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Absolute absorption on rubidium D, line: including resonant dipole-dipole interactions
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Here we report on measurements of the absolute absorption spectra of dense rubidium vapour on
the D; line in the weak-probe regime for temperatures up to 170 °C and number densities up to
3 x 10 cm~2. In such vapours, modifications to the homogeneous linewidth of optical transitions
arise due to dipole-dipole interactions between identical atoms, in superpositions of the ground

and excited states.

Absolute absorption spectra were recorded with deviation of 0.1% between

experiment and a theory incorporating resonant dipole-dipole interactions. The manifestation of
dipole-dipole interactions is a self-broadening contribution to the homogeneous linewidth, which
grows linearly with number density of atoms. Analysis of the absolute absorption spectra allow us
to ascertain the value of the self-broadening coefficient for the rubidium D; line: /27 = (0.69 £
0.04) x 1077 Hz cm?, in excellent agreement with the theoretical prediction.

I. INTRODUCTION

Understanding and controlling the propagation of light
through a hot vapour is a burgeoning area of research.
Specific topics of interest include modifying the speed
of light propagation in a medium (“slow light”) [, 12];
studying the quantum interface between light and atomic
ensembles [3], for example in quantum memory [4]; all-
optical switching [, [6] and measurements of transition
amplitudes between low-lying states providing a valuable
test of ab initio calculations [7].

An understanding of the absolute susceptibility of
a hot vapour is useful for many applications, includ-
ing: analysing electromagnetically induced transparency
(EIT) spectra [, 9]; performing far-off resonance Fara-
day spectroscopy [10]; realising a broadband optical delay
line |11, [12]; designing a Faraday dichroic beam splitter
for Raman light [13]; generating frequency up-converted
light [14]; primary spectroscopy [15] and producing suit-
able spectral features for laser stabilisation |16, [17].

In a previous paper [18] we developed a model for the
electric susceptibility that allowed us to make quantita-
tive predictions for the absorptive and dispersive proper-
ties of hot rubidium (Rb) vapour probed in the vicin-
ity of the D lines!. Measurements of the frequency
dependence of the absolute Doppler-broadened absorp-
tion coefficient were performed for temperatures up to
36.6 °C and showed excellent agreement with the theo-
retical model. Resonant dipole-dipole interactions among
Rb atoms were not included in the model, as they do
not become important unless the vapour has a temper-
ature exceeding ~ 125 °C. However, there is a strong
motivation to working at higher temperature as in this
case high optical depths are accessible even in cells with
lengths of only a few millimetres or a few microns [19].
Here we show that by including self broadening in the

I For an alkali-metal atom the D; transition is n281/2 — nzPl/z,
where n is the principal quantum number of the valence electron,
and the Do transition is n281/2 — n2P3/2.

model for susceptibility, experiment and theory agree to
within 0.1% up to densities of 3 x 10 cm™3. At
these higher densities the resonant dipole-dipole inter-
actions between two identical atoms, in superpositions
of the ground and excited states, gives rise to the phe-
nomenon of self-broadening [20]. The modification of the
medium’s susceptibility as a consequence of the dipole-
dipole interactions is the subject of this paper. In this
work we extend the theoretical and experimental study
of the absolute absorption spectroscopy of Rb on the D
line for temperatures up to ~ 170 °C, corresponding to
a number density four orders of magnitude larger than
in [18].

The structure of the remainder of the paper is as fol-
lows. In section [[Il we give an overview of the theoretical
calculations behind self-broadening and relate them to
the previously measured values for alkali-metal atoms; in
section [Tl we describe the experimental apparatus, giv-
ing the results of our investigation in section [[V] before
drawing our conclusions in section [Vl

II. THEORETICAL CONSIDERATIONS

The susceptibility we developed is calculated by sum-
ming the contributions from all dipole-allowed transi-
tions [18]. Each transition has a Voigt profile with two
contributions: a homogeneous Lorentzian lineshape aris-
ing from spontaneous emission from the excited state
(with natural linewidth TI'g), and an inhomogeneous
Gaussian lineshape to account for the atomic motion. At
the higher densities considered here there is a significant
contribution to the total Lorentzian width, I'io, from the
interaction among the atoms:

Ftot = I‘O + I‘self = 1—‘0 + ﬁNa (1)

where [ is the self-broadening coefficient. The dominant
effect arises from the dipole-dipole interaction between
two identical atoms, in superpositions of the ground and
excited states. The binary dipole-dipole approximation
remains valid for densities up to Nr3 < 1 where ry, =


http://arxiv.org/abs/1107.3092v2

v/ B/ 2vg [21] and vy is the most probable atomic velocity
in the vapour. This gives ' > 10'7 cm ™2 (corresponding
to a temperature ~ 360 °C) which is valid for this work.

