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The gas spectroscopy is a standard technique for frequency stabilization in semiconductor lasers. The Doppler effect is what exerts
influence on the linewidths of atomic spectrum increments. In the present work, the saturation spectroscopy, whose main characteristic
cancel the undesirable consequences of this effect, is studied. Different techniques of dispersion-like signals generation are revised, ar
used as error signals in the stabilization of semiconductor lasers. From a different point of view, these techniques are reviewed and &
compared. Moreover, the experimental results of Cesium 133 spectroscopy made at Centro Nacional deéM&ENFGM, are exhibited
herein.

Keywords: Saturation spectroscopy; semiconductor laser stabilization.

La espectroscopia en gases es una deflasi¢as nas utilizadas en la estabilizaci en frecuencia deaseres semiconductores. El efecto
Doppler es el factor que &@s influye en el ensanchamiento de lagas de los espectro®aticos. En este trabajo se revisa la espectroscopia
de saturadin, cuya caractgstica principal es la de anular las consecuencias indeseables de este efecto. Se examinanédisit@tsis t
de generaéin de s@ales tipo disperéh, las cuales son empleadas comibades de error en la estabilizanide hseres semiconductores.
Estas écnicas se comparan entiieysson revisadas desde una perspectiva diferente a lo que convencionalmente se presenta en la literat
Asimismo se muestran resultados experimentales de espectroscopia en gas de Cesio 133 realizadas en el Centro Nacionalaje Metr
CENAM.

Descriptores: Espectroscopia de saturanj estabilizadin de hseres semiconductores.

PACS: 32.70.Jz; 42.55.Px; 05.20.Dd

1. Introduction like signals being used to stabilize semiconductor lasers are
exposed. As well as some experimental results obtained with

Many applications of semiconductor lasers, require, high stagas of Cesium 133 in the laboratories of Centro Nacional de
bility and minimal frequency dispersion. In the researchMetrologa, CENAM, are presented. The discussion of the
field, the cooling neutral atoms experiments [1,2], The Boseresults and the revision of the different techniques to gener-
Einstein condensation [3], and the development of atomiate dispersion-like signals are seen from a different point of
lasers [4] are some of the most recent examples of the apdew from those usually reported in science literature.
plication of stabilized lasers, particularly of semiconductor
lasers.

Frequency stabilization of semiconductor lasers require®,  Saturation spectroscopy
a good control of the parameters that affect the emission char-
acteristics, being temperature and feeding current two of the 1.  Saturation spectroscopy for an ideal gas, composed
most important ones. However, for some applications, highly by atoms with three discrete energy levels
stable current sources and temperature control are not enough
by themselves, being necessary to use frequency referencas the atoms or molecules that compose a gas are in move-
of a very good quality such as resonance cavities and atomifient due to the temperature conditions, the radiation emit-
or molecular systems. Some of the best frequency referencesd or absorbed by them will have a frequency shift due to
are atomic transitions. In this context, spectroscopy has behe Doppler effect. The width of the lines of the spectrums
come a valuable tool, not only for the study of atomic struc-obtained are then increased by this effect, as the frequency
ture, but also for building extremely stable frequency refer-of the radiation emitted or absorbed depends on the atomic
ences [5]. or molecular speeds. A good way to suppress the undesired

In Sec. 2 of this paper, saturation spectroscopy [6,7] ixonsequences of this effect is using the so-called saturation
revised, because it has the characteristic that suppresses gpectroscopy. In this technique, two overlapped light beams,
undesired Doppler effects in the resonance spectrums. On tlrehich propagate in opposite directions and with the same fre-
3rd section, different techniques to generate the dispersiomguencyw, are used close to the atomic resonance. Figure 1
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FIGURE 1. Saturation spectroscopy experimental set up. SB is the A ay

