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High Pressure Line shapes of the Rb D; and D, lines for *He and *He collisions
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Abstract

Line shapes for the Rb D; (5 2s, 2 e 5 2p, ,2) and D (5 %S, 2 e S 2P3/2) transitions with “He and 3He collisions at pressures
of 500 - 15,000 Torr and temperatures of 333 - 533 K have been experimentally observed and compared to predictions from the
Anderson-Talman theory. The ground X*%} ) and excited A1y 2, A*I3)5, and B*Z} ) potential energy surfaces required for the line
shape predictions have been calculated using a one-electron pseudo-potential technique. The observed collision induced shift rates
for “He are dramatically higher for the D line, 4.60 + 0.12 MHz/Torr than the D, line, 0.20 + 0.14 MHz/Torr. The asymmetry is
somewhat larger for the D, line and has the same sign as the shifting rate. The 3He broadening rate for the D, line is 4% larger than
the “He rate, and 14% higher for the D line, reflecting the higher relative speed. The calculated broadening rates are systematically
larger than the observed rates by 1.1 - 3.2 MHz/Torr and agree within 14%. The primary focus of the current work is to characterize
the high pressure line shapes, focusing on the non-Lorentzian features far from line center. In the far wing, the cross-section
decreases by more than 4 orders of magnitude, with a broad, secondary maximum in the D, line near 735 nm. The potentials do
not require empirical modification to provide excellent quantitative agreement with the observations. The dipole moment variation

and absorption Boltzmann factor is critical to obtaining strong agreement in the wings.

Keywords:
line shape, rubidium, asymmetric broadening, potentials

1. Introduction

The diode-pumped alkali laser (DPAL) was proposed in
2001 as an alternative to high-power, diode-pumped, solid-state
lasers (28; 30). The radiation from the un-phased diode laser
bars or stacks are absorbed on the D, S/, = ?Ps); transition
and collisional energy transfer to the spin-orbit split 2Py, state
yields lasing on the Dy 2Py, = 28y, transition in potassium,
rubidium, or cesium vapor.

A rubidium laser pumped by a 1.28 kW diode stack with a
0.35-nm bandwidth has achieved 145-W average power (52).
More recently, 1 kW Cs laser with closed loop transverse flow
was demonstrated with 48% optical-to-optical efficiency (11).
The fine structure splitting in Cs is large, and hydrocarbon col-
lision partners are generally required to prevent bottlenecking.
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The presence of hydrocarbons can lead to soot and alkali hy-
dride formation (29). In contrast, helium is sufficient to induce
fine structure mixing in Rb with the rates required to support
high power development (36). Helium pressures of 10-20 atmo-
spheres are required to avoid bottlenecking on the fine structure
mixing and to broaden the absorption line shapes sufficiently to
accept modestly narrowed diode bar radiation. Characterizing
the high pressure Rb-He line shapes is critical to: (1) design
the pump diode spectral band, (2) design the optical resonator,
(3) assess the effects of atmospheric transmission on high power
propagation, and (4) evaluate the rates of ionization via far wing
absorption. In this chapter we observe and compare with the-
ory the high-pressure line shapes for the Rb D; and D, lines
induced by collisions with “He and *He.

The Rb-He gas line shapes near resonance (in the core) have
been investigated experimentally in considerable detail (45; 44;
51; 42; 34; 40; 23; 47; 6; 25; 49; 19; 27). The broadening
and shifting rates for the Rb D; line induced by collisions
with “*He using modern methods agree to within better than 4%
(45; 44; 51; 42; 34). The agreement for the D, line is poorer,
with a 9% variance for the broadening rate and 20% for the shift
rate. The shift rate for the D, line is small due to the combined
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effects of two electronic surfaces. The temperature range where
these rates have been determined is modest, 314-394 K, and
span several different studies. Older measurements during the
period 1940-1980 exhibit a 30% variance in broadening rates
and disagree on the sign of the shift (40; 23; 47; 6; 25; 49; 19).
The corresponding rates for collisions with *He were all per-
formed at high pressures, >1 atm, and vary by about 20%
(44; 27; 32).

Several computational approaches have also been applied to
compute the broadening and shift rates (26; 46; 9; 33; 8). How-
ever, the results are sensitive to the long range portion of the in-
teraction potentials. Indeed, the two ab inito potentials (35; 10)
used in our recent study of Cs line shapes (20) both require em-
pirical modification to adequately describe the observed spec-
tra. Furthermore, different line shape theories applied to the
same interaction potentials do not agree on the sign of the shift
for the Rb-He interaction (9).

In the current work we focus on the high pressure, non-
Lorentzian behavior of the Rb-He D, and D, line shapes. For
pressures exceeding 1,000 Torr, a significant asymmetry has
been observed in the core of the line, (44; 42; 34) as pre-
dicted by several theoretical calculations (12; 13; 17; 24). How-
ever, the magnitude of the asymmetry is not well predicted
and further refinement of the interaction potential appears nec-
essary (26). A blue satellite is observed in the far wing of
the Rb D, line and is most pronounced for the heavier rare
gases (12; 13; 17; 24; 2). A comparison of the theoretical pre-
dictions for the far wing spectra of Rb-He over a broad range of
temperatures has recently been published (12). In the recent
work, potential surfaces were generated using SA-CASSCF-
MRCI calculations. In this paper we report observations of the
absorption spectrum in far wings of the Rb D, and D, lines
perturbed by “*He and *He at pressures as high as 15,000 Torr.
We then employ the Anderson-Talman theory, (3; 4) including
the effects of dipole moment variation, (1) to predict the line
shapes. The sensitivity of dipole moment variation on the wing
line shapes is also evaluated. Our longer-term goal is to unify
the Rb-He DPAL kinetics with potential surfaces that are suffi-
cient to predict the temperature dependence of the fine structure
mixing rates and collisional line shape parameters.