The impact regime is defined by the inequality |A| <
Wy, where A is the detuning of the laser light from res-
onance, (A = wy, — wp, with wy, the laser angular fre-
quency, and wg the angular frequency of the resonance
transition), and wy, is the Weisskopf angular frequency.
For the Rb Dy line the Weisskopf angular frequency de-
fined by wy ~ 27 x /v3 /33 [22], is approximately
21 x 4 GHz for the temperatures studied here. The de-
tunings from resonance accessible with our apparatus are
less than the Weisskopf frequency, therefore we need to
evaluate the self-broadening parameter $ in the impact
regime within the binary-collision approximation.

In a comprehensive treatment of collisional line
broadening Lewis [23] provides an expression for the
self-broadening parameter for alkali-metal atoms in
the binary-collision approximation, which is 8 =
2fcroA\/gq/ge. Here, f is the absorption oscillator
strength for the transition; c¢ is the speed of light; 7q
is the classical radius of the electron; A is the resonance
transition wavelength; g, and g. are the degeneracies of
the ground and excited states, respectively. To highlight
the physical mechanism underpinning the interaction we
rewrite the formula for the self-broadening coefficient as

2 YRV
61 = Qﬁ—eod% =27 X Fl (ﬁ) s (2)
2 A2\
ﬂ2 = ﬁ%d2 = 2T X \/5 FQ % s (3)

where di,ds, I'1,T9 and A, A2, are the reduced dipole
matrix elements, natural linewidths and wavelengths for
the Dy and D lines, respectively, for alkali-metal atoms.
The d? terms in these equations highlight the dipole-
dipole origin of the self-broadening interaction. The de-
pendence on I" demonstrates that the lines broaden by an
amount equal to the natural-broadening per atom within
a volume equal to the reduced wavelength cubed. Note
also that the self-broadening coefficient is /2 larger for
the D5 line compared to the Dq line.

In Table[[lwe have collated experimental measurements
of the D; and D5 self-broadening coefficients for Na, Rb
and Cs, and compared these measurements with the the-
oretical predictions of equations ([2)) and (B]). A variety of
experimental techniques were used for the measurements
(line-wing absorption, and reflection spectroscopy); all of
the values are in excellent agreement with the theoretical
prediction within the quoted uncertainty.

To illustrate how the density maps on to the vapour
temperature, Figure [I] shows the natural, Ty, Doppler,
I'p, and self-broadened, I'sqj¢, full-widths half-maximum
(FWHM) for the 8"Rb D; line as a function of tem-
perature. The Rb number density [27] is also plot-
ted. For temperatures below ~ 145 °C the Doppler
width is two orders of magnitude larger than the ho-
mogeneous linewidth, and natural-broadening exceeds

TABLE I: Theoretical and measured values of the impact self-
broadening coefficients S1,2/27 for Na, Rb and Cs on the Dy
and Dy lines. Theoretical predictions are from equations (2]

and (@).
D; in 1077 Hz cm?® D5 in 1077 Hz cm?
Element Theory Measured Theory  Measured
Na 0.51 0.4940.07 [22] 0.72 0.74£0.11 [22]
Rb 0.73  0.69+0.04 present 1.03 1.1040.17 [24]
Cs 0.83 0.75+0.11 [25] 1.16 1.1540.23 [26]
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FIG. 1: The solid blue lines show natural, I'g, Doppler, I'p,
and self-broadened, 'seir, FWHM for the 8"Rb D; line as a
function of temperature. The dotted red line shows number
density as a function of temperature. The dotted black lines
define the regimes where I'p > I'g > [seir (leftmost region),
I'p > Tseir > I'o (central region), and I'seir > I'p > T'o (right-
most region).

self-broadening; for temperatures above ~ 265 °C self-
broadening dominates; and in the intermediate regime
self-broadening dictates the inhomogeneous width. The
optical depth on resonance increases rapidly with tem-
perature, therefore for experiments where it is desirable
for a large fraction of the light to be transmitted this
necessitates working far from resonance. In the range of
temperatures to which we gain access in the experiments
we report here Doppler-broadening exceeds the homo-
geneous (natural- and self-) broadening; however, in the
wing of the absorption line the profile is expected to have
a Lorentzian profile [2§].