Saturation Beam and PB is the Probe Beam. dv,
o 7N
shows, graphically, the experimental implementation of this
technique.
The gas in the container, shown in Fig. 1, is considered (a:";) )(zm V;u) e *(:) 0((::) D
to be an ideal monatomic gas in thermodynamic equilibrium PR - -

at a temperaturé’. Let us suppose that the atoms that com-gigyre 2. Dynamic of holes in the velocity distribution of the
pose that gas have only three discrete non-degenerated egbmponent ana. state. This case is for a fictitious atom with two
ergy states: levels, b, andc, wherea is the ground state, transitions.

while b and ¢ are the excited states, with energi€s, E,
E., respectively, andE, < E, < E.; and that the only

; " i . On the other hand, when the angular frequengets the
permitted transitions with a single photon are— b, and

_ value of (w; + w2)/2, the atoms with a velocity component

a — ¢, and these have an energy d'ﬁere“ﬁﬁf Ea = hw? in z axis equal tw, = +vl (w1, w2) = £(w1 — wa)/2k are
andE; — E, = hwy, beinghw, > hwy. Additionally, 1ets o o1 ones that will interact with the light beams. When
consider that both transitions have the same probability to bg ., ke an analysis of the process of interaction of a photon

achieved. with an atom, in the non relativistic regime, we obtain [8]:
In case the light beams propagate through thaexis
(Fig. 1), the atoms that haveavelocity component given AE = hw — hv - k, (1)

by vZ(w1) = (w — w1)/k, andovl(we) = (w — we)/k are

the ones that have a higher probability to interact with lightwhereA E represents the difference of energy among the dis-
beams. Itis easy to find, from the analysis of the velocity distcrete atom states. For the case being considered, it could be
tribution on the component for the population of atoms on thatAE = E, — E, or AE = E,. — E,,.

the ground statéN, /dv., that four holes are generated due  \wheny, — +0T (wr,wa) = +(w1 — ws)/2k, the equa-

to the interaction with the light beams, as shown in Fi@. 2 tjon (1) happens to bAE = huws, it is, the atom makes the
Such holes are originated due to the portion of atoms thagansitiona — ¢. Forv, = 0T (w1, we) = —(wy — wo)/2k,

leave the a state to populate a higher state. the difference of energy iAE = hwy, it is, the atom makes

Considering that a continuous change in the frequency ofhe transitiona — b. In other words, if the velocity com-
the light beams fromw > w;,ws t0 w < wi,we happens, ponentv, = v7(w,ws) of the atom is in opposite direction
the holes move in opposite directions causing three overlap® the direction of the laser propagation, the atoms make the
among them. The first one happens in the center of the velogransitiona — c. Note that the missing energy is compen-
ity distribution, wherev? (w;) = 0, and, it is only produced sated by the Doppler effect. On the other hand, if the velocity
when the condition = w; is reached. Then a double overlap component is in the same direction than the one of the laser
appears in the pointv] (wi) = Fvl(w2) , it means, whew  propagation, then the atoms make the transition b, it is,
has the value ofw; + w2)/2. Finally, the third overlap is the surplus energy is also compensated by the Doppler effect.
done in the central part of the distribution whetéw,) = 0, The spectrum obtained is shown in the Fig. 3. Such spec-
under the conditionr = w». Figure 2 shows this sequence.  trum show the transmitted intensit§(w), in the probe beam.