2. Experiment

Absorption spectra for rubidium vapor in the spectral range
600-875 nm were observed using a grating monochromator, as
shown in Figure 1. The broadband visible emission from an
Ealing 100 Watt tungsten lamp, with Oriel 68831 300 W lamp
power supply, was collimated with an f=2.5 cm lens to pass
through a Rb sample maintained in a gas recirculation cell. The
transmitted light was focused with another f=2.5 cm, 5 cm di-
ameter lens onto the entrance slit of a McPherson model 209
f=1.33 m (f/#=9.4) monochromator. With a 500 nm blaze, 1200
gr/mm grating and slits widths of 20.8 um for the entrance and
34.7 um for the exit, the instrumental line shape exhibited a full
width at half maximum spectral resolution of 0.05 nm (24.7
GHz). An Ultraviolet Products krypton pen lamp was posi-
tioned at 17 mm in front of the monochromator entrance slit to

provide dynamic wavelength calibration. Wavelength calibra-
tion was stable to within 0.035 nm from over 6 months of data
acquisition. Wavelength calibrations were performed dynami-
cally, with the lamp and absorption spectra acquired simultane-
ously. During a single run, the accuracy of the calibration was
limited to about 10% of the instrumental line shape. At 15,000
Torr, this corresponds to an uncertainty is shift and broadening
rates of about 0.17 MHz/Torr.
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Figure 1: Experimental setup for the High-Pressure Lineshape Study

An uncooled Burle C31034A photomultiplier tube biased at
1,275 V exhibited a dark signal bias of 4-6 nA with noise fluc-
tuation of 0.04 nA, as monitored on a Keithley model 386 pi-
coammeter with 0.175 integration time. Monochromator scan
rates of 0.32 nm/min required approximately 11 hours to ob-
tain a full spectrum across the range 670-880 nm. The spec-
trum is sampled 11 times for each digital step in wavelength
of 0.01 nm. The un-attenuated lamp signal was typically 110-
120 nA with noise of 0.25-0.35 nA. The minimum detectable
absorbance:

A = =In[I(D)/IH(D)] ey

where

I,(1) = transmitted intensity with Rb vapor in the path

1,(1) = transmitted intensity without Rb in the path
was limited by the detector noise at A= 0.005. The maximum
detectable absorbance was limited by baseline drift and noise
at A= 2.1. Absorbance was stable to within 2% over a 13-
hour period for a cold cell. Cell window transmission degraded
by about 60% over a 6-month period. This long-term window
cleanliness was likely a result of: (1) the absence of hydrocar-
bons in the cell, (2) low irradiance from the white light source
(no laser irradiation), (3) maintaining elevated window temper-
atures, and most importantly (4) minimizing outgassing, and
alkali handling in a glove box environment.

A spectral baseline, I,(1), was obtained by recording the
transmitted intensity with the circulator operated at 296 K (Rb
density, n < 10'%atom/cm®) and evacuated conditions to mini-
mize the spectral absorption. A 9" order polynomial fit for the



average of several observed baselines before and after allows
interpolation across the weak and narrow D; and D, line po-
sitions. This baseline had no theoretical basis and was chosen
because it provided the best fit to the cold scan data. The stabil-
ity of the observed baselines was affected primarily by changes
in the circulator window transmission. The transmitted signal
at 735 nm with the circulator operating at 513 K varied from
38.5-41.0 nA, or by 6.5% during a 13 hour observation.

A schematic of the gas circulator and gas handling system
is provided in Figure 2. The gas bearing turbo machinery cir-
culator provides mass flow rates of up to 1 g/s to enable future
laser demonstrations. In the current experiments, stagnant, non-
flowing circulator conditions were employed. The Monel 400
walls and stainless steel 316 valves were not degraded through-
out the testing period. The optical path length with Rb vapor
is 8.125 cm and accessed through 4 fused silica windows. The
space between the double windows on each end of the cell were
evacuated and designed to minimize thermal gradient induced
turbulence. Custom made Monel 400 gaskets, made softer by
annealing, were used in place of traditional OFHC Copper gas-
kets on all CF seals. Temperatures of 333-533 K were mon-
itored by type K thermocouples and controlled in four zones
with a Watlow controller, to yield rubidium densities of n = 2.5
x 10" - 6.3 x 10" atoms/cm?. The windows were kept at 5-
10 K hotter than the test cell to minimize plating. Rubidium
density is stable to within 2% over a 13 hour period. However,
there is a periodic variation of temperature, due to the control
system response time of 3.5 min, of AT = 3 K. This produces
a variation in absorbance of up to AA = .02 at the highest tem-
peratures, and is corrected as discussed below.
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Figure 2: Diagram of the high-pressure Rb absorption cell

Approximately 1 g of Alfa Aesar 99.75% purity, natural iso-
topic abundance rubidium was loaded into the circulator in a
nitrogen purged dry box. This single charge of rubidium was
not depleted or reacted during the 9 months of operation. Linde
99.9999% “He and Spectra Gases, 99.9% 3He was introduced
through a SAES heated getter and 0.003 um filter to remove at-
mospheric gases, CO, and H, to <1 ppb. A Varian EX9698996

turbo pump was used to evacuate the circulator. Pressure was
measured with a 15,000 Torr MKS model 609A manometer
and 670 signal conditioner. Line shapes for gas pressures of
500 - 15,000 Torr were observed. Pressure measurements are
performed and reported at the elevated cell temperatures. The
pressure transducer is protected behind a stainless steel valve
during the longer spectral scans.