IIT. EXPERIMENTAL METHOD

Figure 2l shows a schematic of the experimental appa-
ratus used to observe the resonance line self-broadening
on the D; transition of Rb. An external cavity diode
laser system (ECDL) with a wavelength of 795 nm was
used for these measurements. The beam had 1/e? ra-
dius 0.77 4+ 0.02 mm and passed through a polarisation
beam splitter providing linearly polarised light. After at-
tenuation by a neutral-density filter the beam was sent
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FIG. 2: (Colour online) Schematic of the experimental appa-
ratus. A beam passes through a polarisation beam splitter
(PBS), providing linearly polarised light. A small fraction of
the beam is used to perform sub-Doppler spectroscopy in a
room-temperature reference cell. The probe beam is attenu-
ated with a neutral-density filter (ND) before passing through
a heated vapor cell before being collected on a photodiode
(PD).

through a 2 mm heated vapour cell containing Rb in its
natural abundance (72% 35Rb, 28% 8"Rb). The cell was
placed in an oven which has two sections, one contain-
ing the body of the cell, the other the metal reservoir.
The oven is made from non-magnetic stainless steel and
polyether ether ketone (PEEK); the latter is used owing
to its heat-insulating properties. The two oven sections
are resistively heated independently. In this investiga-
tion a constant temperature difference of ~ 5 °C was
maintained between the body of the cell and the reser-
voir; this is to prevent Rb from condensing on the win-
dows. The body and reservoir temperatures were mea-
sured with thermocouples. After traversing the experi-
ment cell the light impinges on a calibrated photodiode.
The frequency scan was linearised with a Fabry-Perot
etalon (not shown), and calibrated by the use of hy-
perfine/saturated absorption spectroscopy [29, 130] in a
natural-abundant room-temperature reference cell.

To obtain good agreement between theory and experi-
ment it is important that the atoms in the cell traversing
the laser beam do not undergo hyperfine pumping into
the other ground term hyperfine level. This is achieved
by working with a probe beam power much less than
100 nW [18, 31]. We measured transmission spectra
for a range of temperatures from room temperature up
to ~ 170 °C. For each temperature five spectra were
recorded and analysed.

IV. RESULTS AND DISCUSSIONS

Figure Bl shows a plot of the transmission of the Rb
D; line versus linear detuning A/2w. The zero of the
detuning axis is taken to be the centre of mass frequency
of the transition in the absence of hyperfine splitting,
taking into account the natural abundance of each iso-
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FIG. 3: Transmission plot for the comparison between ex-
periment and theory for the Rb D; line, through a 2 mm
vapour cell as a function of linear detuning, A/2m. The zero
of detuning is taken to be the centre-of-mass frequency of the
transition. Solid black and dotted red lines show measured
and expected transmission, respectively, for a temperature
of 55 °C and 170 °C with I'g/27 = 5.746 MHz [|32]. Below
the main figure is a plot of the residuals (the difference in
transmission between theory and experiment) for the higher
temperature. The structure and magnitude of the residuals
confirm how poor a fit the theory is to the data.

tope. The solid black and dotted red lines show the
measured and theoretical transmission, respectively, us-
ing the susceptibility of [18]. The two theory curves are
generated assuming that the Lorentzian width is 'y, the
natural width and with temperatures 55 °C and 170 °C
in agreement with thermocouple measurements. There is
excellent agreement between theory and experiment for
the lower temperature; however, at the higher tempera-
ture agreement is poor. The discrepancy at the higher
temperature is not surprising when recalling Figure [IL
self-broadening is expected to provide the dominant con-
tribution to the homogeneous width in this regime.
Based on the discussion in section [[Il we modify the
form of the susceptibility in our theoretical model. We
expect the total Lorentzian linewidth to be a function of
density, and hence temperature. Both isotopes have two
values of F in the ground 281/2 term (3Rb has F' = 2 and
3; ¥ Rb has F = 1 and 2). The susceptibilities for transi-
tions from each F' are allowed to have variable Lorentzian
linewidths. Figure ] shows a comparison of the data and
modified theoretical prediction. A least-squares fit? of
the data to the modified theory allows the total homoge-
neous linewidths, I'to, and temperature to be determined

