PHYSICAL REVIEW A 92, 042509 (2015)

Rubidium D collision shift by heavy noble gases
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Using an isoclinic-point technique, we measured the D, collision shift by Xe, d[§v]/d P, and the exponent k
of the shift’s temperature dependence (i.e., §v ~ T%). As demonstrated in our examination of the Rb-Kr system
[N. P. Wells et al., Phys. Rev. A 89, 052516 (2014)], the isoclinic point provides (arguably) the only means of
assessing k unambiguously: kg, = 0.36 £ 0.06 and in the present work xx. = 0.32 &= 0.05. With our estimate
of « for the Rb-Kr and Rb-Xe systems, we were able to combine our Kr and Xe collision shift measurements
with those of Rotondaro and Perram [M. D. Rotondaro and G. P. Perram, J. Quant. Spectrosc. Radiat. Transfer
57, 497 (1997)] (another set of high quality d[§v]/0 P measurements) to obtain a highly accurate experimental
estimate for the D; collision shift resulting from Rb’s interaction with the heavy noble gases: For the Rb-
Kr interaction 9[6v]/0 P|r—323x = —5.02 £ 0.07 MHz/torr and for the Rb-Xe interaction d[§v]/d P|r—33x =
—5.46 £ 0.09 MHz/torr. These measured values for the collision-shift coefficient are approximately 20% smaller
(in magnitude) than the best theoretical estimates, suggesting that there is room for theoretical improvement

regarding our present understanding of how noble-gas collisions perturb the alkali-metal Py, state.
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I. INTRODUCTION

The perturbation of an alkali-metal atom’s optical ab-
sorption lines by the heavier noble gases has been a topic
of continuing interest for a number of years. In large part,
this interest stems from the relative simplicity of the alkali-
metal-noble-gas system: A closed-shell noble-gas atom with
relatively large polarizability [1] perturbs the single valence
electron of the alkali metal principally via a van der Waals 1/R®
interaction. Not only does this make for tractable theoretical
computation [2—4], but it can clarify the interpretation of ex-
perimental line broadening and line shift measurements (e.g.,
there is no alkali-metal-to—perturber energy transfer, as can
occur with molecular species [5,6]). Consequently, the alkali-
metal-noble-gas system provides fertile ground for detailed
investigations of atom-atom interactions; and though both line
broadening and line shifts are routinely calculated and mea-
sured (since they carry complementary information regarding
the alkali-metal-noble-gas interaction [7,8]), high-accuracy
measurements of either can provide a critical test of theory.

Historically, collisional broadening has received the great-
est attention. However, at low noble-gas densities, where
theory is likely to be most accurate due to the dominant role
played by binary collisions, the measurement of collision-
broadened linewidths can be quite difficult. Specifically,
in the low noble-gas pressure regime the spectroscopically
observed Voigt line shapes are largely determined by Doppler
broadening [9], which masks the collision broadening of
primary interest. Moreover, in order to disentangle a collision-
broadening coefficient from a measured Voigt linewidth, one
must account for natural broadening’s contribution to the line
shape as well as the effect of laser phase fluctuations [10-13].

Though the Doppler effect should have minimal to no
influence on collisional line shifts v, the measurement of line
shifts is no less problematic. Routinely, alkali-metal resonance
lines correspond to a manifold of optical hyperfine transitions,
which may be only partially resolved [14,15]. Consequently,
in order to determine a manifold’s center-of-mass shift, which
is the object best suited for comparison with theory, one must
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accurately account for the overlapping wings of the individual
Voigt line shapes, which can be a nontrivial problem [16].
Moreover, as the temperature of a vapor changes (and the
Doppler widths of the various resonances change), there is a
temperature-dependent pulling of the line-shape peaks within
the manifold.

In previous work we discussed the use of alkali-metal
isoclinic points as very stable frequency markers for precision
spectroscopy [17]. Briefly, an isoclinic point is a wavelength,
wave number, or frequency at which the first derivative of
an absorption spectrum of a sample does not change upon a
chemical reaction or physical change of the sample [18]. If we
take this to include changes in state variables (e.g., temperature
and pressure), then the D; spectra of I = 3/2 alkali metals
contain isoclinic points (where / is the nuclear spin) and these
correspond to the midpoint between their n2S$) p(Fy=2)—
m 2P, ,2(F, = 1,2) transitions as illustrated in Fig. 1 for the case
of ¥’Rb. Using the ¥Rb isoclinic point, we were recently able
to make precision measurements of the Kr D, collision shift
dv without many of the systematic effects that have plagued
previous line-shift measurements [19]. In particular, we were
able to determine the density dependence of the collision shift
(i.e., d[6v]/0 P, where P is the noble-gas pressure) with an
accuracy of £0.6%, which is to be compared with the previous
best measurements of d[6v]/d P in this system: £2.0% [20]
and £1.9% [21]. Moreover, the isoclinic-point technique
simultaneously provided a fairly accurate determination of the
line shift’s temperature exponent k [i.e., dv(T) = Sv(Tp) X
(T /To)*], allowing for unambiguous comparisons to theory
and other experiments carried out under diverse temperature
conditions.

