The
base pressure in each cell was 10−3 Torr. One of the two
cells was used as a reference cell which contained Sr vapor
whose absorption line shape was utilized as a reference for
the center-line frequency for the transition under study. The
pressure in this cell remained constant during a given set of
trials. The second cell �test cell� contained Sr vapor which
was exposed to various noble gases at pressures ranging
from 20 to 1000 Torr, and Sr signals from the test cell were
used to observe the broadening and shifting of the absorption
line profiles. Research-grade rare gases with a minimum pu-
rity of 99.995% were used without additional purification.

Spectral line shapes were recorded by scanning the output
of a Coherent 899-21 ring dye laser over the Sr absorption
transitions of interest. The effective bandwidth of the laser
was nominally 1 MHz. When pumped simultaneously by the
488 and 514.5 nm lines from an Ar ion laser, the Pyradine-1
laser dye produced radiation in the wavelength range be-
tween 780 and 680 nm with a corresponding output power of

�100–200 mW, respectively. In practice, we used neutral-
density filters to reduce the laser power to prevent detector
saturation. The ring laser was programmed to continuously
scan over a 30 GHz frequency range with the peak of the
absorption profile centered in each scan. The laser beam was
chopped at a frequency of 330 Hz and then split into three
parts by a trifurcated fiber-optic cable. One laser beam was
directed into the reference cell, the second into the test cell,
and the third beam was incident on a bare detector to monitor
the laser intensity. Laser intensities were detected with
Hamamatsu-type S2281 silicon photodiodes that were cov-
ered with Corion P70-700-F notch filters and placed at the
exit of the reference and test cells. These filters allowed op-
tical signals between 647.3 nm and 735.5 nm to pass to the
detector, significantly reducing the background created by
the heating elements in the tube furnace. The signals from
the three photodiodes were individually registered on sepa-
rate Stanford Research Systems model SR850 lock-in ampli-
fiers tuned to the chopping frequency. Data from the lock-in
amplifiers were then sent to the computer controlling the dye
laser so that intensity as a function of laser frequency could
be recorded.

Each run of the experiment provided two absorption pro-
files: one from the reference cell and the other from the test
cell. For the line-broadening and -shifting studies on the
5s2 1S0→5s5p 3P1 transition, a tube furnace with dial setting
of 728 K provided sufficient Sr density to produce a signal
that was approximately 75%–95% of total absorption. For a
system in equilibrium, the vapor pressure of atomic stron-
tium at this temperature was approximately 10−4 Torr and
the signal-to-noise ratio ranged from about 20:1 at the lowest
perturbing gas pressure to 3:1 at the highest pressures. In
contrast, we required a furnace temperature setting of
1473 K to study the line shapes of the 5s5p 3P0,1,2
→5s6s 3S1 transitions and obtain comparable absorption sig-

FIG. 2. Schematic diagram of experimental apparatus.

FIG. 3. Spectral absorption profiles of the strontium 5s5p 3P0
→5s6s 3S1 transition perturbed by argon along with a Voigt fit to
the line shapes. The upper trace is obtained from the test cell with
140.0 Torr of Ar and the lower figure is an absorption profile from
the reference cell. Residuals of the fit are displayed beneath each
profile. The test-cell line profile and residuals are displaced upward
and the reference-cell residuals downward for clarity.
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nals. In this case, the Sr vapor pressure is reported to be
about 100 Torr �18�. Since we relied on thermally populating
the 5s5p 3P0,1,2 states, this drastic increase in operating tem-
perature was necessary to sufficiently raise the strontium va-
por pressure and, therefore, the number density, to compen-
sate for the low population of atoms in the initial state of the
transition. �The population in the 3P states was about 10−6 of
the 5s2 1S0 ground state.� Here, the signal-to-noise ratios var-

