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Laser frequency locking based on the normal and abnormal
saturated absorption spectroscopy of 3Rb*
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We present a practical method to avoid the mis-locking phenomenon in the saturated-absorption-spectrum laser-
frequency-locking system and set up a simple theoretical model to explain the abnormal saturated absorption spectrum. The
method uses the normal and abnormal saturated absorption spectra of the same transition 52S; )2 F= 2-52P; /2 F =3
saturated absorption of the 7Rb D5 resonance line. After subtracting these two signals with the help of electronics, we
can obtain a spectrum with a single peak to lock the laser. In our experiment, we use the normal and inverse signals of the
transitions 528, ) F = 2-5%P, 12 F " = 3 saturated absorption of the 8’Rb D, resonance line to lock a 780-nm distributed
feedback (DFB) diode laser. This method improves the long-term locking performance and is suitable for other kinds of
diode lasers.
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1. Introduction

The saturated absorption spectrum (SAS) is a widely used
technique in laser frequency stabilization and atomic physics.
In this technique, the laser beam is split into a weak probe
beam and a strong pumping beam. These two beams are sent
in opposite directions through one vapor cell. Because of the
Doppler effects, only the atoms which are in the narrow range
of axial velocity centered at v = 0O interact with both light
waves and some peaks corresponding to the exact transition
between the ground and excited states appear. At the same
time, there are also some crossovers when the laser frequency
is tuned exactly midway between two transitions if they are
close enough. Owing to the saturation effect, the spectra are all
peaks on the background of the Doppler-broadened absorption
profile in a normal SAS. !>l The normal SAS is very useful for
high resolution spectroscopy, but can also be unsatisfactory in
other applications. For example, in an optically pumped ru-
bidium beam frequency standard,®! the detection laser is sta-
bilized on the transition from F = 2 to F’ = 3 of the 3’Rb D,
resonance line, but there are six peaks at the same time when
the SAS method is used. Some groups proposed to shift or
eliminate the close crossover peak with two lasers to avoid
the influence of these undesired peaks.[‘” Howeyver, these six
peaks still exist and there is still some possibility of locking
the wrong peak. Some SAS peaks can be inverted if the laser
intensity is changed or the polarization is tuned. It is called
abnormal SAS and some groups have done some theoretical
and experimental work. [4-13]

Considering the similarities and dissimilarities between
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the normal SAS and abnormal SAS, we subtract the normal
SAS and abnormal SAS to obtain a single peak spectrum of
87Rb. Obviously, using the single peak spectrum to lock the
laser, one can avoid the mis-locking problem. In this paper,
the mis-locking mainly means the laser locking of a wrong
peak in the SAS. Meanwhile, we ensure that the laser keeps
locking by using the digital locking method.

The rest of this paper is organized as follows. In Sec-
tion 2, we first describe the apparatus of normal SAS and ab-
normal SAS, then we present the single peak spectrum that
subtracts the normal SAS and abnormal SAS. Finally, we show
the results of the long-term locking. In Section 3, we set up a
theoretical model to explain the abnormal SAS. Conclusions
are given in Section 4.

2. Experimental procedure

The experimental setup consists of a normal saturated ab-
sorption spectrum configuration and an abnormal saturated ab-
sorption spectrum configuration shown in Fig. 1.

As shown in part (a) in Fig. 1, a thick glass plate with a
reflectivity of ~ 4% is used to reflect the laser beam and turn it
into two parallel reflected beams (beam 1 and beam 3) which
transmit through the rubidium cell 1. The transmitted beam
from the glass plate is reflected by two mirrors and a beam
splitter (reflectivity ~ 50%) to become beam 2, which acts as a
pumping beam. It is collinear with beam 1 which is the probe
beam. The probe beam can be detected by a photodiode to
obtain the normal SAS. In order to obtain the Doppler-free
normal SAS, we put another photodiode to detect beam 3.
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Fig. 1. Experimental schematic diagram. DFB: distributed feedback laser, A /2: half wave plate, PBS: polarizing beam splitter, BS:
beam splitter, Rb: cell the rubidium cell, PD: photodiode. Part (a) is the experimental setup of the abnormal saturated absorption
spectroscopy. Part (b) is the experimental setup of the normal saturated absorption spectroscopy.

As shown in Fig. 1(b), the difference of the abnormal SAS
experimental setup from the normal one is the additional po-
larizer. The additional polarizer can ensure that the pumping
beam is linearly polarized and the pumping and probe beam
are polarized in the same polarization direction. Compared
with the other polarization configurations of the pumping and
probe laser beam, ®! the experimental setup of 7||7 is rather
simple. When the polarization configuration of the pumping
and probe laser beam is 7||7, we can obtain the abnormal
saturated absorption spectra of the transition 5°S, )2 F =2~
5%P5 )5, F' =3 of the ’Rb D line.

