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Texto:	
  Espectroscopia	
  de	
  absorção	
  saturada	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  A	
  absorção	
  saturada	
  é	
  um	
  dos	
  muitos	
  Ipos	
  de	
  espectroscopia	
  laser	
  não	
  

linear	
   de	
   alta	
   resolução	
   uIlizada	
   na	
   invesIgação	
   de	
   estruturas	
   espectrais.	
   Sua	
  

aplicação	
  num	
  vapor	
  atômico	
  de	
  metais	
  alcalinos	
  (como	
  o	
  Rubídio)	
  à	
  temperatura	
  

ambiente	
  permite	
  a	
  observação	
  das	
  transições	
  hiperfinas	
  que	
  são	
  ofuscadas	
  pelo	
  

efeito	
  Doppler	
  numa	
  espectroscopia	
   linear.	
  Em	
  tal	
   técnica,	
  dois	
   feixes	
  da	
  mesma	
  

frequência	
   incidem	
   contra-­‐propagantes	
   no	
   vapor	
   atômico.	
   Um	
   dos	
   feixes	
   é	
  

denotado	
  como	
  feixe	
  forte	
  F	
  e	
  o	
  outro,	
  mais	
  fraco,	
  é	
  geralmente	
  chamado	
  de	
  feixe	
  

de	
   prova	
   P.	
   Quando	
   a	
   frequência	
   do	
   laser	
   ωL	
   é	
   diferente	
   da	
   frequência	
   da	
  

transição	
   atômica	
   ω0	
   (por	
   exemplo	
   ωL	
   >	
   ω0),	
   o	
   feixe	
   forte	
   F	
   interage	
   com	
   um	
  

grupo	
   de	
   átomos	
   com	
   velocidade	
   vz,	
   enquanto	
   que	
   o	
   feixe	
   de	
   prova	
   P	
   excita	
   o	
  

grupo	
  simétrico	
  com	
  velocidade	
  −vz.	
  Como	
  resultado,	
  os	
  dois	
  feixes	
  interagem	
  com	
  

diferentes	
  classes	
  de	
  átomos	
  e	
  os	
  espectros	
  de	
  absorção	
  são	
   idênIcos	
  ao	
  obIdo	
  

uIlizando	
  um	
  único	
  feixe	
  para	
  a	
  excitação	
  laser	
  (absorção	
  linear)	
  mostrado	
  na	
  Fig.

1.	
  Nessa	
  figura,	
  temos	
  a	
  curva	
  de	
  absorção	
  linear	
  para	
  a	
  linha	
  D2	
  do	
  Rubídio,	
  que	
  

possui	
  dois	
   isótopos	
  85Rb	
  e	
  87Rb,	
  com	
  as	
  maiores	
  abundâncias	
  naturais,	
  72.17%	
  e	
  

27.82%,	
  respecIvamente).	
  Como	
  a	
  separação	
  entre	
  os	
  níveis	
  hiperfinos	
  do	
  estado	
  

fundamental	
  5S1/2	
  é	
  maior	
  do	
  que	
  a	
  largura	
  do	
  perfil	
  Doppler,	
  é	
  possível	
  observar	
  

quatro	
  perfis	
  Doppler	
  que	
  chamaremos	
   	
  85Rb,	
  F	
  =	
  2,	
  85Rb,	
  F	
  =	
  3	
  ,	
  87Rb,	
  F	
  =	
  1,	
  87Rb,	
  	
  	
  	
  	
  

F	
  =	
  2,	
  cada	
  um	
  contendo	
  as	
  três	
  linhas	
  diretas	
  de	
  absorção	
  linear.	
  	
  



Alargamento	
  
Doppler	
  

A	
  frequência	
  angular	
  	
  do	
  laser	
  vista	
  
por	
  um	
  átomo	
  em	
  movimento	
  	
  

Vetor	
  de	
  onda	
  

Somente	
  a	
  componente	
  de	
  velocidade	
  na	
  
direção	
  do	
  feixe	
  é	
  que	
  contribui	
  para	
  o	
  
alargamento	
  Doppler.	
  