3. Observed Spectra

The transmitted intensity as a function of monochromator
wavelength for several rubidium densities and “*He pressure of
10,000 Torr is provided in Figure 3. The various spectral fea-
tures are assigned to the strongly absorbed Rb D; and D, lines,
the weaker Cs D, line at 852.1 nm due to sample impurity, the
Kr lamp calibration lines, and for the higher Rb densities, the
vibrational bands of the Rb, X 12g+ — B1, electronic transition.
The broad blue satellite of the Rb D, line can also been seen in
the higher Rb density scans near 4 = 735 nm. The absorbance
in the blue satellite is 0.03% of the line center absorbance at
10,000 Torr. The core of the Rb D, and D) lines become highly
opaque for T > 400 K. The relative height of the Cs D, line sug-
gests ~0.047% Cs in the sample. The potassium lines near 770
nm and 766 nm are very weak in the current spectra. At T =333
K, the ratio of Rb dimer to atom concentrations is 7 x 10~> and
grows dramatically to 4 x 1073 at T = 533 K (39). Fortunately
the Rb, absorbance is spectrally isolated from the atomic lines.

Rtz 50700

Figure 3: Monochromator spectrum at T=353 - 533 K and *He pressure of
10,000 Torr. Spectral features are assigned in the upper banner and the fit resid-
uals for a 9 order polynomial in regions without spectral structure is provided
in the lower panel.

The transmitted intensity of Figure 3 is converted to ab-
sorbance, A, in Figure 4, using Beer’s Law and the baseline
spectrum from the cold scans as described above. The bot-
tom panel in Figure 3 illustrates the residuals associated with
the baseline polynomial fit to the data. In the regions with
no atomic or molecular features, the residuals are unstructured
with an average variance of Al = 1 x 10~ A or approximately
2-5%. By examining the absorbance in the spectral region near
the Rb D, and D; lines only, several new features are revealed.
A slow saw-tooth cycling of temperature of 3 K (peak to valley)
with a regular period of 3.5 minutes leads to a periodic variance
in absorbance of up to AA = 0.02. This variance is fully re-
moved by processing the data with the thermocouple readings,



as shown below. The absorbance due to the atmospheric O,
X3% - b'2(0, 0) band near 762 nm is rotationally resolved. The
absorbance of A=0.02 is consistent with a path length of 2 me-
ters, largely within the monochromator. Additional detail from
the Kr lamp is also evident in Figure 4.
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Figure 4: Absorbance spectra corresponding to the data in Figure 3. The mag-
netic dipole selection rules, Hunds case (b), produces four 0,(b's - X3%)
absorption branches: ¥ P and ” Q, beginning near 762 nm and extending beyond
770 nm, and the ®Q and %R lines from 762-759 nm.

At lower Rb densities, the core of the line shape is not opaque
and the rates for collisional broadening, shifting and asymme-
try may be evaluated. Figures 5 and 6 illustrates the observed
line shapes for both the Rb D, and D; lines for 4He and *He
pressures of 500-15,000 Torr at 343 K. The D, lines exhibit a
significant shift of the center frequency to the blue. In contrast,
the D, lines exhibit a small blue shift. In all cases, the widths of
the spectral features are 240-290 GHz at the highest pressure,
depending on transition and buffer gas. The areas under these
curves are nearly constant, varying by 18% for D; and 8% for
D, due to modest changes in alkali density.

The Anderson-Talman theory for the line shape, limited to
the low-pressure core of the line, can be expressed as two terms:

|cos(nBo)nar) + sin(npo) (5 — npy)|
(na1)? + (22 —ng, )’

where the first term is nearly Lorentzian at low perturber den-
sity, n, and represents the pressure broadened and shifted line
core. The second term has a dispersive shape, with asym-
metric shading. The rate for pressure broadening of the core
Lorentzian, y, is normally defined from the low pressure line
shapes by the full-width half-maximum (FWHM) line width
and expressed with units of MHz/Torr:

1) =2 (%)e*"ao 2)

Avewny = yP + Av, 3)

where Av,, is natural broadening and

y= (%)(%)m @

Similarly, the rate for the pressure-induced shift of the line cen-

ter is:
2y c
6= (Tm)(ﬁ)m %)

£ ) T 75
Wavelength, A {nm)

(a) D| “He

Residual

(b) D, *He

Figure 5: Core line shapes for (a) Rb D “4He and (b) Rb D2—4He, at pressures
from narrowest to widest of (—) 512 Torr, (——) 997 Torr, (- - -) 1,544 Torr, (...)
2,005 Torr, ( ) 3,006 Torr, (™) 5,490 Torr, (= = ~) 9,988 Tort, (s« »)
15,039 Torr.

E
=
]
i
4
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Figure 6: Core line shapes for (a) Rb D -3He and (b) Rb D2—3He, at pressures
from narrowest to widest of (—) 502 Torr, (—-) 998 Torr, (- - -) 1,498 Torr, (...)
1,994 Torr, ( ) 3,015 Torr, (—.™) 5,001 Torr, (= = =) 7,500 Torr, (««s)
10,062 Torr.




Finally, the asymmetry of the line shape, or how much of a tail
the line shape has to one side compared to the other, is described
by the parameter, (3,,.