ied from 70:1 �low noble-gas pressures� to 5:1 �high noble-
gas pressures� during the course of the experiment. In addi-
tion, the reference cell at the 1473 K dial setting was
backfilled to 30 Torr of the noble gas, being used in the
broadening and shifting study to reduce diffusion of the Sr
vapor to cooler regions of the cell. In contrast, the reference
cell contained no backing gas for the lower-temperature
study. The time frame over which data were collected under
these experimental conditions was limited by the diffusion of
Sr from the heated region of the cell and lasted approxi-
mately 45 min. The 30 GHz scans were completed in 1 min
and data points were separated by 25 MHz, thereby produc-
ing 1200 data points per transition profile. The transition
profiles in the test cell were recorded using four to eight
different noble-gas pressures ranging from a few mTorr to
approximately one atmosphere, while pressure in the refer-
ence cell was held constant.

RESULTS

Figure 3 displays a sample spectral line profile for the
5s5p 3P0→5s6s 3S1 transition with 140.0 Torr of argon. The
upper trace illustrates data obtained from the test cell and the
lower trace is from the reference cell. A Voigt profile has
been used to fit each line shape using a multivariable nonlin-
ear least squares fitting procedure. The Voigt profile is de-
fined in Eq. �1�:

IV�x� = a0
ln�2�
��5

1

c

�xL

�xG
2 �

−�

� e−y2

��2�ln�2��x − x0�/�xG� − y2	2 + ln�2���xL/�xG�2
dy . �1�

This line-shape function has four parameters that can float
independently during a fit. Specifically, the parameters of the
fit are the Doppler �Gaussian� and Lorentzian full width at
half maximum �FWHM� linewidths �xG and �xL, respec-
tively; the pressure-dependent line-center frequency x0; and
an amplitude scaling factor a0, which is proportional to the
product of the column density and the transition oscillator
strength. The Lorentzian linewidths produce the collision-
induced line-broadening rates.

The Gaussian component of the Voigt profile provided us
with the means to determine the gas temperatures in both the
reference and test cells. First, we acquired line profiles from
each cell under identical initial conditions �i.e., no broaden-
ing gas in the test cell�, fitted these profiles with the Voigt
line shape of Eq. �1�, and extracted the temperatures from the
Doppler widths. On average, the gas temperature was
660±47 K in the low-temperature study and 1390±243 K in
the high-temperature study, and the temperatures in the two
cells differed by no more than 5% from each other.

Since the temperatures in both cells were statistically
equal to within experimental error, the reference-cell line
profiles were used to establish and fix a Gaussian linewidth
to be used in the Voigt fits to the test-cell line profiles,

thereby reducing the number of free fitting parameters. We
allowed all four parameters to float during the fits to the
reference-cell line profiles and then averaged the Gaussian
linewidths for each set of trials. This average Gaussian line-
width was then used as a fixed parameter in the test-cell line
profile fits. Figure 3 shows the reference- and test-cell line
profiles fitted to the Voigt line-shape function of Eq. �1�.
Also, the residuals are given below each profile and fit. They
appear random, which indicates that the Voigt profile ad-
equately models the line-shape function.

Atomic strontium has four isotopes with atomic numbers
88, 87, 86, and 84. 88Sr is the most abundant �82.58%� natu-
rally occurring isotope while the remaining isotope abun-
dances are, respectively, 7%, 9.86%, and 0.56%. In addition,
87Sr has hyperfine structure due to the 9/2 spin of the
nucleus. Although isotopes other than 88Sr are much less
abundant, their presence could influence the spectral line
shapes observed here. Ignoring the least abundant isotope,
we fitted the experimental line shapes using three Voigt pro-
files to account for the hyperfine structure in 87Sr �F=11/2,
9 /2, and 7/2� while keeping the Gaussian widths constant.
We find a less than 3% difference in the value of the Lorent-
zian widths produced in this fit as compared to a single Voigt

FIG. 4. A plot of �a� the Lorentzian linewidths �FWHM� and �b�
the line-center shifts for the 5s5p 3P0→5s6s 3S1 transition of Sr as
a function of Ar pressure. Linear fits are superimposed upon the
data.
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fit and the values are within the statistical uncertainties of the
fit. We have also fitted the line shapes to a double Voigt
function, one to account for the 86Sr isotope, and we find no
statistical difference in the results. Therefore, a single Voigt
function provides an accurate description of the line profiles
in this study since we observe no contribution to the line
profiles from the other Sr isotopes.