In the present work we extend our previous measurements
to the Rb D; collision shift by Xe and again determine
both d[§v]/0 P and «. The significance of the present work,
however, is not solely a more accurate cataloging of d[§v]/d P
and « for the Rb-Xe system. Rather, taken together with
previous measurements in the Rb-Xe system as well as
the Rb-Kr system, the systematic and random experimental
uncertainties are now low enough that the experimental
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FIG. 1. ¥Rb D, absorption spectrum showing the isoclinic
point corresponding to the midpoint between the 5 ZSI/Z(Fg =1)—
5 2P1 ,2(F, = 1,2) absorption resonances.

values for d[§v]/d P provide a fairly stringent test of theory
regarding the alkali-metal-heavy-noble-gas interaction.

In the following section we review our experimental system
for isoclinic-point line-shift measurements and provide our
present assessments of d[§v]/d P|z, and k (i.e., the density
dependence of the collision shift at the reference temperature
Tp) for the Rb-Xe system. Then, in Sec. III we consider
the measured values of « for both the Rb-Xe and Rb-Kr
systems, and discuss the manner in which these values provide
a direct measure of the power-law form of the alkali-metal—
noble-gas difference potential (e.g., 1/R®), which places a
constraint on theory independent of d[év]/d P|z,. In Sec. IV
we compare experimental and theoretical values of d[5v]/d P
in both the Rb-Kr and Rb-Xe systems, and demonstrate a
statistically significant ~20% discrepancy between theory
and experiment. While relatively small, such a discrepancy
nonetheless suggests room for improvement in our theoretical
understanding of the alkali-metal-noble-gas interaction. In
particular, based on the experimental values of x, which
suggest that the difference potential is dominated by a 1/R®
term, the theory-experiment d[dv]/d P discrepancy suggests
an incomplete theoretical understanding of the van der Waals
interaction strength for the alkali-metal P/, state.

II. EXPERIMENT

A. Overview

Figure 2 shows our experimental arrangement: The output
of a vertical-cavity surface-emitting diode laser is split into
two beams, each of which has a diameter of 0.4 cm and is
separately attenuated using a rotating polarizer. One beam with
anominal power of about 100 nW passes through the reference
cell, which contains a vapor of 8’Rb (no buffer gas) maintained
at 35 £ 0.01 °C. The other beam with a similar power passes
through the measurement cell, whose temperature 7 is varied
between 32.5 °C and 60 °C and which contains a mixed %’Rb-
Xe vapor. Our vertical-cavity surface-emitting laser linewidth
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FIG. 2. (Color online) Experimental arrangement.

is 50 MHz (full width at half maximum) and the cell diameters
are 2.5 cm. The measurement cells have a length L of 4.4 cm
and the reference cell has a length of 2.5 cm.

We employed four different measurement cells in our
experiments, each containing different Xe pressures: 3.5, 8.7,
16.9, and 26.0 torr. The Xe pressures in the closed cells were
measured using the technique of Kazantsev et al. [22]. Briefly,
the Xe cells were taken to a separate atomic-clock-system
setup, and employed as the test clock’s resonance cell [23]. The
frequency shift of the test clock, relative to a GPS-disciplined
Rb atomic clock, is dominated by the hyperfine transition’s
pressure shift [24], and is therefore a measure of the Xe
pressure in the cell. In separate measurements we verified that
this technique has an absolute accuracy better than £0.2 torr
and a measurement repeatability of ~=30.01 torr [25].

