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SATURATED ABSORPTION
SPECTROSCOPY

DAviD DuMONT

Saturated absorption spectroscopy improves the resolution of the atomic transmission spectra
by giving access to the hyperfine transitions and, contrary to classical spectroscopy, it is not
limited to the fine structure. Furthermore, it overcomes the limit of Doppler-broadening of the
transitions due to the kinetic motion of atoms. The method exploits two counter-propagating
beams, a strong one to saturate the atoms of a vapour cell in order to reduce the absorption
of a weak beam. This scheme is widely implemented to stabilise precisely the lasers frequency.

1. INTRODUCTION

Measuring atomic energy spectra is crucial for many
fields in chemistry and atom physics to determine precisely
the atomic structure but also in physics to stabilise the fre-
quency of lasers. However, the resolution of the spectra
measured using this classical method is limited by several
phenomena, and mainly by Doppler-broadening due to the
frequency shift for moving atoms. The atoms in a gas move
permanently and their velocity follows a Gaussian distri-
bution, which implies a broadening of the spectral lines.
This broadening is a real limitation for laser locking: the
laser frequency can be set to a specific transition (refer-
ence transition) by means of various methods [1], [2]. The
precision of this laser locking, i.e. the variation range of
the laser frequency called laser linewidth, is given by the
linewidth of the reference transition. Consequently, the
linewidth of a laser locked to a Doppler broadened spec-
tral line will be larger.

The saturated absorption spectroscopy improves this
resolution by revealing not only the fine structure of the
atoms as for simple spectroscopy but their whole hyper-
fine structure. Then, the main limiting parameter is the
power broadening. A good estimation of the resolution is
provided by the ratio of the linewidth of the spectral line
(Aw) divided by its frequency (wp). In numerical terms,
for the D2 transition ' of Cesium, a classical spectroscopy
measurement has a ratio AT“;D ~ 107% while the saturated
absorption spectroscopy has a ratio A“Z)i’;"’e ~ 1078: the
spectra resolution is improved by a factor 100. Thus, the
laser linewidth is reduced when the laser is locked to that

1. The electronic configuration for Cesium is [Xe]6s'. In spec-
troscopy, the transition 6s — 6p is widely studied and it is usually
called D2 transition. It corresponds to an infrared radiation at 352
THz or 852 nm.

sub-Doppler spectrum.

The following article will explain what the Doppler
broadening is before developing the principle of the sat-
urated absorption spectroscopy. Finally, we will quickly
compare the theoretical behaviour with our experimental
spectra.

2. DOPPLER BROADENING

When an atom is moving, it does not see the same radi-
ation than when it is fixed. In fact, as shown on Figure 1,
a radiation with an angular frequency w in the laboratory
frame is seen, by an atom moving with a velocity v, like a
radiation with an angular frequency given by:

w =w+ kv, (1)
where k is the wave vector amplitude of the radiation. The
sign 4+ depends on the propagation direction of the radi-
ation compared to the direction of the atom movement.
Let’s assume that the radiation and the atom are moving
in the same direction, i.e w’ = w — kv. Besides we suppose
that k and v are collinear, i.e k.v = kv, so in the following
paper we will remove the vector sign.

We suppose that all the atoms absorb the radiation with
an angular frequency wq in their rest frame: that means
we only consider a two level system with only one available

w=w-—kv W'=w-+ kv
VAV, R (VA
---------------- B
atom v

Fig. 1 Doppler effect for a moving atom. In it rest frame,
radiation is shifted by +kv among the direction of the
atom movement.
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Fig. 2 General setup of the saturated absorption spec-
troscopy. The laser beam is split by the polarising beam
splitter (PBS) into a probe and a pump beams. The
pump/probe intensity ratio is adjusted by a half-wave
plate (HWP). The probe beam light is recorded by a pho-
todiode after crossing the vapour cell. The probe and
the counter-propagating pump beams intersect or better
overlap in the vapour cell. The laser frequency w sweeps
over a few hundred of MHz around the D2 transition to
measure the transmission spectrum.

transition. Thus, a radiation is absorbed when w’ = wyg
so when the detuning to the transition 6, = w — wg = kv.
Therefore £k = “2 so an atom absorbs the radiation only
if it has the following velocity:

0uC
Vabs = .
wo

(2)

Here, we are working with a Cesium gas cell (called
vapour cell) at room temperature, and all the atoms are
moving. The velocity distribution in the cell is given by:

f)dv = 4/ QWJI\iT exp ( ) dv
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2kpT