On condition that the holes overlap in the central part ofThe shape of the well in the spectrum is partially related with
the distribution, the frequenay of the laser is the same as the distribution of the speeds of the atoms that form the gas,
the resonance frequency or w,. This way, the atoms that and it is known as Doppler well. Additionally to it, three
interact with the light are those that move in a perpendiculapeaks appear, called Lamb dips, two of which are located in
plane to the direction of the propagation of the laser. The lights; andws, meanwhile the third one is iw; + w2)/2. The
beam that moves from left to right (Fig. 1), known as satu-origin of these three Lamb dips is the result of the intensity
ration beam, induces the transition of the atoms that movercrement of the light transmitted, due to the no-interaction of
in such plane to an excited state. The beam that moves ithe probe beam with the gas, as it was explained previously.
opposite direction to the saturation beam, called probe beat is important to explain that the presence of the Doppler
(usually of lower power than the saturation beam), will find well induces a systematic effect in the location of the Lamb
its way with these same atoms in an excited state, so that thilips, so that actually there is a very low deviation of those
beam will not be able to interact with them. compared with atomic transitions. In the same way, the sym-
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FIGURE 3. Graphic of transmitted light intensity as function of — '
frequencyw. The crossover line is at the middleof andws,. Coulomb Spin-Orbit Spin-Spin ~ Zeeman
metry pf this signal is due to the ;gpposition that the atomic Interaction
transitions have the same probability to appear.

When Fig. 2 is observed, it can be noticed that there
are two simultaneous overlaps in the velocity distribution.FIGURE 4. First Cesium-133 energy levels.
Making a statistic interpretation of this fact, it is inferred

that the number of atoms that make any transition whergyrrent source. The current stability was better thapA

w = (w1 + w2)/2 is higher for the cases on whieh= w1 per hour. Nominal values for laser and DBR current were
andw = w; (see Figs. Band ). For this reason, the Lamb 40 mA y 20 mA, respectively.

dip associated tw = (w1 + w2)/2 is the most prominent. On the other hand, the laser temperature was main-
This Lamb dip that appear additionally in the atomic SpeC+4ineq around room temperature (2€) in order to keep
trum IS known as of crossover line. These crossover lines 4Rhe resonant condition. Temperature control at the laser was
pear just at the central point between each pair of Lamb dip§cpjeyed by using a PID control along with a Peltier thermo

corresponding to real transitions. In the case of a gas, COMsy5jer element. The temperature stability was better than
posed by atoms with three permitted transitions, the spectrum ; per hour. The frequency of the laser was modu-
will have three Lamb dips due to real transitions, and threqated around th$6251/2 F=3) — |62p3/2 F' = 2,3,4)

crossover lines, one for each pair of transitions. An exampl%nd‘(jgsl/% F = 4) = [62ps 0, F' = 3,4,5) transitions. It

of this kind of spectrums will be seen in the following section,WaS achieved through the modulation of the DBR current
where some experimental results of the application of saturaﬁy using a 100 Hz triangle signal. The Cs-133 was con-

tion spectroscopy with Cesium-133 gas, are also shown. tained in a cubic cell (1 cmx 3 cm x 1 cm), and its tem-

perature was kept around 28 with a vapour pressure near

2.2. Saturation spectroscopy in Cs-133: experimental 10~° torrs [10]. The power of both, the saturation and probe
results beams were of 8@W and 20uW, respectively. Polarization

in both laser beams was linear. Diameter of the laser beams
One of the most used alkaline elements in Atomic Physics isvas near 1.5 mm. The thinner part of the cell was used to
Cesium 133. In Metrology, this element has particular relepass through both laser beams. In Fig. 5, we show the exper-
vance because of the unit of time, the second of the Interndamental set up where measurements were made. In Fig. 6, we
tional System of units. The unit of time is defined in terms ofshow the spectrums obtained with this set up.
the hyperfine levels of the Cs-133 ground state [9]. In Fig. 4  Spectrums in Fig. 6 are taken from an oscilloscope fed
are shown the first energy levels of this atom. with the photodetector signal. Figure 6 also shows the trian-