A fit of equation (2) to the full set of data for T = 343 K simi-
lar to that provided in Figures 5 and 6 yields the rate parameters
reported in Table 1. The fits are limited to the core of the line,
defined as the signal near resonance from 25% of the peak to
the peak. The wing of the lines and secondary maximum are
not described by equation 2 and are discussed further below.
The quality of the fits is indicated by the residuals displayed in
Figures 5 and 6. Typically, 8 spectra were recorded at pressures
of 50-15,000 Torr. Linear fits yield the rates in Table 1 with
uncertainties reported as the 95% confidence interval. The sta-
tistical errors reported in Table 1 are similar to the instrumental
line shape and spectral calibration errors of ~0.17 MHz/Torr, as
specified above.

The prior experimental “He broadening rates for the D,
line vary from 14.3-22.5 MHz/Torr and were measured in a
modest temperature range of 310-394 K. The modern results
(since 1990) are more closely grouped with an average of 18.8
+ 1.7 MHz/Torr. Scaling the rates to a common tempera-
ture requires a prediction of the temperature dependent cross-
section, (51; 20; 41; 43) but only marginally reduces the varia-
tion in the results. The current observation is somewhat lower
at 17.0 £ 0.3 MHz/Torr, just outside of the range of the modern
measurements. The modern D; rates exhibit a smaller range
with an average of 18.2 = 0.6 MHz/Torr, and the present result
is again somewhat low. The grating spectrometer employed
in the current work is designed to examine the far wings of
the lineshapes and has poorer spectral resolution than the laser
absorption experiments. The preferred results are from refer-
ences (45; 44; 51).

It is worth noting that the theoretical predictions for the
D, broadening rate, even when using the same interaction
potentials and temperature, vary from 15.7-20.2 MHz/Torr.
The semi-classical Anderson-Tallman line shape theory predic-
tions (9) and the full quantum mechanical Baranger calculations
done by Loper (33) yield predictions that vary by more than the
range of experimental observations. The Anderson-Talman the-
ory for the full line shape is discussed in Section 4.3.

Comparing the *He and *He results reveals an interesting
trend. For the D, line the current *He rate is 4% larger than
the “He rate, which agrees almost exactly with the only prior
study of both collision partners (44). Similarly for the D, line,
the ratio is 14% higher in the current results, compared with
15% in reference (44). The primary isotope effect is the higher
relative speed of the collision pair, which would predict a 15%
increase for *He due to the reduced mass of the *He.

The collision induced shift rates are dramatically higher for
the D, line than the D, line. The D, line is influenced by two
surfaces, with competing binding (see Section 4.2), yielding
small shifts. The current result for the D; line, 4.60 + 0.12
MHz/Torr and 5.65 + 0.35 MHz/Torr for “He and *He respec-
tively, agree quite favorably with the prior modern results with
averages of 4.6 + 0.2 MHz/Torr and 5.8 + 0.5 MHz/Torr. The
agreement for the D, line is similar with the present results of
0.2 + 0.14 MHz/Torr and 0.65 + 0.2 MHz/Torr in agreement

Table 1: Pressure Broadening and Shift Rates
In the table of rates below the Broadening (y) and Shift (6) rates are given in
MHz/Torr with Asymmetry (8) parameter reported as rad nm>

D1 D2 Temp  Ref
‘Hey 16.1+02 17.0+0.3 343 Exp
17.6 = 0.1 16.5 £ 0.1 353 (42)
203+ .3 314 (51)
18.9+0.2 20.0+0.2 394 (45)
18.3+0.2 184 +0.2 353 (44)
17.9 £ 0.2 373 (34)
19.0£2.0 15.0+2.0 320 (23)
18.3+0.9 (25)
225+ 1.1 310 (6)
185+34 185+3.4 320 (40)
19.3 18.1 313 Theory
21.6 19.8 394 9)
15.7 21.3 394 (33)
14.3 14.3 320 (26)
171 12.5 450 (46)
‘Heo  4.60+.12 20+ .14 343 Exp
4.57 + .02 0.28 + .05 353 (42)
0.39 + .06 314 (51)
4.71 = .04 0.37 = .06 394 (45)
440 + 0.1 A7 £ .06 353 (44)
50+1.0 09+0.2 320 (23)
6.2+0.5 (25)
22+0.5 310 (6)
-0.74 £ 0.34 320 (40)
4.66 0.20 393 Theory
5.8 1.10 394 )
-5.8 -1.13 394 (33)
1.09 1.09 320 (26)
4.13 1.76 450 (46)
*HepBy 0.51+.04 0.24 + .02 343 Exp
-0.98 +0.03 -0.12+0.03 353 (44)
-0.61 £0.03 -0.14+0.04 353 (42)
1.1 0.3 313 Theory
‘Hey 16.8+05 194+ 04 343 Exp
19.0+0.3 21.2+0.2 353 (44)
18.12 +£0.07 20.30+0.08 363 27)
26.32 393 (32)
19.6 20.1 393 Theory
Hes 565+035 0.65+0.2 343 Exp
54+ .05 .62 + .04 363 (27)
6.32 393 (32)
5.74+0.15 0.69+0.05 353 (44)
5.45 -0.01 393 Theory
‘HefBy 043+001 030+0.03 343 Exp
-0.55+0.03 -0.24+0.03 353 (44)
0.50 0.125 333 Theory



with the average prior results of 0.38 + 0.08 MHz/Torr and 0.65
+ 0.04 MHz/Torr. However, the theoretical predictions some-
times disagree even on the sign of the shift.