The pressure-broadening and line-shifting rates have been
determined by applying the fitting process described above
to the line profiles. Since both �xL and the line-center differ-
ence between the reference and test cells �line-center shift�
are linearly dependent on the number density, we plot the
line-broadening and line-shifting rates against the pressure of
the foreign gas. The slopes of a linear fit to these data,
weighted by the experimental uncertainties, produce the
pressure-broadening �kp� and line-shifting �ks� rate coeffi-
cients. Figure 4 shows a plot of the data for the 5s5p 3P0
→5s6s 3S1 transition perturbed by argon. The error bars
shown in the figure are statistical uncertainties from the fits
to the line shapes. For the data in Fig. 4, the broadening rate
coefficient kp is 11.1±1.1 MHz/Torr and the line-shifting
rate coefficient ks is −�3.60±0.30� MHz/Torr. A positive
line-center shift indicates a transition frequency shift to
higher energies with increasing pressure while a negative
line-center shift indicates a peak shift toward the red end of
the spectrum. That is, the collision between the noble-gas
atom and the Sr atom during its transition shifts the energy
levels to either increase the separation between the states
�positive shift� or decrease the separation �negative shift�.
Tables I–IV summarize the pressure-broadening and line-

shifting rate coefficients measured here.
The temperature dependences inherent in the rate coeffi-

cients were removed by converting the pressure-broadening
and line-shifting rate coefficients to cross sections using Eqs.
�2� and �3�, respectively �19�,

�p =��3�kBTc2

8
kp, �2�

�s = 2��3�kBTc2

8
ks. �3�

In these expressions, �p is the pressure or impact broadening
cross section, �s is the line-shifting cross section, � is the
reduced mass of the strontium–noble-gas pair, kB is Boltz-
mann’s constant, T is the temperature, and c is the speed of
light. The converted rate coefficients are also presented in
Tables I–IV.

DISCUSSION

It is difficult to compare our results of foreign-gas broad-
ening and line shifting in 88Sr to others because of the scanti-
ness of pressure-broadening data in Sr, other than its reso-
nance transition. To the best of our knowledge, the only other
study reporting pressure broadening in Sr other than in the
resonance transition is that of Crane et al. �3�. In their inves-
tigations, Crane et al. determined pressure-broadening cross
sections for the 5s2 1S0→5s5p 3P1 transition in Sr with Ar
and Ne. Their value for Ar, �p= �1.52±0.18��10−14 cm2, is

TABLE I. Pressure-broadening and line-shifting rate coefficients and cross sections for the 5s2 1S0
→5s5p 3P1 transition at 689.5 nm in 88Sr. The average Sr temperature extracted from the Doppler-broadened
linewidths was 660±47 K. The errors quoted for the rate coefficients and cross sections are 1� from the
mean.

Broadening
gas

kp

�MHz/Torr�
�p

�10−14 cm2�
ks

�MHz/Torr�
�s

�10−14 cm2�

He 7.58 �0.34� 0.89 �0.04� +1.23 �0.06� +0.290 �0.015�
Ne 5.20 �0.26� 1.27 �0.06� −0.64 �0.04� −0.31�0.02�
Ar 4.90 �0.07� 1.57 �0.02� −1.45 �0.04� −0.929 �0.026�
Kr 6.17 �0.31� 2.44 �0.12� −1.53 �0.05� −1.21 �0.04�
Xe 6.88 �0.45� 3.01 �0.20� −1.51 �0.03� −1.32 �0.03�

TABLE II. Pressure-broadening and line-shifting rate coefficients and cross sections for the 5s5p 3P0
→5s6s 3S1 transition at 679.3 nm in 88Sr. The average Sr temperature extracted from the Doppler-broadened
linewidths was 1390±243 K. The errors quoted for the rate coefficients and cross sections are 1� from the
mean.