The experimental measurements of the resonance spegular signal used in order to achieve the frequency modula-

trums of the Cs-133 D2 line reported in this paper, were obtion in the laser beams. The positive slope in such triangu-
tained by using a semiconductor DBR type laser, with 5 mWar signal corresponds to an increment of the DBR electric
output power (Yokogawa, model YL85XTW). The wave- current, and also producing an increment on the laser wave-
length of the radiation emission of this laser is near to thdength emission. Moving to the right side inside the Doppler
D2 Cs-133 line (852 nm), it is th®?s; o) — [6%p3,2) tran-  well, we will find Lamb dips corresponding to less energetic
sition, near infrared. The frequency dispersion (linewidth oftransitions. So, the extreme right side Lamb dip in the spec-
the emitted radiation) of the laser is around 1 MHz. The laserirum corresponds to the lowest energetic transition, and the
and its DBR section, were fed with a highly stable electricextreme left side Lamb dip corresponds to the most energetic
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resonance. In Fig.lBappear 6 Lamb dips inside the Doppler
well, three of them corresponding to three real atomic tran- | __—" :
sitions and the other three correspond to the crossover lines| : :
However, in Fig. @ appear five Lamb dips clearly formed | - -
and one partially formed. This is because the laser has} . T
a mode hope on its frequency emission just at the po- ©hi 200V WiB TV 250 7107 To0mY

sition of the crossover line appearing just at the middle
part of the|6231/2,F =3) > \62p3/2,F’ = 3), and FIGURE 6. Cesium-133 hyperfine resonance spectrua)sSpec-

16251 /9, F = 3) — |62p9, F = 2) transitions. trum of |6251/2,}27 =3 — |62p3/2,2F’ = ?,3,4) transitions.

It/is interesting to no/tice the asymmetry on the spectrum iz):spectrum Of67s1/2, I = 4) — [67ps/2, F' = 3,4,5) transi-
in contrast to the symmetry presented on section 2.1 (see
Fig. 3). Such asymmetries are caused because the involved
transitions do not have the same relative transition probabilsay that it is common to find that the wavelength of the emis-
ity. As an example, in the spectrum shown in Figo the  sion of a semiconductor laser has an electric current sensitiv-
6251 /2, F = 4) — |6%p3/2, F' = 5) transition Lamb dip is ity coefficient of around 0.01 nm/mA, and for each Kelvin its
at the bottom of the Doppler well, indicating that such tran-wavelength changes around 0.1 nm. In this particular case of
sition is the most probable transition. On the other hand, théhe semiconductor lasers with emission around 852 nm, the
|6251/2,F =4) — \62p3/2,F’ = 3) transition Lamb dip  frequency shifts are of the order of magnitude of 4 GHz and
is at the top part of the Doppler well, indicating that such40 GHz, respectively.
transition has the lowest transition probability.

Usually semiconductor lasers have linewidths with large
frequency dispersion, which are of the order of magnitude of
3. Frequency stabilization of semiconductor around10® Hz, very often higher than the atomic transition

lasers line width. With the purpose to resolve the atomic transi-
tions resonance, it is necessary to add an element in order to
A relevant characteristic of the semiconductor lasers is thadecrease the laser linewidth. Such element could be part of
their frequency of emission changes as a function of theithe semiconductor, in the DBR (Distributed Bragg Reflector)
temperature and circulating electric current. By this reasontype diode lasers, or the DBF (Distributed Feedback) type
it is very important to have a good control on such parameterdiode lasers [11]. It is also possible to find them as external
in order to stabilize the frequency. As an example, we coultlements, that is the case of the resonant extender cavities or
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the diffraction gratings [12]. Such elements are very often Oscilloscope
L Low-pass
used to control the emission frequency of the laser too.
. o . filter
In order to stabilize the emission of a semiconductor laser
to an atomic line, it is necessary to use an electronic servo
loop to keep the frequency radiation of the laser in resonance I

with the atomic transition frequency. Such servo loop must
be fed with a signal containing information about the reso-
nance frequency. Figure 3 shows signals that could be usec
to feed the servo loop. The electronic circuitry of the servo
loop keeps the laser emitting in resonance with the frequency,