In Figure 7, the spectra are folded about the line center to
illustrate the asymmetric nature of the modified Lorentzian line
shape. The asymmetry parameter, (,, is positive, reflecting a
higher intensity on the blue side of the line, consistent with
equation (2). The asymmetry is somewhat larger for the D; line
and has the same sign as the shifting rate. The asymmetry rates
generally follow the trends observed for the collision induced
shifts, as previously reported for Csrare gas collisions (8). The
asymmetry parameters from prior studies reported in Table 1
use a different sign convention, where 8, < 0 implies a repul-
sive interaction potential (44). The current and prior observed
line shapes for He all exhibit a higher intensity on the blue side
of the line.

Figure 7: Asymmetric line shapes observed at 343 K and 998 Torr for (—) *He
and (- - -) 3He. The red wings (—) are less intense than the blue wings (—) of
the line shape, yielding a positive value for By

CrossSection, o (om®)

Figure 8: Absorption cross-sections at 10,000 Torr observed for: (—) “He and
(—) 3He and (- - -) predicted from the Anderson-Talman theory with dipole
moment variation and absorption Boltzmann factor. The spectra are obtained
by merging the observed absorbance at T = 333 K near line center to T = 533
K in the far wings. The oxygen absorption and several calibration lamp lines
are retained in the 3He spectrum.

The primary focus of the current work is to characterize the
high pressure line shapes, focusing on the non-Lorentzian fea-
tures far from line center. In particular, the broader absorption
spectrum of Figure 4 illustrates the blue satellite of the D, line
near 735 nm. The location, height and shape of this satellite
peak is a strong probe of the interaction potential. To better
characterize the full line shape, the absorbance is converted to
the cross-section in Figure 8. The absorption cross-section, o,

is defined as:

gu A2
o() = A/(nL) = == —A,g(A) (6)
g 3m
where
n = Rb density
L = vapor path length = 8.125 cm
gu; = degeneracy of the upper and lower levels:
8CP3p) =4, g8 12) = gCPipp) =2
A, = spontaneous emission rate between the upper and
lower level:
A(2P3/2) = 3.81)61075‘_1 and A(2P1/2) =
3.61x107s7!
g(1) = the wavelength dependent transition line shape
For a Lorentzian line shape with a width of 170 GHz (the
D, line at 10,000 Torr), the peak cross-section would be o =
6.9x10~1* c¢m?, about twice the value observed in the spectrum
of Figure 8 with a peak D, cross-section of 3.6x107'% cm?. The
RbD density appears to be overestimated by the wall temperature,
with AT = 6K sufficient to explain the difference.

The variation in Rb density due to cycling of the temperature
control loop produces a periodic variance in the absorbance of
Figure 4. This variation is removed in Figure 8. The tempera-
ture varies periodically with a peak-to valley difference of 3 K
and a period of 3.5 min. At T= 473 K, the Rb vapor pressure
curve exhibits a 12% change in density for the 3 K temperature
variation. By ratioing the observed absorbance to the Rb den-
sity when calculating the absorption cross-section, this variance
is fully removed.

The absorption cross section reported in Figure 8 is com-
prised of absorbance spectra for six Rb densities, n = 2.35 X
10° — 5.36 x 103 atoms/cm? (T = 333-533 K). By merging the
absorbance at low density for the line center and at high density
for the blue satellite, a single curve is developed with larger dy-
namic range. A variation in cross-section of more than 4 orders
of magnitude is observed. Note that the shapes of the *He and
3He wing spectra are quite similar. The location of the D, blue
satellite is 735.7 nm independent of pressure with an amplitude
of 0.03% of the peak at T= 100°C and 10,000 Torr. The lo-
cation of the blue satellite is predicted by the maximum in the
X-B difference potential as discussed below at 728.6 nm. The
B barrier in the B2Z;'/2 - X2Z;'/2 difference potential from refer-
ence (12) predicts the He blue satellite at 721.5 nm, whereas the
surfaces reported in reference (10) predict a maximum at 723.8
nm. The current ab initio surfaces systematically over predicted

the barrier height in the BZZ‘.Ir 1 surface.

4. Discussion and predicted line shapes

The observed high-pressure line shapes are compared with
predictions of the semi-classical Anderson Talman theory in the
following discussion. The presentation includes a brief devel-
opment of the theory, a description of the potential surfaces, and
a comparison of the predictions with the current observations.



4.1. Anderson Talman Line shape theory with dipole moment
variation
In the Anderson Talman theory of pressure broadening, (40)
the line shape, 1(v), is determined from the Fourier transform
of the auto-correlation function, ®:

00

I(v) « Re f D(s5)e?™ds (7)

0
D(s) = e "8 8)

where n is the density of the perturber and the accumulated
phase difference, g(s), is defined by the difference potential,
AV(r), and collision trajectory with impact parameter, b, and
relative speed, v. We have recently applied this theory to the Cs
Dy and D, lines for collisions with rare gases and the approach
is developed in further detail in reference (20). Recently, Al-
lard et. al. (1) has derived a modified version of the Anderson-
Talman equations that incorporates the variation of dipole tran-
sition moments, d, with inter-nuclear separation, r. They also
include a Boltzmann term that gives the probability distribution
for inter-nuclear separation,

d(r) = d(r)e" " ©)

where Vy is the ground state surface used to describe an absorp-
tion profile. With these modifications, the accumulated phase
for a single adiabatic surface is:

_ 1 ( ( ) _
g(s) = cp(r(O)) 0f2nbdbf[d (r(0))

Exp _!