Figura	
  1.	
  Absorção	
  linear	
  para	
  a	
  
	
  linha	
  D2	
  do	
  Rubídio.	
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We have measured the hyperfine splittings in the Rubidium D2 line with saturated absorption
spectroscopy, eliminating the Doppler-broadening problem of conventional optical spectral lines.
As a result, we were able to determine the isotropic hyperfine coupling constants for both the
52S1/2 and 52P3/2 states to be A(52S1/2) = [3461.1 ± 1.9(stat.) ± 60.8(syst.)] MHz, A(52P3/2) =
[85.9±0.02(stat.)±1.3(syst.)] MHz for 87Rb, and A(52S1/2) = [1015.2±2.9(stat.)±8.6(syst.)] MHz,
A(52P3/2) = [25.6± 0.1(stat.)± 0.5(syst.)] MHz for 87Rb. We have also determined the anisotropic
hyperfine coupling constant for 52P3/2 to be B(52P3/2) = [12.8 ± 0.03(stat.) ± 2.2(syst.)] MHz for
87Rb, and B(52P3/2) = [25.8 ± 0.4(stat.) ± 1.2(syst.)] MHz for 85Rb. All results were found to be
within 1� of accepted values.

I. INTRODUCTION

Optical observation of small splitting in the energy lev-
els of atoms that have since become known as hyperfine
structure was reported as early as 1891 by Albert Michel-
son, which was only later accounted for by the nuclear
magnetic moment proposed by Wolfgang Pauli in 1924.
Since then, the hyperfine transitions have been used to
study the structure of atomic nuclei. In our experiment,
we have characterized the hyperfine structures of Ru-
bidium D2 line spectra with Doppler-free optical spec-
troscopy and determined the relevant hyperfine coupling
constants.
The fine structure of an atom refers to the splitting

in its energy levels due to various first order relativistic
corrections, the part of which most relevant to us is the
spin-orbit coupling term, due the interaction between the
magnetic moments associated with the electron’s orbital
and spin angular momenta. The hyperfine structure, in
that tradition, refers to energy splitting due to interac-
tions of the magnetic moments associated with the nu-
clear angular momentum and the electron’s total angular
momentum. The Hamiltonian of an atom can thus be
characterized as

H = H0 +
e2

mc2
1

r3
*

L ·
*

S + hA
*

I · J (1)

The first perturbative term is the spin-coupling part of
the fine structure, where

*

L and
*

S are respectively the or-
bital and spin angular momenta of the electron. The sec-
ond perturbative term is the hyperfine structure, where
*

I is the nuclear angular momentum and
*

J =
*

L +
*

S is
the total angular momentum of the electron. Note we
can denote the total angular momentum of the atom as
*

F =
*

I +
*

J . Then we’ll have three quantum numbers,
(F, J, I) that can be used to specify an energy level of
the atom. According to Ref. [1], the energy shift of the
hyperfine structure relative to the fine structure levels is

�⌫ =
A

2
K +

B

4

3
2K(K + 1)� 2I(I + 1)J(J + 1)

I(2I � 1)J(2J � 1)
(2)

where K = F (F + 1) � J(J + 1) � I(I + 1), A and B

are respectively the isotropic and anisotropic hyperfine
coupling constants in the units of Hertz.
We are interested in studying theD2 line of Rb spectra,

which are the transitions of 52S1/2 ! 52P3/2. The energy
levels of 87Rb (28% abundant) and 85Rb (72% abundant),
shown in FIG. 1, exhibit hyperfine splittings on the order
of 100 MHz for the 52P3/2 states and GHz for the 52S1/2

states.
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FIG. 1: Energy levels of 87Rb and 85Rb. The numerical
data are in units of MHz unless otherwise specified, and

are from Ref. [2][3].