Broadening
gas

kp

�MHz/Torr�
�p

�10−14 cm2�
ks

�MHz/Torr�
�s

�10−14 cm2�

He 11.8 �1.5� 1.98 �0.25� +1.92 �0.20� +0.65 �0.07�
Ne 4.68 �0.91� 1.63 �0.32� −0.75 �0.07� −0.52 �0.05�
Ar 11.1 �1.1� 4.99 �0.48� −3.60 �0.30� −3.24 �0.27�
Kr 10.4 �1.4� 5.86 �0.78� −3.11 �0.12� −3.50 �0.13�
Xe 10.9 �0.3� 6.80 �0.20� −3.70 �0.03� −4.60 �0.03�
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equal to the value reported here to within experimental error
with a less than 3% difference in the average value for the
cross section. In contrast, their value for Ne was
�0.98±0.12��10−14 cm2 which translates to a 23% differ-
ence and does not agree well with our results to within ex-
perimental error. Crane et al. did not measure line shifting.

The collision-broadening cross sections shown in Tables
I–IV show a systematic increase in their values with in-
creased collision reduced mass. The heavier noble gases tend
to be more efficient in broadening the Sr absorption lines
studied here. Efficiency, as defined here, is the ratio of the
broadening cross section to a calculated gas kinetic value for
the Sr–noble-gas pair. �The gas kinetic cross sections for
HeuSr to XeuSr are, respectively, 3.1�10−15, 3.99
�10−15, 4.71�10−15, 4.91�10−15, and 3.1�10−15 cm2.�
This trend could be attributed to the polarizability of the
noble-gas atom. That is, the polarizability of the noble gases
increases from He to Xe and the larger polarizabilty of the
collision partner could induce stronger interactions via dis-
persion forces and, therefore, produce stronger perturbations
during the absorption process with the Sr atom. The broad-
ening cross sections for the 5s5p 3P0,1,2→5s6s 3S1 transi-
tions perturbed by the noble gases are plotted in Fig. 5 as a
function of the angular momentum quantum number J of the
initial state. The data indicate that the broadening cross sec-
tions show no dependence on angular momentum of the
atom to within experimental error, a trend seen repeatedly in
the collision broadening of molecular absorption lines �20�.

These pressure-broadening and line-shifting results pro-
vide the means to extract a set of fundamental information

about the interactions between Sr and the various noble
gases. In particular, the prescription of Hindmarsh and Farr
�19� provides a method to compute difference potentials,
which are defined as the energy difference between two
atomic states, using the pressure-broadening and line-shifting
cross sections. If the Lennard-Jones potential is used to rep-
resent the difference potential, then the van der Waals con-
stants C6 and C12 can be extracted from the analysis.

The difference potentials between atomic strontium en-
ergy states as they are perturbed by interacting species are
related to the line-broadening and -shifting cross sections by
the following expressions:

�p = 2��
0

�

�1 − cos ������ d� , �4�

�s = 2��
0

�

sin ����� d� . �5�

The species absorbing radiation is modeled as an oscillating
electric charge and, during a collision, the term ���� repre-
sents the phase perturbation of the electric field as a function
of impact parameter �, and can be expressed as

���� =
2

	
v���

� V�r�r dr
�r2 − �2

�6�

where V�r� is the difference potential, 
v� is the average rela-
tive velocity between absorbing and perturbing species, and r
is the separation between the Sr and noble-gas atoms.