W dtAV(r(t)) d_(r(O))d_(r(s))]dx (10)

ogym

assuming straight line trajectories:

r(t) = b2 + (x + 91)? (11)

Allard et. al. note that including the Boltzmann factor is not
consistent with straight line trajectories, but improves agree-
ment with experiment (1). Equation (10) uses an average veloc-
ity, v, rather than including the Maxwellian speed distribution.
With this form of the difference potential, the integral over time,
t, in the exponential can be accomplished analytically. The re-
maining two integrals over x and b are accomplished numeri-
cally.
The real and imaginary parts of the accumulated phase

gls) =a+ip (12)
at large correlation distances, s, become linear:
als) =ag+ ays (13)
B(s) = BO0) +Bis (14)
yielding the core line shape of Equation (3.2). The wing of the

line shape requires the full integral analysis of Equations (3.7-
11).

4.2. Potential surfaces

The diatomic potential surfaces that arise for collisions be-
tween the rubidium in its ground 28, j2 state or first excited
2p, /2,3/2 states, and helium are required to predict the D; and
D, line shapes. The ground XZZJ;’/2 and excited A%I1; /5, ATl3),
and BZHT/2 potential energy surfaces have been calculated us-
ing one-electron pseudopotential technique and are provided in
Figure 9.

Figure 9: Rb-He potential energy surfaces

The calculation method is based on the use of pseudopo-
tentials, which reduces the Rb-He excimer to a one-electron
molecular problem. In this model, Rb* and He are treated as
two closed-shell cores interacting with the alkali valence elec-
tron via semi-local pseudopotentials. The total potential energy
includes the core-core interaction, the interaction between the
Rb valence electron and the ionic system Rb*-He, and the spin
orbit coupling.

The core-core interaction, which corresponds to the Rb*-He
ground state potential energy curve, is taken from the accu-
rate coupled cluster calculations of Hickling et al. (21) Single
and double excitations were included, along with a perturbative
treatment of the triple excitation terms, CCSD(T). This poten-
tial is fit using the analytical form of Tang and Toennies (48).
The equilibrium distance of the neutral dimer is larger than that
of the ionic system, and few energies were calculated around
this distance. Providing an analytical form for the Rb*-He core-
core interactions increases the accuracy in the region of interest
for the neutral Rb-He dimer. The analytical form contains the
well-known long range van der Waals terms and an exponential
short-range repulsion. By least squares fitting, the parameters
of the analytical form were derived. An excellent agreement is
observed between the analytical and the original numerical po-
tential. The difference between the analytical and the numerical
potentials for all internuclear distances is < 3 cm™!.

For the interaction between the Rb valence electron and the
ionic system, Rb*-He, we have performed a one-electron ab
initio calculation using semi-local pseudopotential for the Rb*
core and the electron-He effects. The electron-He atom inter-
action was represented by a pseudopotential fitted in our group.
However, the Rb atom has been represented by the one-electron
pseudopotential proposed by Barthelat et al. (18) and used in
previous calculations (7; 15; 16). In addition, we take into ac-
count the core-valence correlation by applying the operator for-
mulated by Miiller et al. (38). For each atom (Rb or He), the



core polarization effects are described by the effective potential
proposed by Miiller and Meyer. The electric dipole polarizabil-
ities were taken as 9.245 a.u. for the Rb* core and 1.3838 a.u.
for He (50; 31).

The pseudopotential parameters were optimized in order to
reproduce the ionization potentials and the lowest valence s, p
and d one-electron states as deduced from the atomic data ta-
bles. The Gaussian type orbital basis sets used for the rubid-
ium and helium atoms were 6s/6p/4d and 3s/3p. The calculated
ionization potential and the lowest atomic energy levels for Rb
were compared with the experimental data (5; 37) and a good
agreement was observed. The largest absolute error is 32.43
cm™! obtained for 5s-6p transition energy.

The spin-orbit interaction is evaluated using the semi-
empirical scheme of Cohen and Schneider (14). The spin-orbit
coupling for the electronic states, dissociating into 5p, is given
by the following matrix:

£/V2 0
E, (22+) 0 (15)
0 E,((m)+1/2

E, (*m) - 1/2¢
E/V2
0

The diagonalization of such a matrix provides us with the
eigenvalues and the energy splitting leading to three molecular
states related to the atomic limits S,2, P2 and P3/,. The spin
orbit coupling constant 5, (Rb) = 158.396 cm™" was used in
the present calculation. The rotation matrix issued from the di-
agonalization is used to determine the dipole moment including
the spin-orbit interaction.

The atomic asymptotic limits in Figure 9 have been shifted
to E=0 to better compare the surfaces. The ground XZZT/2 sur-

face correlating with Rb 5 25 |, is largely repulsive with a very
shallow well of depth ~ 4 cm™" at about 0.63 nm. The AT, 2
surface correlating with Rb 5 2p, ,2 has a well of 202.9 cem™!
near 0.30 nm. A local maximum of 24.3 cm™! occurs at longer
range, near 0.53 nm. The AT, ,2 and BzET/2 both correlate to
Rb 5 2P3/2. The A2H3/2 well is deeper than the AT, /2 sur-
face , 275 cm™!, but at the same location, 0.30 nm. The Bsz/z
exhibits a long range shallow well of 0.85 ¢m™! near 1.0 nm.
The barrier appears as a broad shoulder near 0.35 nm, with no
minimum at shorter range. These well depths differ by those
reported in reference (10) by 20-210%.