where the maximum of a selected Lamb dip in the spectrum is Multiplying Differential
located. The maximumsare located using the relative of the amplifier
spectrums, the result is a signal known as a dispersion-like
signal which is used as error signal to feed the servo loop.
In the next section, we review briefly some of the most used
methods to generate the dispersion-like signals, and we alsc 260 kHz Photodetectors
show some experimental results of hyperfine spectroscopy or ) (s
Cs-133 vapour.
3.1. Modulated frequency spectroscopy Laser —> i -
Optical Beam splitter
Supposedly the emission frequency of the lasét) is isolator
slightly modulated around a frequency, in this case we | Cs
can write:
= i 100 Hz N Beam
w(t) = w' + A, sin(wmt), @) Mirror splitter
wherew,, is the modulation frequency andl, is the modu- _—
Mirror

lation deep. If the modulation deef, is much smaller that
the transition linewidth, then the transmitted intensstiw)
could be written approximately as:

d

FIGURE 7. Schematics of the experimental set up using FM spec-
troscopy with Cesium-133.

The high frequency modulation (see equation 2) was

S(t) = S(W) + —— S (w)|w=w Aw sin(w,t). ©)) created using a sinusoidal signal of 260 kHz, fed directly
dw on the laser (phase control pin). The low frequency mod-

On the other hand, if the signélt) is multiplied by the mod- glatlog ZW?:S. ach|8evid |nt:]he sarlrt1e \gfly aj q?:?;'.bid Ln
ulation signakin(w,,t), and then it is used a low pass filter in €C. 2.c. Fgure 6 shows the results obtained wi IS tech-

order to eliminate all the time dependent terms, it is obtainednique' Spectrum in Fig. 8 corresponds to the transitions
P [6231/2, F =4) — |6%p3 /2, F' = 3,4,5). The setup was de-

signed in order to subtract the Doppler well from the spec-
trums, see Fig. 6. This was done with the aim to minimize
the systematic error on the position of the Lamb dips. Fig-

which is the error signal that could be used to feed the servd'® & ?hOWS a spgctrum were the Dopple.r wellis removed.
loop in order to stabilize the laser. It is interesting to note that, in such graph,
the corresponding Lamb dip to the transition

6251 /9, F=4)—|62p3 2, F'=4) is highly overlapped with

the crossover line. The overlap present on this experiment,
but absent on the experiment of Sec. 2.2, comes from an in-
An experimental set up used to perform hyperfine specereased linewidth originated by the corresponding increased
troscopy in Cs-133 using a frequency modulation technique@ower of the laser beams. Besides the power of the laser
is shown in Fig. 7. The conditions on the Cs cell were thebeams, there is another effect which is also increasing the
same as those described in Sec. 2.2. The power of saturatitransition linewidth. This is due to the frequency modula-
and probe laser beams were 300 and 75.W, respectively.  tions on the laser beams used to obtain the dispersion-like
The increased power on the laser beams was adopted in ordggnal. Frequency modulation also increases the frequency
to have a better signal-to-noise ratio on the dispersion-likelispersion on the beams giving as a consequence the in-
signal. creased transition linewidth.

A, d

Lowpass[S(t) sin(wmt)] = 2 S(w) , @

w=w’

3.2. Spectroscopy with frequency modulation in Cs-133
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FIGURE 8. Experimental results of Cs-133 FM spectroscopy cor-
responding to thés®s, o, F = 4) — |6%p3 /2, F' = 3,4, 5) tran-

@ + S 1
sitions. E ° "
F=0
A m=0
3.3. Dispersion-like signals without frequency modula- — %)
tion ,
m’=1
The methods for generation of dispersion-like signals are =l =
based on the next approximation: 2
g \ m’=-1
d . - F=0 o
@S(w) x 6}3130[5(w + dw) — S(w — dw)]. (5) m=0
The dispersion-like ;lgnal is obtained from two spectrums | Magntic field
slightly frequency shifted one respect to the other. In general
terms, we can say that such frequency shifts are of around
one half of the atomic transition linewidth. Those frequency b)

shifts could be introduced using some physics phenomeng, . .. 14 zeeman levels of a fictitious two energy states atom.
such as the Zeeman effect [13,14], or the Doppler effect [15} Atom interacting with ar* photon.b) Atom interacting with a
among others. o~ photon.