TABLE III. Pressure-broadening and line-shifting rate coefficients and cross sections for the
5s5p 3P1→5s6s 3S1 transition at 688.0 nm in 88S. The average Sr temperature extracted from the Doppler-
broadened linewidths was 1390±243 K. The errors quoted for the rate coefficients and cross sections are 1�
from the mean.

Broadening
gas

kp

�MHz/Torr�
�p

�10−14 cm2�
ks

�MHz/Torr�
�s

�10−14 cm2�

He 14.6 �0.8� 2.45 �0.14� +1.69 �0.16� +0.57 �0.05�
Ne 4.88 �0.68� 1.69 �0.24� −0.43 �0.09� −0.30 �0.06�
Ar 10.3 �1.5� 4.64 �0.67� −3.34 �0.02� −3.00 �0.02�
Kr 9.51 �0.96� 5.34 �0.54� −2.91 �0.19� −3.26 �0.22�
Xe 11.7 �2.6� 7.30 �1.6� −2.90 �0.42� −3.61 �0.52�

TABLE IV. Pressure-broadening and line-shifting rate coefficients and cross sections for the
5s5p 3P2→5s6s 3S1 transition at 707.2 nm in 88Sr. The average Sr temperature extracted from the Doppler-
broadened linewidths was 1390±243 K. The errors quoted for the rate coefficients and cross sections are 1�
from the mean.

Broadening
gas

kp

�MHz/Torr�
�p

�10−14 cm2�
ks

�MHz/Torr�
�s

�10−14 cm2�

He 10.9 �1.4� 1.83 �0.24� +2.06 �0.12� +0.69 �0.04�
Ne 4.72 �0.35� 1.64 �0.12� −0.45 �0.03� −0.32 �0.02�
Ar 9.39 �0.70� 4.22 �0.31� −3.95 �0.13� −3.55 �0.12�
Kr 10.37 �0.68� 5.83 �0.38� −2.80 �0.10� −3.14 �0.11�
Xe 11.09 �0.46� 6.90 �0.29� −3.63 �0.11� −4.52 �0.14�

PRESSURE BROADENING AND LINE SHIFTING OF … PHYSICAL REVIEW A 72, 012711 �2005�

012711-5



The Lennard-Jones �6–12� potential is often a useful way
of expressing the difference potential because it involves two
relatively intuitive terms: the attractive or van der Waals con-
stant C6 and the repulsive nuclear term C12, where

V�r� =
C12

r12 −
C6

r6 . �7�

If this expression is used in Eq. �6�, then the line-broadening
and -shifting cross sections are related directly to the differ-
ence potential constants by the following equations:

�p = 8��3�

8

C6

	
v�

2/5

B�
� , �8�

�s = 2��3�

8

C6

	
v�

2/5

S�
� , �9�

where

B�
� = �
0

�

sin2�1

2
� 


r11 −
1

r5
�r dr , �10�

S�
� = �
0

�

sin� 


r11 −
1

r5
r dr , �11�

and


 =
63�

256
� 8

3�

11/5


v�6/5C12	
6/5

C6
11/5 . �12�

A solution can be obtained by first computing both S�
� and
B�
� and plotting the ratio of the line-shifting cross section
to the pressure-broadening cross section vs log10�
� where
�s /�p=S�
� /4B�
�. A sample plot is shown in Fig. 6. Next,
we take the experimentally derived ratio of the two cross
sections and find the intersection with the computed curve,
also shown in Fig. 6. The value at the intersection of the
experimental ratio and the computed curve allows us to ex-
tract the parameter 
 and provides the relationship between
S�
� and B�
�. The van der Waals constant C6 can then be
determined using Eqs. �8� and �9� and the value for C12 can
be derived from Eq. �12�. For collisions between He and Sr,
the ratio of the broadening to line-shifting cross sections ap-
proaches the asymptotic limit and, therefore, the potential is
treated as purely repulsive. Table V summarizes the Lennard-
Jones coefficients for each noble-gas–Sr system derived from
these analyses and the difference potentials are plotted in
Fig. 7. The difference potentials of Fig. 7 show shallow
bound states for all the Sr–noble-gas pairs except for He. The
HeuSr difference potential is repulsive in all cases and the
bound systems are all very weak with well depths below

TABLE V. A summary of the Sr–noble-gas Lennard-Jones con-
stants C6 and C12 used to construct the difference potentials.