The corresponding difference potentials are shown in Fig-
ure 10. There is no long range minimum in the A%IT3 /Z-XZ}:DZ
difference potential and the minimum for AI1; ,-X*%} 1, s less
than 0.2 cm™! suggesting no red satellite features for the D
and D, lines. The D; AI], /Z-XZZT/Z difference potential has a
positive extremum of 24.4 cm™! at a separation of 0.57 nm. The
BZZT/Z-XZZT /, component of the D; transition has a positive ex-
tremum of 907.7 cm™! at a separation of 0.34 nm. The variation
of dipole moment with nuclear separation and the Boltzmann
factors described in equations (9-10) are provided for each sur-
face in Figure 11. The dipole moments for the current B-X sur-
face decrease from the asymptotic limit by < 15% atr = 3 nm,

with minimal variation for the other transitions. The variation at

shorter distances has minimal impact on the line shapes. How-
ever, the Boltzmann factors vary by a factor of 2-3 for the X and
B states, and will significantly modify the wing line shapes.

2 3 a 5

®
Distance (nm)

Figure 10: Rb-He difference potentials for the current work (—) and (- - -) for
the identical potentials used by Blank (10) and Bouhadjar (12).

Transition dhpale mamants (a.u.)
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Bokzmann Probabiity Factor
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Figure 11: Dipole moment (a) and Boltzmann Factors (b). Hager (- - -) (20)
and Bouhadjar (—) (12). A corresponds to the dipole moment for the X — A
transitions with B corresponding to the X — B transition.

To compute the D; and D, spectra we treat each of the dif-
ference potentials separately. The D line is separated from the
D, line in Rb by 237 cm~! and only the X — AT /2 difference
potential is required to compute the line shape. The D, line
is more complicated and requires both the X — A%I13,, and X-
B difference potentials. An approximate method to treat this
problem for large spin orbit coupling is to compute g(s), for
each difference potential and weight them equally to compute
the correlation function. This procedure is equivalent to a con-
volution of the two spectral lines. For ease of computation, we



fit the numerical difference potentials to an expansion in 1/7",
with n = 6-20.

In our recent work on Cs rare gas line shapes, sev-
eral empirical modifications of the potential surfaces were re-
quired to achieve reasonable agreement with the observed line
shapes (20). No empirical modifications of the potential sur-
faces are required in the present study.

4.3. Comparison of observed and predicted line shapes

The broadening, shifting and asymmetry parameters as pre-
dicted by Equation (3.2) are compared with the present obser-
vations in Table 1. The calculated broadening rates are sys-
tematically larger than the currently observed rates by 1.1-3.2
MHz/Torr and agree within 20%. The *He broadening rates are
higher due to the increased relative velocity. However, the in-
crease is not as high as anticipated and different for the D; and
D, lines due to a line dependent decrease in cross-section with
temperature, as discussed below. The collision induced shift
rates are generally more sensitive to interaction potential and
yet exhibit very good agreement.

There is a significant difference in the shift rates for the D,
and D, lines. This has also been observed in our recent Cs
study (20). The A%I13 /2-X22f/2 difference potential yields red
shifts, whereas the long-range barrier in the B°X{ ,-X*%} ) sur-
faces yields a blue shift. The convolution of these two line
shapes yields a smaller blue shift for the He D, line. In con-
trast, the Dy line involves only the A%IT; /2-X22T/2 surface which
exhibits a modest barrier and thus a larger blue shift. The mag-
nitude of the predicted shift rate is about twice the measured
value for the D; line, but close to the small value observed for
the D, line. The predicted shifts rates are remarkably similar to
the observations, except for the 3He D, line. Indeed, the predic-
tions for the *He D, line suggest a near zero shift, whereas the
observations indicate an increased shift to the blue. The temper-
ature dependence of the cross-section for the D, shift appears
to be a most sensitive probe of the interaction potential, and is
discussed further below. The predicted asymmetry parameters
are correlated with the shift rates.

Several predictions of the high pressure D; and D, line
shapes for Rb-*He and 3He collision pairs, at 10,000 Torr and T
=333 K near line center and T = 533 K in the far wings, are pro-
vided in Figure 12. Each spectrum consisting of 105 digitized
points was computed numerically from the Fourier transform
of the correlation functions for the D; and the convolved D,
difference potentials.

The blue satellite predicted for the D, line is readily appar-
ent and located at 735.7 nm, consistent with the observations of
Figure 4. This secondary maximum in the D, far blue wing oc-
curs at a wavelength corresponding to the barrier height in the
B-X difference potential. The barrier of 907.7 cm™' reported in
Figure 10 leads to the observed shift of 52 nm. The extremum
in the difference potential is broader and occurs at shorter range
for Rb than the corresponding surfaces for Cs. This is consis-
tent with the stronger, more defined blue satellite in Cs (20).
Inclusion of the variation in dipole moment and corresponding
Boltzmann factors in equations (9-10) further flattens and re-
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Figure 12: Predicted “He line shapes at 10,000 Torr and 333K: (a) Rb D, line
with convolution of both surfaces, assuming from top to bottom (—) no dipole
moment variation, (—) dipole moment variation with no Boltzmann factor, (—)
dipole moment variation with ground state Boltzmann factor, and (—) dipole
moment variation with excited B state Boltzmann factor; (b) Rb D; line with
(—) unmodified potentials, (—) difference potential scaled by 0.5, and (—)
difference potential scaled by 2.0.
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Figure 13: (a) Predicted full scan of absorption cross-section on logarithmic
scale, and (b) absorption cross-section from Bouhadjar (12) at 320 K (- - -) and
500 K (—).

duces the magnitude of the peak of the blue satellite. The vari-
ation in dipole moment has a minor effect on the amplitude of
the blue satellite. The effect of the Boltzmann factor in absorp-
tion (using the ground state potential) is more significant and
produces a blue satellite with a poorly defined peak and agrees
well with the current observations. A Boltzmann factor based
on the B state surface, as suggested for emission (1), dramati-
cally reduces the intensity of the far wing, inconsistent with the
observed line shape.