Due to the geometry of this experiment, it is pos-

3.3.1. Dispersion-like signals using Zeeman effect sible to have two energy spectrums shifted in frequency

one respect to the other, if two light beams with cir-
Figure 9 shows an experimental set up that could be usecular polarizations T and oc~) are used. When an
to generate a dispersion-like signal using the Zeeman effecatom interacts with ac™ photon, then the transition
This set up is based on the saturation spectroscopy techniqi® = 0, m = 0) — |F’ = 1,m = 1) occurs (see Fig. H),
along with a longitudinal magnetic field. Such magnetic fieldobtaining a blue shifted spectrum withe respect to
brakes the degeneration at of the atoms hyperfine energy lethe transition|F = 0,m = 0) — |F' = 1,m = 0). On the
els, in the gas. In Fig. 10, itis shown the Zeeman states of aother hand, the interaction with a~ photon induces
hypothetical atom with two energy levels. Let’s suppose thathe |F =0,m =0) — |F' =1,m = —1) transition (see
the quantum numbefF’ for the total angular momentum of Fig. 1) obtaining, then, a red shifted spectrum with respect
the ground state, is zero, also and that= 1 for the excited  to the transitiofF = 0,m = 0) — |F' = 1,m = 0). The
level. Under these conditions the quantum numhecorre-  detection of this two frequency shifted spectrums could be
sponding to the projections of the total angular momentumachieved by using a waveplate bf4 retardation along with
gets the value ofn = 0 for the ground state and’ = 0,+1  a polarizing beamsplitter. The dispersion-like signal is, then,
for the excited level. obtained subtracting these two spectrums.
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3.3.2. Cs-133 spectroscopy and its application to the genef the longitudinal axis of the cell. In order to get the polar-
eration of dispersion-like signals using the Zeemanization conditions € ando~) on each laser beam, it was
effect sufficient to polarize linearly each beam. This is valid be-

cause a linear polarization could be interpreted as the sum of

In this section, we consider the saturation spectroscopy in C$i+ ands— polarizations in the same strength. Power, diam-

133 along with a longitudinal magnetic field (Zeeman effect).eter of saturation and detection laser beams were identical to

Figure 11 shows the experimental set up used to develop thggse in Sec. 2.2.

conditions considered in this section. In this experiment, a The results obtained with this technique are shown

cylindrical Cs-133 gas cell (2.5 cm in diameter and 4 cm; Fig. 12. The difference on these two spectrums was

Iong) was used undgr t_he same conditions as in Sec. 2.2. TIE)GE)tained using a digital oscilloscope. As expected, the
longitudinal magnetic field was produced by a coil around theSpectrums get frequency shifted each one with respect to

cell. Electric current through the coil was 200 mA, creating 8he other. That spectrum corresponds to the transitions
constant magnetic field of around 0.35 mT at the middle pa%zsl/2 F = 4) — [62ps 0, F' = 3,4,5)

100 Hz 3.3.3. Dispersion-like signals using Doppler effect
It is possible to use the Doppler effect in order to get a fre-
quency shift on the resonance spectrums. In Figa, &
show an experimental set up for saturation spectroscopy, par-
Laser —> B ticularly one designed to use Doppler effect to get two reso-
- BS nance spectrums frequency shifted each one with respect to
Optical . X
<olat the other. In this case, the saturation and probe laser beams
1sotator form an# angle between them. The intersection of this two
laser beams occurs at the middle of the gas cell. Under these
Mirror BS conditions, only those atoms that have the same Doppler fre-
quency shift in both laser beams contribute to the spectrum
— ADsorptive (Lamb dip). The frequency shift due to Doppler effect is:
filter
— m— w—wy=v-k=uvkcosf, (6)
—Cs| = Coil wherewy is the resonance angular frequency.
) BS
Mirror
M4 =
—<]<—@< PBS
A PD
$)PD
A N A
T T N | R N
. Chi— T0mv _ Ch2 ~ T0mV M S00us EXL/10 7 —590mV
>0 O« BEi | Smv  soops HS EX "
Oscilloscope FIGURE 12. Dispersion-like signal obtained with the experi-