Conventional optical spectroscopy often have the prob-
lem of Doppler-broadened spectral lines. This is due to
the fact that an ensemble for atoms have non-negligible
velocity at room temperature, with the most probable
speed given by the Maxwell-Boltzmann statistics

vp =

r
2kT

m
(3)

which is about 241 m/s for Rubidium atoms at room tem-
perature. Since a moving atom will see an income laser
with frequency Doppler-shifted by �⌫ ⇡ (v/c)⌫0, where
⌫0 is the laser frequency, so even if the laser is tuned o↵
resonance by �⌫, there will still be a non-negligible ab-
sorption by atoms moving with speed vp. As a result, we
will see a Doppler-broadened spectral linewidth on the
order of 2�⌫ ⇡ 600 MHz. This is bigger than the typi-
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FIG. 1: Energy levels of 87Rb and 85Rb. The numerical
data are in units of MHz unless otherwise specified, and

are from Ref. [2][3].

Conventional optical spectroscopy often have the prob-
lem of Doppler-broadened spectral lines. This is due to
the fact that an ensemble for atoms have non-negligible
velocity at room temperature, with the most probable
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sorption by atoms moving with speed vp. As a result, we
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Figura	
  2.	
  Diagrama	
  de	
  níveis	
  do	
  Rubídio.	
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Doppler broadening is usually the dominant contribution to the observed
width of lines in atomic spectra, at room temperature. The techniques
of Doppler-free laser spectroscopy overcome this limitation to give much
higher resolution than, for example, a Fabry–Perot étalon analyzing the
light from a discharge lamp, as shown in Fig. 1.7(a). This chapter de-
scribes three examples that illustrate the principles of Doppler-free tech-
niques: the crossed-beam method, saturated absorption spectroscopy
and two-photon spectroscopy. To use these high resolution techniques
for precision measurements of atomic transition frequencies the laser fre-
quency must be determined accurately. Thus the calibration is a crucial
part of laser spectroscopy experiments, as discussed at the end of this
chapter. Since it is important to understand the problem before looking
at the solution, the chapter starts with an outline of Doppler broadening
of spectral lines in gases.

8.1 Doppler broadening of spectral lines

The relationship between the angular frequency ω of radiation in the
laboratory frame of reference and the angular frequency seen in a frame
of reference moving at velocity v, as shown in Fig. 8.1, is

ω′ = ω − kv , (8.1)

where the wavevector of the radiation has magnitude k = ω/c = 2π/λ.
It is the component of the velocity along k that leads to the Doppler
effect and here it has been assumed that k · v = kv.1

1If necessary, this and other equations
in this chapter could be generalised by
replacing kv with the scalar product
k · v.

Atom

Fig. 8.1 The Doppler effect on the observed frequency of radiation. Radiation that
has an angular frequency of ω in the laboratory frame of reference has the frequencies
indicated in a reference frame moving with a speed v, e.g. the rest frame of an atom.
Only the component of the velocity along the wavevector k contributes to the first-
order Doppler shift.



átomos	
  se	
  movendo	
  com	
  velocidade	
  v	
  
absorvem	
  radiação	
  quando	
  δ	
  =	
  ω	
  −	
  ω0	
  =	
  kv	
  

A	
  fração	
  de	
  átomos	
  com	
  velocidade	
  entre	
  v	
  e	
  v	
  +dv	
  	
  	
  	
  
–	
  	
  segue	
  a	
  distribuição	
  de	
  Maxwell-­‐Boltzmann	
  

Velocidade	
  mais	
  	
  
provável:	
  