The D; line shown in Figure 12 exhibits a red shoulder,
which may result from the tail of a strong, but unresolved, blue
feature that is blended with the core. The barrier heights for
the A*T1,/,-X*%} , transitions are considerably less, leading to
smaller shifts and larger amplitudes. The D; blue satellite is
about 0.5x1073 of the resonant peak, or =5 times larger than
the D, blue satellite. The blue D; satellite does not present a
spectral peak, but rather generates a shoulder on the core line
shape.

A full prediction of the Rb-*He line shape for both lines is di-
rectly compared with the experimental results in Figure 8. The
potentials of Figure 9 do not require empirical modification to
provide excellent quantitative agreement. The dipole moment
variation and absorption Boltzmann factor is critical to obtain-
ing strong agreement. The difference in the modeled and pre-
dicted D, line is the greatest. The experimental observations
for the *He and “He collision partners also exhibit a greater dif-
ference on the red side of the D; line, presumably reflecting
greater temperature dependence.
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4.4. Predictions of the temperature dependent broadening and
shifting rates

A prediction for the temperature dependence of the broad-
ening and shifting rates is provided in Figure 9. The rates are
converted to cross-sections:

o) = y('i) (16)
v

o = 5(@) (17)
v

to remove the influence of relative velocity on the results. Two
sets of predictions are provided for each case. Using the av-
erage velocity as expressed in Equation 3.10 allows for highly
sampled temperature dependence. However, non-physical os-
cillations are observed, particularly for the D, line. By employ-
ing a Maxwellian distribution of relative speeds the oscillations
are removed, but the temperature dependence is less sampled,
due to the increased numerical complexity.
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Figure 14: Predicted temperature dependence for the broadening cross-sections
for the Rb-*He D; and D, lines using: (—) average velocity and (*) full
Maxwellian speed distribution. Experimental observations for: (OJ) “He, (o)
3 He with mass change reflected as temperature increase, and (o) prior observa-
tions from references (42; 44; 45; 51).

Often, broadening cross-sections are assumed independent of
temperature, as predicted for a hard sphere interaction. Alterna-
tively, the broadening cross-section for a long range attractive,
r~°, interaction, yields a 7703 dependence (22; 51). The D,
broadening cross-section is nearly independent of temperature,
whereas the D line is closer to the predicted van der Waals po-
tential, presumably due to the single, isolated surface. Note that
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Figure 15: Predicted temperature dependence for the shifting cross-sections
for the Rb-*He D; and D5 lines using: (—) average velocity and (*) full
Maxwellian speed distribution. Experimental observations for: (CJ) “He, (o)
3He with mass change reflected as temperature increase, and (o) prior observa-
tions from references (42; 44; 45; 51).

the shallower well observed for the Rb-He system compared
with Cs-Ar with higher polarizability, (20) produces a smaller
temperature dependence. The *He collision partner is a reason-
able substitute for higher temperature conditions, as the poten-
tial surfaces are unchanged. The observed *He broadening rate
does not increase as much as predicted by the mass effect on
average velocity. This difference is greater for the D, line, con-
sistent with the predicted stronger temperature dependence of
the cross-section. The predicted isotope effect on the D, shift
rate is less supported by the data. At high temperatures the
predicted shift rate trends toward zero, whereas the observed
rate increases to the blue. The shift rate is more sensitive to
the interaction potential and the weighting of the two surfaces.
A detailed experimental study of the temperature dependence
requires the development of an alkali vapor cell where the tem-
perature can be increased without modifying the alkali vapor
density. In the current apparatus, temperature controls the Rb
vapor pressure and the line center quickly becomes opaque at T
> 373 K.

The cross-sections for collision-induced shifts depend criti-
cally on the interaction potentials. For the rather large blue shift
associated with the D, line, the shift cross-section is predicted
to depend only weakly on temperature. However the small shift
predicted for the convolved D, line approaches zero at high
temperature.

Given the experimental fidelity available in experimentally
observed line shifts from laser absorption experiments of about
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1% error, an experimental test of the current predictions is war-
ranted, but requires independent control of Rb vapor density
and gas temperature. Unfortunately, the available experimental
results span a small range of temperatures and have been mea-
sured with different techniques.

5. Conclusions

The experimentally observed, non-Lorentzian line shapes for
the Rb D; and D, lines broadened by “He and *He at pressures
up to 20 atmospheres (~15,000 Torr) are in strong quantitative
agreement with the predictions of the Anderson-Talman the-
ory using one electron pseudo potentials. The predictions of
the line core broadening agree with the observations to within
14%. The agreement for shifting rates is better, 10%, except
for the *He D, line which is near zero. The significant dif-
ference in the observed shift rates for the D; and D, lines is
explained by the convolution of the red shifted line shape from

Ay - XZEI*/2 difference potential with the blue shifted line
shape of the 3221*/2 - X22f/2 surface. The asymmetry param-

eters predictions are less accurate, with more than a factor of
two disagreements with observations. To match the location,
amplitude and shape of the blue wing of the D, line requires
the inclusion of dipole moment variation and Boltzmann factor.
The difference in the modeled and observed wings of the D,
line is larger, including a significant difference for *He and “*He
collision, suggesting a more sensitive dependence on tempera-
ture. The current prediction for the temperature dependence of
the line shape parameters awaits an experimental verification at
low Rb density.
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