FIGURE 11. Schematic of the experimental set up to generate mental set up showed in figure 11. The signals correspond to
dispersion-like signals using the Zeeman effect on Cs-133. BS:|6251/27F =4) — |62p3/2,F' = 3,4,5) transitions, where the
Beamsplitter, PBS: Polarizing Beamsplitter, A: Amplifier, PD: zero crossing associated [@ s /o, F' = 4) — [6°p3 /2, F' = 3)
Photodetector) /4: waveplate of\/4 retardation. transition is not in view.
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L(v) =7*/(v* +7), ©)

with v,,, = /(2kgT)/m, wherewv,, is the most probable
velocity, v is the linewidth (half width at half maximum),
Av = (v/\)sin(8/2) is the frequency shift for an angte
andvy is the resonance frequency of the atom.

The coefficientsA_ and A, are related, respectively, to
the blue and red shift by the Doppler effect. Such coefficients
can be written as follows:

I,
A —C. / exp(—2al tan(6/2))dl,
0

Io

A =C, / exp(—2altan(6/2))dl,  (10)

I

whereC_ andC'; are constantd,, is the position of the in-

tersection of both light beams through the probe beans,

the saturation spectroscopy decay constant,2anahn (6/2)

is the distance between the saturation and probe laser beams.
When the intersection of the laser beams is at the middle

of the gas cell, as in Fig. B3then the coefficients!_ and

A, are equal, as it is shown in equation 10. On the other

hand, when the intersection of the laser beams is at the wall

cell position, as in Figs. I8and 1%, only the atoms mov-

PD PB ,,.E-IEV ing in an specific directiorj pontribute to the absorption signal,
= and then one of the coefficients gets the value of zero. In such
PB conditions, the resonance spectrum will be frequency shifted
e to blue (Fig. 18) or to red (Fig. 18).
PD When implementing these conditions in a single experi-
d) mental set up, as shown in Fig. d,3t is possible to obtain

two resonance spectrums frequency shifted simultaneously

FIGURE 13. Generation of dispersion-like signals using Doppler o5ch one with respect to the other. Finally, the dispersion-
effect. SB is the Saturation Beam, PB is the Probe Beam, PD is a}ike signal is obtained subtracting both signals

Photodetectora) The saturation and probe beam intersection is at

the middle of the cellb) andc) The intersection is at the extreme ) .

walls of the cell.d) Implementation ob) andc) cases simultane-  3-3-4.  Cs-133 Spectroscopy and its application to the gen-

ously in the same experimental set up. eration of dispersion-like signals using the Doppler
effect

From Fig. 13, itis possible to infer thatwhefiangle is |, g 14, it is shown an schematic experimental set up im-
+(m — 0)/2, then the previous conditions are satisfied. The,emening the technique for Cs-133 discussed in the previ-
atoms that move with this angle respect to the laser beams age < <action. In this case. a cylindrical Cs cell (2.5 cm in

represented with arrows in this figure. The spectrum Obtainegiameter and 7.5 cm in longitude) was used under the same

with the set up of Fig. 18could be represented by the next temperature and pressure conditions as described in Sec. 2.2.
equations [15]: The saturation beam, as well as the two probe beams, got
0 the same characteristics in power and diameter as in the case
discussed in Sec. 2.2. The distance between the two probe
I(v) = A- / F()L(v = vo — Av)dv beams was 3.5 cm, with an angle of 2.67 degrees respect to
- the saturation beam. The dispersion-like signal obtained with
+00 this technique is shown in Fig. 15. It is important to notice
+A, / F(W)L(v — vo — Av)dv, (7)  thatdue to the very few electronic involved in this technique,
there is a very good signal-to-noise ratio at the dispersion-like
signal.
where: It is important to point out a comment on the dispersion-
) like signals obtained with the different methods discussed in
f(v) = |v]exp (_U2> , (8) this paper. Comparing the signal shown in Fig v@ith the
Um one shown in Fig. 15, and considering that both signals cor-