Noble gas Transition
C6

�10−58 erg cm6�
C12

�10−101 erg cm12�

He 1S0→ 3P1 0 0.186

Ne 0.912 1.285

Ar 1.860 3.473

Kr 4.04 31.276

Xe 5.80 89.26

He 3P0→ 3S1 0 23

Ne 2.73 7.50

Ar 48.9 2730

Kr 56.3 5410

Xe 77.99 10670

He 3P1→ 3S1 1.58 69.8

Ne 2.36 8.52

Ar 40.8 1840

Kr 45.2 3250

Xe 80 16480

He 3P2→ 3S1 0 20.1

Ne 2.231 7.19

Ar 32.11 900

Kr 52.9 5341

Xe 79.8 11700

FIG. 5. A plot of the pressure-broadening cross sections for the
5s5p 3P0,1,2→5s6s 3S1 transitions of Sr perturbed by the noble
gases as a function of the initial-state total angular momentum
quantum number J.

FIG. 6. The ratio of the line-shifting cross section to the
pressure-broadening cross section is plotted vs log10�
�. The experi-
mentally derived ratio for the 5s2 1S0→5s5p 3P1 transition per-
turbed by Xe is indicated by the horizontal line showing the inter-
section with the computed curve.
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2 cm−1. These qualitative results are not entirely unreason-
able in light of computations performed by Lovallo and Klo-
bukowski �21�. In their theoretical study, Lovallo and Klo-
bukowski computed SruHe pair potentials using the ground
states of both atoms. They predict a potential with only three
rovibrational states and one that is very shallow with an ap-
proximate well depth of only 2 cm−1 which is indicative of a
weakly bound system. In addition, difference potentials cal-
culated for the Sr resonance transition �1S0→ 1P1 with He
also produce a very weakly bound system �11–13�. The well
depths in the resonance transition studies, however, show

depths increasing with the mass �and polarizability� of the
noble-gas collision partner. We observe the opposite effect
here, which remains unexplained until further studies are
performed.

SUMMARY

We have utilized tunable dye laser absorption spectros-
copy for measuring Lorentzian linewidths and line-center
frequencies of collisionally broadened, radiative transitions
in 88Sr. In particular, we acquired spectral line shapes in the
intercombination band 5s2 1S0→5s5p 3P1, and in the triplet
manifold 5s5p 3P0,1,2→5s6s 3S1, of strontium. The line pro-
files were fitted to a Voigt function to extract the Lorentzian
linewidths and the line-center frequencies and these values
were subsequently used to determine collision-broadening
and line-shifting cross sections induced by collisions with
the five noble gases. Generally, the collision-broadening
cross sections increased with increasing mass of the collision
partner. The line-shifting cross sections were positive for he-
lium �greater separation between the states� and negative for
the other noble gases possibly due to a small or nonexistent
attractive difference potential terms for the SruHe system.
We used these results to compute difference potentials using
a classical impact model and the Lennard-Jones potential to
model for the difference potential for the various Sr–noble-
gas pairs. We also reported the Lennard-Jones parameters C6
and C12 for each collision pair and transition.
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FIG. 7. Difference potential energy curves for Sr–noble-gas col-
lision systems plotted against internuclear separation: �a� 5s2 1S0
↔5s5p 3P1; �b� 5s5p 3P0↔5s6s 3S1; �c� 5s5p 3P1↔5s6s 3S1; and
�d� 5s5p 3P2↔5s6s 3S1. The Lennard-Jones �6-12� potential was
used to model the difference potentials.
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