> dv,

is the most probable velocity of the
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atoms, T the temperature and M the atomic mass. At a

temperature of 300 K, the Cesium atoms are moving with
a typical velocity of 200 m/s. The absorption function
9(.,) is defined by:

where u =

g(5w):/RN(v)a(v,6w)dv, (4)

with N(v) the number of atoms per unit of volume in
the velocity class v to v + dv and o (v, d,,) the absorption
cross-section. As only atoms moving with the velocity vgps
absorb light, we have o(v,d,,) = §5-6(v — vabs). Besides,
considering a two-level system, N(v) = N f(v) where N

is the total number of atoms in the ground state per unit
NLUO

volume. So the absorption function is:
2
.
VTwou '
It is also a gaussian shaped function. The maximum value
is achieved for §, = 0 and g(d,,,) = g(0)/2 for ¢

Wi/2 wi/2 T

“204/In2. The Doppler-broadened line has a linewidth
Awp =26 equal to:

Cc

g(aw) = Nf(vabs)

e )

Uu Wy

Wi/2
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Thus, for the D2 transition at 352 THz usually used to
stabilise the laser frequency, the Doppler broadening im-
plies a linewidth of a few hundred of MHz. Nonetheless, a
proper frequency stabilisation scheme requires a linewidth
of a few hundred of kHz. For a higher resolution of a spec-
trum, we need to implement a sub-Doppler method. The
saturated absorption spectroscopy is mainly implemented
to frequency stabilise lasers.

3. SATURATED ABSORPTION SPECTROSCOPY

It is possible to overcome the Doppler broadening
by implementing a sub-Doppler spectroscopy method.
The saturated absorption spectroscopy is a general
sub-Doppler method.

Consider a radiation with an angular frequency w trav-
elling across a vapour cell. The density distribution of
the atoms in the cell with velocities ranged between v and
v+ dv is N(v) = Nf(v) where N is the total number
of atoms in the cell and f(v) is the velocity distribution
defined previously by Equation (3).

3.1. Principle

The basic idea is to select only atoms for the spec-
troscopy signal, which are at rest and do not show any
Doppler shift. The general setup is reported on Figure 2:
two counter-propagating beams, one strong called pump
beam and another one weak called probe beam, overlap or
intersect crossing a vapour cell. In fact, the laser beam is
split into two beams by a polarising beam splitter (PBS)
which separates the horizontally and the vertically po-

A N2 (U)

A

pump

- Awp
k

—UVabs

Vabs v
Fig. 3 Gaussian shaped velocity distribution of the
ground and the excited states. The linewidth of the
ground state distribution is A%. The pump (thick ar-
row, on the right) and the probe (tiny arrow, on the left)
excite the atoms from the lower to the upper level: this
is called hole burning. The linewidth of the hole is AWhole
because of the power broadening. The pump excites more
atoms than the probe because its intensity is higher. The
probe and the pump are counter-propagating so they ex-
cite two opposite classes of atoms (+vaps). The symmet-
rical scheme is also available. Drawing adapted from [3].
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larised light. By adjusting an half-wave plate (HWP), we
modify the pump/probe intensity ratio.

Let’s consider a two-level system: atoms which are in
the ground state can be excited into the upper state by a
radiation with an angular frequency wy in their rest frame.
Ny (v) and Nz(v) are the number densities in levels 1 and
2 respectively, for atoms in the velocity class v to v + dwv.
The pump beam excites most of the atoms into the upper
state.

Figure 3 shows typical distributions for the ground and
the excited states of the gas when the vapour cell is crossed
by the pump and the probe. One notes that whatever
the beams intensities, the integration of N;(v) over the
velocity is equal to the number of atoms on the level i:

o0

/ N;(v)dv = N; fori=1,2. (7)

—0o0

The probe and the pump are counter-propagating so us-
ing Equation (2), we show they interact with two opposite
classes of atoms moving with the velocity +vqps. We dis-
tinguish two behaviours at low and high intensities. At low
intensities, i.e for the probe beam, almost all the atoms are
in the ground state so N1 (v) &~ N (v) and N2(v) ~ 0. Thus,
N;(v) = N f(v) is the Gaussian described by Equation (3)
as shown on the left side of Figure 3.