B. Measurement procedure

Similar to our previous work [19], we recorded the absorp-
tion cross section in our two cells as a function of time during
a laser frequency sweep over the D; manifold of absorption
resonances. The absorption cross section o (v) was estimated
using Beer’s law No(v)L = In[I(v)/Iy(v)], where I(v) is
the transmitted light intensity and Iy(v) is the light intensity
reaching the photodetector in the absence of the vapor at laser
frequency v; this was estimated by tuning the laser both above
and below resonance and fitting the off-resonance transmitted
light intensity to a quadratic in v. Here N is the density of ’Rb
atoms in the vapor. We calibrated the time difference between
the a and b transitions of Fig. 1 to the excited-state hyperfine
splitting (after accounting for the fact that the resonances’
separation will be slightly smaller than the excited-state
hyperfine splitting due to the overlap of the resonance lines).
Then, taking a numerical derivative of our absorption spectra,
we estimated the zero crossings of the isoclinic points in our
reference and measurement cells, and the difference between
these two isoclinic point frequencies was our measure of the
collision shift at temperature T : §vjso(T') [26].

To limit distortions of the spectra due to repopulation optical
pumping, which creates an amplitude asymmetry between the
a and b resonances (and therefore a systematic shift of the
isoclinic point), we worked at relatively low laser intensities
[27]. More specifically, we measured §vjso(7T) at a series of
specific temperatures and repeated the set of measurements
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for a range of laser intensities. We employed several steps in
our data analysis procedure.

(1) Restrict the range of laser intensities that will be
employed for the determination of 9[6v]/0P and k. At each
laser intensity, we employed a quadratic least-squares fit to
estimate the pressure shift at 7o = 45 °C: §viso(Tp). We then
plotted 8viso(Tp) as a function of laser intensity, and restricted
all further analyses to those laser intensities for which éviso(7p)
was intensity independent. An example of these data is shown
in Fig. 3(a) for our 3.5-torr Xe cell. As illustrated in the figure,
Sviso(Tp) was effectively independent of laser intensity for
values below 10 ©W/cm? and this procedure was performed
for each Xe cell.

(i1) Generate a first estimate of 9[6v]/dP|r,. Using the
restricted set of low intensities, we averaged Svis(7p) over
laser intensity and estimated d[§v]/d P|z, by taking the ratio
of this average to the Xe pressure in the cell.

(iii) Determine the collision shift as a function of temper-
ature. Again restricting our attention to the set of low laser
intensities, we averaged §viso(T) over laser intensity for each
temperature in our temperature series, creating a data set like
that shown in Fig. 3(b) for the 3.5-torr Xe cell. The intercept
from a linear least-squares fit of such data provided an estimate
of 8vis0(Tp) and thereby our second estimate of d[6v]/9d P|z,.
The slope from the least-squares fit provided our estimate of k.
Regarding the data of Fig. 3(b) specifically, the fact that a fairly
good estimate of x can be obtained from such a low-pressure
cell over such a narrow range of temperatures is a testament to
the isoclinic-point technique.

To within a 95% confidence interval there was no sta-
tistically significant difference between our first and second
estimates of d[6v]/0 P|r,; we report here our second estimates.

Figure 4(a) shows the collection of Rb D; collision-shift
coefficients (i.e., d[6v]/dP) at Tp = 45°C for each of our
cells, where error bars correspond to 95% confidence intervals.
(Unless specifically indicated, all uncertainties and error bars
are 1 0.) Though visually the data appear to have a quadratic
dependence on pressure, a one-way analysis of variance
(ANOVA) [28] indicated that at a 95% confidence level there
was no evidence of a difference among these collision-shift
coefficients. Thus, taking a weighted average over the four
cells in our sample [29], we obtained 9[6v]/dP|r=318x =
—(5.38 £ 0.02) MHz/torr, which corresponds to a 0.4% mea-
surement uncertainty. Similarly, Fig. 4(b) shows the collection
of « exponents for each of our cells, where error bars
again correspond to 95% confidence intervals. Similar to the
collision-shift coefficients, a one-way ANOVA indicated that
ata 95% confidence level there was no evidence of a difference
among these « values. Taking a weighted average over the four
cells in our sample, we therefore have k = 0.32 £ 0.05.

III. THE «x EXPONENTS AND THE FORM OF THE
INTERACTION POTENTIAL

Figure 5 shows a complete set of published experimental «
exponents for the Rb and Cs D transitions: A, Romalis et al.
[30]; B, Kluttzetal. [31]; C, Kozlova et al. [32]; D, Wells et al.
[19]; and E, the present work. Circles correspond to Rb, while
diamonds correspond to Cs. The dashed and dash-dotted lines
correspond to the only theoretical estimates of « for Rb and
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FIG. 3. (Color online) (a) Estimated collision shift in our 3.5-torr
Xe cell at Ty = 45°C, §v;0(Tp), as a function of measurement-cell
laser intensity. For laser intensities less than 10 uW /cm?, 8vi,(Tp) is
independent of intensity, indicating that for those laser intensities the
measurement of §v is not influenced by repopulation optical pumping.
(b) Averaging over laser intensities in the shaded portion of (a), this
graph shows the relative change in §v;, as a function of temperature,
where the error bars correspond to 1-o values. The intercept of the
linear fit yields our second estimate of d[§v]/d P, while the slope
provides our estimate of «.