Usando	
  a	
  relação	
  entre	
  
velocidade	
  e	
  frequência	
  –	
  
obtermos	
  uma	
  função	
  forma	
  	
  
de	
  linha	
  Gaussiana	
  

Máximo	
  valor	
  ω=ω0	
  e	
  a	
  meia	
  
altura:	
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Fig. 8.4 (a) A saturated absorption spectroscopy experiment. The beam splitter BS, e.g. a piece of glass, divides the laser
power between a weak probe and a stronger pump beam. The figure shows a finite angle of intersection between the weak probe
beam and the stronger pump beam in the sample; this arrangement makes it straightforward to detect the probe beam after
the cell but it leaves some residual Doppler broadening. Therefore saturated absorption experiments often have the pump and
probe beams exactly counter-propagating and use a partially-reflecting mirror at M1 to transmit some of the probe beam to the
detector (while still reflecting enough of the pump beam). (b) A plot of the probe intensity transmitted through the sample as
a function of the laser frequency. With the pump beam blocked the experiment gives a simple Doppler-broadened absorption,
but in the presence of the pump beam a narrow peak appears at the atomic resonance frequency. (c) The population densities
of the two levels N1(v) and N2(v) as a function of velocity for three different laser frequencies: below, equal to, and above the
atomic resonance, showing the effect of the pump and probe beams.
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No	
  entanto,	
  sob	
  a	
  circunstância	
  especial	
  quando	
  ωL	
  =	
  ω0,	
  ambos	
  os	
  feixes	
  
interagem	
   com	
   a	
  mesma	
   classe	
   de	
   átomos	
   de	
   velocidade	
   vz	
   =	
   0.	
   Nesse	
  
caso,	
  o	
  feixe	
  forte	
  F	
  satura	
  a	
  transição	
  atômica,	
  diminuindo	
  o	
  número	
  de	
  
átomos	
  com	
  velocidade	
  vz	
  =	
  0	
  no	
  estado	
  funda-­‐	
  mental.	
  Como	
  resultado,	
  a	
  
absorção	
   do	
   feixe	
   de	
   prova	
   é	
   diminuída,	
   uma	
   vez	
   que,	
   a	
   maioria	
   dos	
  
átomos	
  já	
  foram	
  excitados	
  pelo	
  feixe	
  forte.	
  A	
  absorção	
  do	
  feixe	
  de	
  prova,	
  
finalmente,	
   apresenta	
   um	
   perfil	
   Doppler	
   alargado,	
   no	
   qual	
   está	
  
sobreposto	
   um	
   pico	
   Lorentziano	
   que	
   corresponde	
   à	
   frequência	
  
ressonante,	
   pois	
   nessa	
   frequência	
   os	
   átomos	
   absorvem	
   o	
   feixe	
   forte	
  
enquanto	
  o	
  fraco	
  é	
  transmiIdo.	
  	
  

Nesta	
  condição,	
  
os	
  feixes	
  prova	
  e	
  
forte,	
  interagem	
  
com	
  diferentes	
  

grupos	
  de	
  átomos	
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Fig. 8.5 The formation of a cross-over resonance. (a) A three-level atom with two allowed transitions at angular frequencies ω12

and ω13. (b) A cross-over resonance occurs at X, midway between two saturated absorption peaks corresponding to transitions
at angular frequencies ω12 and ω13. At the cross-over the hole burnt by the pump beam acting on transition 1 ↔ 2 reduces
the probe beam absorption on transition 1 ↔ 3, and vice versa.

temperature. This makes it possible to observe components separated
by the 3.3GHz interval between the j = 1/2 and 3/2 fine-structure levels
in the n = 3 shell—see Figs 8.6(c) and 8.7(a).22 Structure on the scale22The expectation value of the spin–

orbit interaction scales as 1/n3 (in
eqn 2.56) and hence the splitting for
n = 3 is 8/27 ≃ 0.3 times that for
n = 2.

of the 1GHz corresponding to the Lamb shift cannot be resolved by
conventional Doppler-limited techniques.

Figure 8.7 shows the spectacular improvement in resolution obtained
with Doppler-free spectroscopy. The saturated absorption spectrum
shown in Fig. 8.7(c) was obtained in a room-temperature discharge of

160 Doppler-free laser spectroscopy

Cross-over

X

In
te

n
si

ty
 o

f 
p
ro

b
e

b
ea

m
 a

t 
d
et

ec
to

r

(a)

(b)

Fig. 8.5 The formation of a cross-over resonance. (a) A three-level atom with two allowed transitions at angular frequencies ω12

and ω13. (b) A cross-over resonance occurs at X, midway between two saturated absorption peaks corresponding to transitions
at angular frequencies ω12 and ω13. At the cross-over the hole burnt by the pump beam acting on transition 1 ↔ 2 reduces
the probe beam absorption on transition 1 ↔ 3, and vice versa.