We use an Rb cell to measure a cylinder with 20 mm in
diameter and 50-mm long at room temperature. The 780-nm
laser system is a commercial TOPTICA DL100 laser. The
modulation frequency is 5 kHz. It provides a pumping beam
power of 3.60 mW and a probe beam power of 0.40 mW for
the abnormal SAS setup. Meanwhile, it provides a pumping
beam power of 0.37 mW and a probe beam power of 0.06 mW
for the normal SAS setup. The spot diameter of the laser beam
is about 2 mm.

The experimental normal and abnormal saturated absorp-
tion spectra are shown in Fig. 2.

The single strong peak can be obtained when the two
spectra are subtracted with the help of electronics. The op-
timal result is shown in Fig. 3.

Comparing the two spectra in Fig. 3, we find the target
peak is much stronger than the other peaks. The single peak
spectrum is an ideal spectrum for laser locking if we can set
a certain reasonable threshold intensity. This laser-locking
method can avoid the mis-locking phenomenon which often
occurs in the normal SAS laser frequency locking system. The
error signal of the single peak is obtained and used to control

the current of a distributed feedback (DFB) diode laser.

40 : :

F=25F"=C1,3

A F=2>F'=3 1
v

T T
F=2-F"=C2,3

20

F=25F =2
N\

—20

Signal volatage/mV

—40

—300 0
Relative frequency/MHz

—696500

Fig. 2. (color online) Saturated absorption spectra. In this figure, the
black line represents the abnormal saturated absorption spectrum and
the red line represents the normal saturated absorption spectrum.
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Fig. 3. (color online) Spectrum (black) after subtracting two spectra
and being magnified by one operational amplifier, and normal saturated
absorption spectrum (red) being the same as that in Fig. 2.

The result is shown in Fig. 4. The laser continuously
keeps locking for more than 22 days. In the experiment, we
just verified the feasibility of the single peak method. We
did not measure the laser locking linewidth, nor frequency
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drift nor residual frequency fluctuation. In the experiment, the
white noise, 1/f noise, PM-to-AM noise and intermodulation
noise will all influence the laser locking linewidth. The free-
running linewidth of the laser we used is about 2 MHz. In this
way, the locking laser linewidth will be larger than 2 MHz be-
cause of the intermodulation noise and PM-to-AM noise. The
temperature fluctuation of the environment and head genera-
tion of the laser diode working will cause the laser frequency
to drift. We can roughly estimate the residual frequency fluc-
tuation. The open-loop gain of the P-I servo controller is about
15. The full width at half maximum of the “single peak” from
Fig. 3 is about 30 MHz. The linewidth broadening is induced
by the strong power of the laser beam. We can estimate the
residual frequency fluctuation to be about 2 MHz.
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Fig. 4. Result of the laser locking. We obtain the photodiode voltage for
22 days. The laser remains in the locking state when the floating range of the
photodiode voltage is 100 mV-200 mV. The sampling time of each point is
10s.

3. Theoretical model

There have been many studies about the formation mech-
anism of the saturated absorption spectrum.>®! The four-
level optical pumping model by Nakayama is a great method
for predicting the theoretical saturated absorption spectrum.!’!
Moon and Noh!®! obtained analytic solutions for the saturated
absorption spectrum of 8’Rb by calculating the rate equation
model and the predicted accurate saturated absorption spec-
trum under all experiment conditions. At the same time, their
theory is too complex to explain the abnormal saturated ab-
sorption spectrum. In this paper, we simplify Moon and Noh’s
theory to study the formation mechanism of the inverse ab-
sorption peak on the basis of these studies.

In order to present the theoretical model as clearly as pos-
sible, we proceed in two steps: firstly, we describe the modi-
fication of the population of 3’Rb atoms on each level due to
the pump laser. Secondly, we analyze the change of the probe
laser intensity. We use the rate equation to calculate the mod-
ification of the atoms. Before further discussion on the abnor-
mal saturated absorption spectrum, we set up a simple model
to explain the formation mechanism of the inverse absorption
peak. In the theoretical discussion of this section, we set the
laser as ideal monochromatic light unless otherwise stated.

3.1. Simple model

Firstly, we consider the two-level model which is shown
in Fig. 5(a). There will not be an optical pumping effect in
the two-level model due to its simple structure, so an inverse
absorption peak does not arise.
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(b) three-level model
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Fig. 5. Level system for the simple model. The two-level model (a) and
three-level model (b) are shown. In the figure k, ki, and ky are stimu-
lated emission rates, s, s1, and s, are spontaneous emission coefficients.

We list two rate equations of the three-level model, where
equation (1) does not take the spontaneous emission into con-
sideration, while equation (2) does.

d

7dntl =aX (—klnl +kln2)a

dny

5 = @x (kim —kina+kons —kona), M
d

7dnt3 =aX (—k2n3 +k2n2)7

dn

T; =ax (—kml +k1n2) +s1n2,

dny

o X (kiny — kiny +kan3 — kany ) — simy — sama, (2)
dn

T: =ax (—k2n3 +k2n2) +s2n2,

where n; and n3 denote the ground-state populations, and ny
denotes the excited-state population. The a and ¢ denote the
coefficients related to the pump light intensity and time re-
spectively.