Cs, respectively [3]. Barring the isoclinic-point measurements,
the general scatter of the experimental data among themselves
and between experiment and theory is much larger than the
quoted experimental uncertainties. This attests to the difficulty
of k exponent measurements using traditional spectroscopic
techniques. Conversely, the Rb-Kr and Rb-Xe x exponents
based on isoclinic-point measurements not only are consistent
with one another (as one would expect for Rb interacting with
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FIG. 4. (Color online) (a) The Rb-Xe collision shift coefficient
(i.e., d[6v]/0 P) as measured at different Xe pressures. The dashed
line is the weighted mean. (b) The « exponents measured at different
Xe pressures. Again, the dashed line is the weighted mean.

the heavier noble gases), but agree very well with theory:
ke = 0.31 [3].

Independent of simply correlating line-shift measurements
at different temperatures, the ¥ exponent provides a somewhat
unique perspective on the alkali-metal-noble-gas interaction.
If we consider the very simple case of an alkali metal perturbed
in its ground state |g) and excited state |e) by an interaction of
the form V(R) = C,,/R?, then

8V(T) = [DNGIB(P)ICp.e = Cpg - TW 92070 (1)

where [ Dng] is the noble-gas density and B(p) is a numerical
factor that depends on the power-law form of the interaction
potential [8]. Consequently, the collision shift depends on
the strength of the ground- and excited-state interaction
potentials and the dominant power-law form of the interaction.
Alternatively, Eq. (1) shows that v(T) ~ T®W=3/2(>=D [n
other words, « is a direct measure of the power-law form of the
interaction potential independent of the interaction’s strength.
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In particular, as illustrated in Fig. 6, a measurement of k can
provide an independent constraint on the power-law form of
the ground-state—excited-state difference potential. In the case
of Rb perturbed by the heavy noble gases, the theoretical value
of k (i.e., ky, = 0.31) is well supported by the experimental
results and thereby the experimental x exponents provide
independent evidence for [V.(R) — V,(R)] having something
very close to a 1/R® form.

13
12
11 A
10 A

[=2]
1

= N W e oWn
1

2008 40803 e 1084883 s 18 b s a ey a1 e ey g1y
T T T T T T T T T T

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 05
K

FIG. 6. Assuming that the ground and excited states of an alkali-
metal atom interact with a noble-gas atom primarily via a 1/R?
potential, this curve shows p as a function of the x exponent (i.e., v ~
T*). The theoretical value of 0.31 (well supported by the experimental
results) indicates that the Rb and Cs interactions with the heavy
noble gases are primarily influenced by an interaction that varies with
distance like 1/RS: a van der Waals interaction. Error bars correspond
tolo.
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IV. DISCUSSION

Figure 7 is a summary of the experimental situation regard-
ing the collision shift of the Rb D, line by Kr and Xe, where we
have employed our isoclinic-point assessments of « to bring
all collision-shift measurements to the same temperature: 7 =
323 K. (Error bars are 95% confidence intervals and include the
individual measurement errors as well as the error associated
with our determination of «.) The dashed lines correspond to
two theoretical calculations of the D, collision shift. Rebane’s
[4] calculation is carried out at 323 K and therefore is
directly comparable to the experimental results. Kielkopf’s
[3] calculation is carried out at 500 K, but « is also computed
by Kielkopf allowing theoretical extrapolation to 323 K.

Clearly, over the past years there has been a narrowing
of the experimental uncertainty regarding the D; collision
shift [21,33-35]. Specifically, the most recent measurements
for the Rb-Kr system by Rotondaro and Perram [20] and
the present authors [19] are in excellent agreement, as are
the most recent measurements by the two groups for the
Rb-Xe system. Moreover, it is important to note that our
results and those of Rotondaro and Perram represent two very
distinct approaches to measuring §v: Rotondaro and Perram
employ a traditional spectroscopic technique to estimate the
center-of-mass collision shift of the hyperfine absorption
manifold, whereas we employ the 8"Rb isoclinic point. Thus,
while unknown systematic effects might unduly influence the
Rotondaro and Perram results, or equivalently our results, it is
hard to imagine a systematic effect that would influence both
approaches in the same way and to the same extent. Combining
the two groups’ results by taking a simple average, accounting
for uncertainty by pooling the two groups’ variances [36], we
therefore have for the Rb D; collision shift (in MHz/torr)