temperature. This makes it possible to observe components separated
by the 3.3GHz interval between the j = 1/2 and 3/2 fine-structure levels
in the n = 3 shell—see Figs 8.6(c) and 8.7(a).22 Structure on the scale22The expectation value of the spin–

orbit interaction scales as 1/n3 (in
eqn 2.56) and hence the splitting for
n = 3 is 8/27 ≃ 0.3 times that for
n = 2.

of the 1GHz corresponding to the Lamb shift cannot be resolved by
conventional Doppler-limited techniques.

Figure 8.7 shows the spectacular improvement in resolution obtained
with Doppler-free spectroscopy. The saturated absorption spectrum
shown in Fig. 8.7(c) was obtained in a room-temperature discharge of

160 Doppler-free laser spectroscopy

Cross-over

X
In

te
n
si

ty
 o

f 
p
ro

b
e

b
e
a
m

 a
t 

d
e
te

c
to

r

(a)

(b)

Fig. 8.5 The formation of a cross-over resonance. (a) A three-level atom with two allowed transitions at angular frequencies ω12

and ω13. (b) A cross-over resonance occurs at X, midway between two saturated absorption peaks corresponding to transitions
at angular frequencies ω12 and ω13. At the cross-over the hole burnt by the pump beam acting on transition 1 ↔ 2 reduces
the probe beam absorption on transition 1 ↔ 3, and vice versa.

temperature. This makes it possible to observe components separated
by the 3.3GHz interval between the j = 1/2 and 3/2 fine-structure levels
in the n = 3 shell—see Figs 8.6(c) and 8.7(a).22 Structure on the scale22The expectation value of the spin–

orbit interaction scales as 1/n3 (in
eqn 2.56) and hence the splitting for
n = 3 is 8/27 ≃ 0.3 times that for
n = 2.

of the 1GHz corresponding to the Lamb shift cannot be resolved by
conventional Doppler-limited techniques.

Figure 8.7 shows the spectacular improvement in resolution obtained
with Doppler-free spectroscopy. The saturated absorption spectrum
shown in Fig. 8.7(c) was obtained in a room-temperature discharge of

Ressonâncias	
  de	
  crossover	
  na	
  espectroscopia	
  de	
  saturação	
  

Quando	
  duas	
  transições	
  do	
  átomo	
  de	
  Rubídio,	
  nas	
  frequências	
  ω12	
  e	
  ω13	
  (ω12	
  <	
  ω13)	
  estão	
  
suficientemente	
  próximas	
  em	
  energia	
  (a	
  diferença	
  entre	
  as	
  frequências	
  deve	
  ser	
  menor	
  que	
  
a	
  largura	
  Doppler)	
  e	
  a	
  frequência	
  do	
  laser	
  é	
  ajustada	
  exatamente	
  a	
  meio	
  caminho	
  entre	
  as	
  
duas	
  ressonâncias,	
  ωL	
  =	
  (ω12+ω13)	
  ,	
  o	
  feixe	
  forte	
  interage	
  com	
  duas	
  classes	
  de	
  átomos	
  com	
  
velocidades	
   opostas	
   vz	
   e-­‐	
   vz.	
   Átomos	
   com	
   velocidade	
   posiIva	
   vz	
   experimentam	
   um	
  
deslocamento	
  de	
  frequência	
  para	
  o	
  vermelho	
  (menor	
  frequência	
  de	
  transição)	
  ω13	
  =	
  ωL	
  (1-­‐
vz/c)	
  ,	
  enquanto	
  átomos	
  com	
  velocidade	
  negaIva	
  -­‐vz	
  experimentam	
  um	
  deslocamento	
  para	
  
o	
  azul	
  (maior	
  frequência	
  de	
  transição)	
  ω12	
  =	
  ωL	
  (1+vz/c)	
  	
  .	
  Isso	
  resulta	
  em	
  uma	
  diminuição	
  do	
  
número	
  de	
  átomos	
  com	
  velocidades	
  ±vz	
  no	
  estado	
  fundamental.	
  Com	
  a	
  mesma	
  frequência,	
  
o	
   feixe	
   de	
   prova	
   interage	
   com	
   exatamente	
   o	
   mesmo	
   grupo	
   de	
   átomos,	
   mas	
   de	
   forma	
  
oposta,	
  posto	
  que	
  átomos	
  com	
  velocidade	
  vz	
  (-­‐vz)	
  são	
  ressonante	
  com	
  a	
  transição	
  ω12	
  (ω13).	
  