For higher intensities, i.e for the pump beam, the atoms
distribution is affected by the strong beam: most of the
atoms in the ground state and in the appropriate velocity
class are excited into the upper level as represented on the
right side of Figure 3. That is called hole burning. The
width of the hole burnt into the ground state distribution

is o
I
8
I) , (®)

where I is the beam intensity and I,,; the saturation
intensity defined so that if I = I,,; half of the atoms of

Awpote =T (1 +

Fig. 4 Top: Probe intensity transmitted across the
vapour cell with and without the pump. The sub-
Doppler and the Doppler spectra are respectively
observed. The linewidth of the Doppler broadened
spectrum is Awp. Bottom: The corresponding
population densities of the two levels for three dif-
ferent laser frequencies: below, equal to and above
the atomic resonant frequency showing the probe
and the pump effects. Far from the transition (on
the sides), the probe and the pump interact with
atoms from two different velocity classes Fvgps.
Thus, the transmitted probe intensity is not af-
fected by the pump and the simple Doppler pro-
file is observed. On the transition, veps = 0 so
the probe and the pump interact with the same
atoms which are motionless. The pump excites a
large part of these atoms: less atoms can be ex-
cited so the probe is less absorbed and a peak on
the transmission spectrum is obtained. Drawing
adapted from [3].

the velocity class are excited. That corresponds to the
power-broadened natural linewidth: the higher the beam
intensity is, the larger the hole width is.

We measure the probe intensity after crossing the
vapour cell to obtain the transmission spectrum. The laser
frequency sweeps over a few hundred of MHz around 352
THz, i.e the D2 transition. Figure 4 reports the spectra
with and without the pump with the corresponding atom
distributions for the two levels. When the laser emits a
radiation with an angular frequency far from the resonant
frequency, |0, = |w — wo| >> Awpore, the two beams
interact with different classes of atoms (those moving at
+vabs) S0 the probe intensity is not affected by the pump.
The Doppler broadened spectrum is obtained as we can
see on the left and right sides of the spectrum of Figure 4.

Close to resonance, w =~ wy (d, = 0), the two beams
interact with atoms with a velocity vqps = :I:%C ~ (0. The
pump beam excites most of these atoms into the upper
level. So there are less atoms which can be excited and
the probe beam absorption is reduced. Consequently, a
peak appears on the transmission spectrum at the atomic
resonance frequency wy.

3.2. Cross-over Peaks

We have only considered a two level system but in real-
ity, atoms are multi-level systems which causes the appari-
tion of new peaks, referred as cross-overs. We will show
that starting from a three level system.

Now, we play with a ground state (1) and two excited
states (2 and 3) with the corresponding atomic resonance
frequencies wyo and w13 respectively. As previously, when
the laser works with an angular frequency w, a beam se-
lects two classes of atoms: those which move with a ve-
locity v}2 = +==42 or with vl = +==715 because we
have two available transitions. The sign depends on the
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Fig. 5 Top: Population densities of the three levels for four situations: 1. the general situation: the probe and the pump excite

two classes of atoms, i.e those which move at +v}?, and +vl3_|
w = w12 (respectively w = wiz): The pump and the probe ex

+v12 and +0l3

abs abs

frequency corresponds to the frequency midway: w = ‘”2#“’13 SO v
same two velocity classes of atoms so a third peak is observed at the frequency midway

2. and 4. the radiation frequency corresponds to one transition:
cite three velocity classes of atoms +vly, and +vl3, ~ 0 (resp.

~
~

~ 0). So a peak at w12 (resp. at wi3) appears on the transmission spectrum as seen before. 3. the radiation

12
abs

13

= V,}s, 1.6 the pump and the probe interact with the

%. This peak is called cross-over.

Bottom: Corresponding transmission spectrum where the three peaks are visible. Drawing adapted from [3].

relationship between the propagation direction of the ra-
diation and the direction of the atom movement.

Figure 5 shows the population densities of the three lev-
els for four frequencies: far from the transitions, equal to
the transitions wio and w3z and equal to the frequency
midway % The corresponding transmission spec-
trum is also reported. Far from the transitions wqs or wig,
i.e on the sides of the spectrum represented on Figure 5,
the two beams interact with four different classes of atoms
(those moving at i”ﬁs or :I:v;‘g’s)7 so the simple Doppler
broadened profile is observed.

Close to one transition, for instance for w &~ wig, the
two beams interact with only three classes of atoms. The
pump excites most of the atoms with a velocity vigs ~ 0
(and with v}3, &~ ©122¢13) which reduces the absorption of
the probe, so a peak at the atomic resonance transition,
here at wis, appears. The same reasoning explains the
peak at wy3. However, when w = %, we show that
vl2 =l3 = S = 909 so the probe and the pump
beams select two classes of atoms: those which are moving
with a velocity v = +v;,. Thus, as usually the pump
reduces the absorption of the probe which causes a peak
at frequencies midway between the two transitions.

The height of the peaks depends directly of the number
of atoms excited by the pump: the more excited atoms
we have, the less the probe is absorbed by these atoms,
so the more the probe is transmitted. The peaks at the
atomic resonance transitions (wis and wi3) are created by

only one class of atoms (those which are fixed, v}Z ~ 0

~
~

~
~

or v}3 ~0). The cross-overs are produced by two classes
of atoms (those which move with £v5? ), that is by twice
more atoms than the transition peaks. Consequently, we
expect to observe cross-overs twice higher than the tran-

sition peaks.