a[sv]
opP

_ {—5.02 +0.07 for Kr )
T=323K —5.464+£0.09 for Xe.
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As discussed in the previous section, the experimental k
exponents indicate that (not surprisingly) the Rb—heavy-noble-
gas interaction is dominated by a 1/ R van der Waals potential.
Thus, Eq. (1) should provide a fairly good approximation to
the collision shift and thereby a fairly simple expression for
the ratio of the Rb-Xe to Rb-Kr shifts. Specifically, taking
C,.¢/Cp.. as roughly constant for an alkali metal interacting
with any of the heavy noble gases, we have

2/(p-1 2s
SVRb-Xe ~ <Cp,Rb»Xe) /= ~ <SXe(8Rb + exr) aXe) /
exr(er + exe) k)

SVRb-Kr Cp, Rb-Kr

3)
The last term on the right-hand side of Eq. (3) is an approximate
expression for the dispersion force constant (p = 6) as
discussed by Margenau [37], with ¢ the ionization potential
and o the polarizability [38]. Note that this ratio is temperature
independent, depending only on the relative strengths of the
van der Waals interaction. Defining Eq. (3) as the approximate
ratio of line shifts, we have

SVRh.
Rb-Xe _ 1 90, (42)
S VRb-Kr
SVRb-Xe
PRbXe _ 109+ 0.02, (4b)
SVRb-Kr
SVRh.
OURbXe _ 5, (4¢)
S VRb-Kr
SVRh.
OVRb-Xe _ 4 43 (4d)
S VRb-Kr

for the approximate, experimental, Rebane, and Kielkopf
results, respectively. In general, Egs. (4) are all very consistent,
indicating a relatively small (i.e., 10%—15%) increase in
the difference potential going from Kr to Xe. Though the
experimental and theoretical values of the ratio are all less
than the approximation, this is likely a simple reflection of the
approximations involved in Eq. (3).

Notwithstanding the consistency between theory and ex-
periment regarding the ratio of Rb-Xe to Rb-Kr collision
shifts, the experimental situation does suggest that something
is lacking in theory. As illustrated in Fig. 7, both Rebane and
Kielkopf overestimate the collision shifts for the Rb-Kr and
Rb-Xe systems. While Kielkopf’s modeling of the interaction
potential is more detailed than Rebane’s (as Kielkopf considers
a quadrupole 1/R? term in the potential [2]), Rebane’s theory
explicitly accounts for the fine and hyperfine structure of
the alkali metal. Though the difference between theory and
experiment is not large, it is nonetheless statistically significant
(i.e., roughly 20%). In particular, since both theories determine
the magnitude of the van der Waals ground and excited-state
coefficients in a similar fashion, and since the alkali-metal
ground state’s interaction with the noble gases is arguably
better understood than the excited-state interaction, it would
appear that there is a need for a closer theoretical examination
of the noble-gas atom’s interaction with the alkali metal ’p, o)
state.

V. SUMMARY

In this work we have measured the Rb D, collision shift by
Xe using the 8’Rb isoclinic point. Not only has this allowed
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us to measure the exponent in the collision shift’s dependence
on temperature «, which is a measure of the power-law
form of the alkali-metal-noble-gas interaction potential, but it
has provided a measurement of the collision-shift coefficient
(i.e.,0[6v]/d P) that has an uncertainty of only 0.4%. With this
precision, coupled with the ability to use « to translate diverse
experimental and theoretical results to the same temperature,
we were able to test theory to something close to this level of
accuracy. Comparing best estimates of the D; collision shift
for the Rb-Kr and Rb-Xe systems to theory, we find evidence
of a theoretical discrepancy on the order of 20%. On the one
hand, this represents fairly good agreement between theory
and experiment, and indicates that the overarching features of
the alkali-metal-noble-gas interaction are well understood (at
least regarding the heavier noble gases). On the other hand,
however, it suggests room for improvement. While our initial

PHYSICAL REVIEW A 92, 042509 (2015)

suspicion is that the discrepancy lies with the van der Waals
coefficient describing the 1/R® interaction of the noble-gas
atom with the alkali-metal 2p, /2 state, we recognize that an
explanation for the discrepancy could eventually be found
elsewhere (e.g., elastic fine-structure mixing collisions [27]).
To help resolve this issue, collision-shift measurements with
the lighter noble gases might prove informative.
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