Então,	
  o	
  perfil	
  de	
  absorção	
  do	
  feixe	
  de	
  prova	
  mostra	
  um	
  pico	
  mais	
  intenso,	
  conhecido	
  como	
  
crossover	
  que	
  não	
  corresponde	
  a	
  uma	
  transição	
  atômica	
  real,	
  pois	
  envolve	
  dois	
  grupos	
  de	
  
velocidades	
  dos	
  átomos.	
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refletido por um espelho, nesse caminho passa duas vezes por uma placa de l
4 (o feixe muda

sua polarização 90�) e por um filtro que faz que sua intensidade diminua até menos de 1% do
feixe forte, transformando-se em nosso feixe de prova P. Finalmente, o feixe P é refletido pelo
BS e detectado por um fotodetetor, que está conectado a um osciloscópio para obter os dados
experimentais.
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Figura 2.6 (a) Absorção saturada para as quatro linhas Doppler dos isótopos 85Rb e 87Rb do Rubídio.
Em (b) temos uma ampliação da região destacada em (a), onde os números indicam as transições, os
outros picos correspondem aos crossover. O zero da escala em frequência corresponde à frequência da
transição F = 2 ! F 0 = 3 do 87Rb.

Na Fig.2.6(a), temos a curva de absorção saturada para todas as transições Doppler da linha
D2

�

5S1/2 ! 5P3/2
�

do Rubídio. É possível observar os quatro perfis Doppler anteriormente
mostrados 85Rb, F = 2, 85Rb, F = 3 , 87Rb, F = 1, 87Rb, F = 2, cada um contendo as três
linhas diretas de absorção saturada mais as três linhas de crossover correspondentes às com-
binações duas a duas entre as linhas diretas, como mostra a Fig.2.6(a). A linha 87Rb, F = 2
está representada em detalhe na Fig.2.6(b), onde podemos ver todas as transições hiperfinas

Figura	
   3.	
   (a)	
   Absorção	
   saturada	
   para	
   as	
  
quatro	
   linhas	
   Doppler	
   dos	
   isótopos	
   85Rb	
   e	
  
87Rb	
   do	
   Rubídio.	
   Em	
   (b)	
   temos	
   uma	
  
ampliação	
  da	
  região	
  destacada	
  em	
  (a),	
  onde	
  
os	
  números	
  indicam	
  as	
  transições,	
  os	
  outros	
  
picos	
   correspondem	
   aos	
   crossover.	
   O	
   zero	
  
da	
   escala	
   em	
   frequência	
   corresponde	
   à	
  
frequência	
  da	
  transição	
  Fg	
  =2	
  -­‐	
  Fe	
  =3	
  do	
  87Rb.	
  
Em	
  (c)	
  temos	
  uma	
  ampliação	
  para	
  o	
  85Rb	
  (da	
  
forma	
   como	
   a	
   medida	
   foi	
   feita,	
   os	
   picos	
  
aparecem	
  inverIdos).	
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(a)

(b) (c)