2 The Marquardt-Levenberg method [33] was used to perform a
least-squares fit and extract the optimised parameters and their
uncertainties.
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FIG. 4: Transmission plot for the comparison between ex-
periment and theory for the Rb D; line, through a 2 mm
vapour cell as a function of linear detuning, A/27. The zero
of detuning is taken to be the centre-of-mass frequency of the
transition. Solid black and dotted red lines show measured
and expected transmission, respectively, for a temperature of
(171.8 £ 0.2) °C with T'tot /27 = (23.7 £ 0.2) MHz. Below
the main figure is a plot of the difference in transmission be-
tween theory and experiment. There is excellent agreement
between model and data, with the exception of a small num-
ber of glitches where the linearisation of the laser scan was
not adequate.

from the spectrum. The agreement between theory and
experiment is excellent. There are minor glitches in the
residuals where the transmission varies most rapidly -
this is a manifestation of the imperfect linearisation of
the laser scan. Ignoring those anomalies, the deviation
between theory and experiment is at the 0.1% rms level.
Five spectra were taken for each temperature value, and
the statistical uncertainty in the twenty measurements of
the total homogeneous linewidth, I'y¢, was calculated as
the standard error.

In Figure [ the transmission as a function of linear
detuning through a 2 mm natural abundant vapour cell
is measured in the red-detuned wing for several differ-
ent temperatures. Despite being in the regime where the
Doppler width exceeds the homogeneous width, as dis-
cussed above, the absorption profile far from resonance
has a Lorentzian profile. Measuring the total homoge-
neous width as a function of temperature allows us to
evaluate the self-broadening coefficient. For each tem-
perature, the Rb number density is deduced from ﬂﬂ],
and the total homogeneous linewidth and its uncertainty
are extracted from the least-squares fit. For the den-
sity range investigated the inset to Figure Bl shows that
the spectral width T'yot is linear in number density, as
expected from equation [II From the slope we find a
value for the self-broadening coefficient for the Rb D;
line 3/27 = (0.69 + 0.04) x 10~7 Hz cm?, and infer a
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FIG. 5: Transmission plots for the comparison between ex-
periment and theory for the FF = 2 — F' = 1,2 for ¥ Rb,
through a 2 mm natural abundant vapour cell, as a function
of linear detuning, A/27. Solid black and dotted red lines
show measured and expected transmission for several differ-
ent number densities. The insert shows total homogeneous
linewidth versus number density. The dotted red line shows
a linear relationship between the two axes, with a gradient
of B/2r = (0.69 + 0.04) x 1077 Hz cm® and an intercept of
To/2m = (5.7 £ 0.7) MHz.

natural linewidth T'g/27 = (5.7 £ 0.7) MHz from the
intercept of the fit. The experimentally determined self-
broadening coefficient is in excellent agreement with the
theoretical prediction presented in Table [l

The statistical variation in the Rb density evaluated
from the five spectra in each series of measurements is
very small (0.6%); two possible systematic errors in the
evaluation of number density are the accuracy of the
vapour pressure formula in ﬂﬁ] and the small difference
between the temperature of the atoms interacting with
the light and the atoms in the metal reservoir. The cen-
tre of the Rb absorption lines are shifted in dense vapour
owing to local-field effects ﬂ@] The shift is expected
to be proportional to the atomic density ﬂﬂ], and for
the highest density studied in this work is of the order of
3 MHz - too small to be evident. Note that recently it has
been shown that at densities of the order of 106 ¢cm=3
dipole-dipole interactions can lead to the saturation of
the resonance susceptibility HE]

V. CONCLUSIONS

We have experimentally shown that for hot Rb vapour
with density up to 3 x 10' cm ™3 the Lorentzian com-
ponent of the D; line is modified as the result of dipole-
dipole interactions. The off-resonant absorption line-
shape is sensitive to the total homogeneous linewidth,
which grows linearly with the number density of atoms.



We have shown that a simple modification of the theo-
retical model for electric susceptibility to take into ac-
count self-broadening leads to excellent agreement be-
tween theory and experiment. Absolute absorption spec-
tra have been measured for detunings of the order of the
Weisskopf frequency or less and for temperatures up to
~ 170 °C with deviation of 0.1% between theory and
experiment. These measurements allowed us to ascer-
tain the value of the self-broadening coefficient for the
Rb Dy line to be 8/2r = (0.69 + 0.04) x 10~ Hz cm?,
which is in excellent agreement with the theoretical im-
pact self-broadening coefficient. Our results give new in-

sight into the resonant dipole-dipole collision physics in
dense atomic vapours.
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