4, IMPLEMENTATION

In this section, we want to show some experimental
spectra measured for Cesium following the saturated ab-
sorption spectroscopy method. We are using a laser at a

—  F=5
F=4

6P3/2
y F=3
F=2

351.725 718 50(11) THz
F=4
1 /

6S;, ——

Fig. 6 Fine and hyperfine structure for the D2 transition
for Cesium. In green, the achievable transitions for our
laser. Data taken from [4].
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Saturated transmission spectrum of Cesium
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Fig. 8 Experimental sub-Doppler transmission spectrum of Cesium. Six peaks are observed and

correspond to the three available transitions plus the three cross-overs.

The x-axis calibration is

calculated by using the known frequencies of peaks 1 and 3. Then, we have checked the positions of

the other peaks.
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Fig. 7 Top: Doppler transmission spectrum of Cesium.
The gap is due to the D2 transition which is Doppler
broadened. Bottom: Sub-Doppler transmission spectrum.
The main gap is due to the Doppler broadening of the D2
fine transition and the small peaks represent the hyperfine
D2 transition. That illustrates the resolution improve-
ment.

frequency of 352 THz, i.e an infrared laser at a wavelength
of 852 nm, which allows us to achieve three atomic transi-
tions from the hyperfine structure of the D2 transition as
shown on Figure 6.

The setup of Figure 2 is implemented and our laser laser
frequency sweeps over a few hundred of MHz around 352
THz which corresponds to the D2 transition. Thus, we
measure the transmission spectrum of the Cesium which
composes the vapour cell. Figure 7 compares a simple
Doppler broadened transmission spectrum (on the top) to
the experimental saturated transmission spectrum (on the
bottom). The Doppler broadened spectrum is measured
with the same setup but without the pump: by the way
only one beam, i.e the probe, crosses the vapour cell.

The improvement of the spectrum resolution brought
by the saturated absorption spectroscopy is clearly visi-
ble: this method overcomes the Doppler broadening and
detects the hyperfine transitions which give the peaks of
the sub-Doppler spectrum. As expected, the sub-Doppler
spectrum respects the general Doppler profile excepted
on the hyperfine transitions where new peaks are ob-
served. The Doppler broadening ratio WLOD is estimated
at 1.4 1079 which is consistent with the theoretical ratio
of 107 expected. The 4% error on the x-axis calibration
is too reduced to explain completely the difference. We
have seen that AwD = 2\/1117 Y so the previous difference
could imply that the most probable velocity of the atoms
u would be higher than predicted, that is the temperature
in the cell would be higher than in the laboratory. This
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phenomenon could be due to the lasers who would heat
2kpT

M
we show that the temperature in the cell would be equal
to 736 K which is absolutely not realistic.

The experimental saturated transmission spectrum (the
sub-Doppler spectrum) is also reported on Figure 8. The
x-axis scale is deduced by assuming known the frequency
values of peaks 1 and 3. Then, the positions of the other
peaks have been checked comparing to the expected theo-
retical frequencies: as a result, we estimate the calibration
error at +4%. Six peaks are observed: three of them cor-
respond to the three atomic resonance transitions and the
three others are the cross-overs. Indeed, with three tran-
sitions, it is possible to create three pairs of transitions
(142, 143 and 2+3), which explains the number of cross-
overs.

These cross-overs are higher than the transitions peaks
themselves as the theory showed. However, we do not find
factor 2 predicted between the cross-overs height and the
other peaks height; the cross-overs are widely larger and
the peaks corresponding to the hyperfine transitions are
very tiny. In fact, we noted that the cross-overs height
depends widely on the ratio probe/pump intensity. If the
probe is too intense, the cross-over 1-2 recovers peak 2.
This is consistent with the power broadening exposed pre-
viously: the linewidth Awypeie of a power broadened spec-
tral line increases with the beam intensity.

the atoms. However, using the relationship u =

5. CONCLUSION

The resolution of a simple transmission spectrum is
mainly limited by the Doppler broadening. The saturated
absorption spectroscopy exploits two counter-propagating
beams to saturate the absorption of one weak beam. The
hyperfine structure is achievable but new peaks are created
at frequencies midway between pairs of close transitions.

This spectroscopy scheme is widely used for laser fre-
quency stabilisation. Many setups have been developed to
derive a signal from the saturated transmission spectrum
at the atomic hyperfine transitions to lock precisely the
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lasers to this transition. The polarisation spectroscopy
deals with the probe and the pump polarisations [5, 1]
while the modulation transfer spectroscopy modulates the
light frequency [2].
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