Figure 3. Doppler-free saturated absorption spectroscopy of rubidium. (a) Experimental setup. OI,
optical isolator; λ/2, half-wave plate; λ/4, quarter-wave plate; PBS, polarization beam splitter; FPI,
Fabry–Perot interferometer; D, optical density (1%); M, mirror; D1 and D2, photodiodes. P and S
denote the pump and probe beam, respectively. (b) Saturated absorption spectrum for the transition
5S1/2, Fg = 2 → 5P3/2 of 87Rb. Six Doppler-free dips are resolved corresponding from left to right
to Fg = 2 → Fe = 1, crossover Fe = 1 and 2, Fe = 2, crossover Fe = 1 and 3, crossover Fe =
2 and 3, and Fe = 3. (c) Saturated absorption spectrum for the transition 5S1/2, Fg = 3 → 5P3/2

of 85Rb. From left to right the peaks correspond to Fe = 2, crossover Fe = 2 and 3, Fe = 3,
crossover Fe = 2 and 4, crossover Fe = 3 and 4, and Fe = 4. Solid lines are data fitting using
the product of six Lorentzian functions with a Gaussian profile. For the hyperfine structure of
the 5P3/2 excited state, we finally obtain δ [(1 ↔ 2)]87Rb = 156 ± 2 MHz, δ [(2 ↔ 3)]87Rb =
264 ± 3 MHz, δ [(2 ↔ 3)]85Rb = 64 ± 1 MHz, and δ [(3 ↔ 4)]85Rb = 119 ± 2 MHz, where
δ [(i ↔ j)] is the energy splitting between hyperfine sublevels Fe = i and Fe = j .

wave plate is inserted in order to rotate by 90◦ the probe beam polarization which is finally
reflected by the PBS and detected using a photodiode.

Typical saturated absorption spectra are depicted in figures 3(b) and (c). Within a Gaussian
envelope resulting from Doppler broadening, six dips appear, three of them being related to
the hyperfine structure of the excited state 5P3/2 and the other three corresponding to crossover
resonances.

The linewidths of the saturated absorption dips are found equal to #ν = 22 ± 1 MHz for
87Rb and #ν = 20 ± 1 MHz for 85Rb. The lifetime τ of the 5P3/2 excited state in rubidium is
about 28 ns. The natural linewidth predicted by the Heisenberg uncertainty principle is then
2γ = 1/(2πτ ) = 6 MHz, much smaller than the one measured.

As illustrated by equation (6), the spectral linewidth #ν of the absorption dips strongly
depends on the pump beam intensity which saturates the atomic transition. As such saturation
is at the heart of the method, it is hard to reach the natural linewidth using Doppler-free saturated
absorption spectroscopy. A possible method would consist in measuring the linewidth of the
dips for different pump beam intensities and to take the asymptotic value of the linewidth at

A	
  espectroscopia	
  de	
  absorção	
  saturada	
  em	
  vapores	
  atômico	
  deve	
  então	
   revelar	
  os	
  
crossover	
  e	
  as	
  ressonâncias	
  diretas	
  referentes	
  às	
  transições	
  hiperfinas	
  entre	
  os	
  níveis	
  
que	
  saIsfazem	
  a	
  regra	
  de	
  seleção	
  	
  
Na	
  Fig.	
  3(a),	
  temos	
  a	
  curva	
  de	
  absorção	
  saturada	
  para	
  todas	
  as	
  transições	
  Doppler	
  da	
  
linha	
   D2	
   5S1/2	
   -­‐	
   5P3/2	
   do	
   Rubídio.	
   É	
   possível	
   observar	
   os	
   quatro	
   perfis	
   Doppler	
  
anteriormente	
   mostrados	
   85Rb,	
   F	
   =2,	
   85Rb,	
   F	
   =3	
   ,	
   87Rb,	
   F	
   =1,	
   87Rb,	
   F	
   =2,	
   cada	
   um	
  
contendo	
  as	
  três	
  linhas	
  diretas	
  de	
  absorção	
  saturada	
  mais	
  as	
  três	
  linhas	
  de	
  crossover	
  
correspondentes	
  às	
  combinações	
  duas	
  a	
  duas	
  entre	
  as	
  linhas	
  diretas,	
  como	
  mostra	
  a	
  
Fig.	
  3(a).	
  A	
  linha	
  87Rb,	
  F	
  =	
  2	
  está	
  representada	
  em	
  detalhe	
  na	
  Fig.	
  3(b),	
  onde	
  podemos	
  
ver	
  todas	
  as	
  transições	
  hiperfinas.	
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