-0
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FIGURE 15. Dispersion-like signal generated with the ex-
Saturation perimental set up showed in Fig. 14. It is associated to
beam 6251 )2, F'=4)—[6°ps /2, F'=3, 4, 5) transitions.

When the laser is locked to the transition
6251 /2, F=4)—|6%p3 2, F'=5), which is the one with high-
est probability, there will exist a maximum population of
atoms at the Cs cell interacting with the laser beam. When
the path length of the interaction is relatively small, lets say
around 1 cm, then the attenuation of the laser beams is not
too significant, and there will be a relatively strong signal
at the detector, as shown in Figa.80n the other hand, if
the path length of the interaction is relatively large, lets say
around 7.5 cm, the attenuation of the laser beams turns im-
vVY portant and then the detector will receive a weak signal, as
PD @& PD shown in figure 15.
Considering now the case when the laser is locked
to the transition with the lowest probability, that is
) ) 6251 /2, F = 4) — [6%p3 /2, F' = 3). There is a minimum
Differential population of atoms at the Cs cell interacting with the laser
amplifier beams. When the length of the path of interaction is large,
lets say around 7.5 cm, the number of atoms interacting with
the laser beam is also large enough to have a relatively strong
O O+ signal at the detector, as shown in Fig. 15. On the other hand,
when there is a short length of the path of interaction, lets
say around 1 cm, there will be few atoms interacting with the
laser beams and a weak signal at the detector, as shown in

Cs

Mirror Probe
beams

Oscilloscope

FIGURE 14. Schematics of the experimental set up to generate
dispersion-like signals using Doppler effect on Cs-133. BS is aFig. 8.
Beamsplitter and PD is a Photodetector.

respond to the same transition, there is a clear a difference bg-  Conclusions

tween them. The most notable difference between them is on

the relative strength of the Lamb deeps, and in consequencAt normal conditions of pressure and temperature, there is a
on the dispersion-like signals. The differences on the Lamistrong linewidth increment because the Doppler effect masks
deep strengths between spectrums are originated by the dilhe atomic transitions. The technique known as saturation
ferent longitude of the interaction paths involved in each exspectroscopy has the property to avoid such linewidth incre-
periment. In order to generate the signal shown in Fig. 8 ment. In this paper, we discuss several methods to generate
it was used an interaction longitude of around 1 cm, whiledispersion-like signals, such as frequency modulation (FM)
in the generation of signal shown in figure 15 it was used arspectroscopy, that is the most used technique to frequency
interaction longitude of around 7.5 cm. stabilize semiconductor lasers. Other techniques that do not
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use the FM were also reviewed, such is the case of those ukser beams turns into an important factor on the generation

ing the Zeeman effect and the Doppler effect. of dispersion-like signals. The selection of the appropriate
We showed some results from the measurements of thgath length of such interaction highly improves the signal-to-

Cs-133 spectrum using several methods discussed in this paeise ratio of the dispersion-like signal corresponding to the

per. The Doppler well appearing on the measured spectruntsansitions with highest and lowest probability.

using the saturation spectroscopy technique induces system-

atic errors on the high accuracy measurement of the reso-

nance frequencies. The elimination of the Doppler well onAcknowledgements

the spectrums also suppresses such systematic errors, which

are of the order of magnitude of few Hz. Authors acknowledge to the Centro Nacional de Metr@pg

The path length of the interaction between atoms andENAM, for their support to develop this work.
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