Then, we consider the three-level model shown in
Fig. 5(b). In the conventional calculation, we need to consider
the stimulated emission and spontaneous emission. However,
the necessity of spontaneous emission is still to be discussed.

We calculate Eqgs. (1) and (2) with the fourth order
Runge-Kutta method in Matlab in which the accuracy is 1075.
The result is shown in Figs. 6(a) and 6(b). From these figures,
we see that the optical pumping effect occurs when sponta-
neous emission is taken into account. Then we calculate the
modification of the probe laser. The atoms can absorb the
probe laser and thus the atoms in the ground-state are excited
to the excited-state. So we obtain the modification of the probe
laser intensity by ignoring the fluorescence from the excited-
state

I=1I)—bx (k1n1—|—k2n3—k1n2—k2n2)7 3)

where b and Iy denote the coefficients related to the probe light
intensity and probe light intensity, respectively.

044204-3



Chin. Phys. B  Vol. 25, No. 4 (2016) 044204

(2)

900

1.0000 - P ©

0.9990 |

/1,

0.9980

0.9970 L L L
0 300 600 900
at

I/I()

0.5 N
ns (b) 4

900

0.9975

0.9974}

0.9973

0.9972

0.9971

0.9970F
0 300

600 900

at

Fig. 6. (color online) Theoretical simulation results. Panels (a) and (b) show the modification of the 87Rb atoms, panels (c) and (d)
show the modification of the probe laser. In panels (a) and (b), the black line represents ny, the red line denotes n,, and the blue line
refers to n3. In these panels, the t, N, I, Iy, and Ny denote the time, modification of the number of atoms, modification of the probe
laser intensity, probe laser intensity, and the number of atoms. The P; and P» are the points we select from panels (c) and (d), where
thea=1,b=1,1 =1, k; =0.001, kp =0.005, s; =0.01, s =0.05, ny =np = 1/2, and np = 0.

We calculate the modification of the probe laser intensity
by using Eq. (3). Figure 6(c) shows the modification without
the spontaneous emission. Figure 6(d) shows the modification
with spontaneous emission. Comparing the two figures, we
obtain the different modifications of the slope of the curve. To
confirm the necessity of spontaneous emission, we select two
points P; and P». We set the slopes of P; and P as §; and $>
respectively. In the following, we consider the lineshape of the
probe laser to explain the formation of the inverse absorption
peak. If we only consider the natural linewidth and ignore the
Doppler broadening effect, the laser intensity a as shown in
Fig. 6 is defined as
A AVN / 2

a=Ag(Av) = —

27 (Av)? 4+ (Avy /2)%’ @

where g (Av), A, Avy, and Av denote the natural absorption
lineshape, the coefficient related to the light intensity, the nat-
ural linewidth, and the relative frequency difference. The line-
shapes of the probe signal as shown in Figs. 6(c) and 6(d) can
be defined as

Iprone = f(ar) = f(Ag(AV)r), (5)

where the o denotes the lineshape of the probe laser. In
this section, we consider the whole model in a state of reso-
nance. So ¢ is a constant which can be ignored in practice.
The lineshape of the probe laser will be

Iprobe = f(a) = f(Ag(AV)). (6)

With a simplified equation, we only analyze the slopes of the
curve near the P; and P». In this case, equation (6) becomes

d[probe - d»Iprobe dg(AV) —SA

d(Av)  dg(Av) d(Av)

dg(Av)

d(Av)’

)

where S denotes S| or S, when S = Sy, equation (7) does not
consider the spontaneous emission, and when S = S5, equa-
tion (7) takes into consideration the spontaneous emission.
The S is positive but the S5 is negative. So the lineshape of the
probe laser considering the spontaneous emission is an inverse
absorption peak from Eq. (7). This means that the spontaneous
emission is a necessary condition of the inverse absorption
peak. In addition, the appropriate interaction time and laser
intensity are also calculated.

3.2. 8’Rb atom model

In the above subsection, the formation of the inverse ab-
sorption peak has been analyzed by setting up a simple model.
In this subsection, we will calculate the saturated absorption
spectrum of 8’Rb.

In the experiment, we obtain the normal and abnormal
saturated absorption spectrum of the transition 58, )2, F =2~
5%P3)5. F' =3 of the *’Rb with one DFB laser (780 nm) si-
multaneously. The abnormal saturated absorption spectrum
is created by using the probe and pumping laser beam of 7-
polarization. As is shown in Fig. 7, we list the rate equation of
the 8’Rb as

dni

5 % (=Y kijnj+ Y ki) + Y sany, ®)
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where the 7, a, k;;, and s;; denote the number of levels, coef-
ficient related to the pumping light intensity, stimulated emis-
sion coefficient, and spontaneous emission coefficient. On the
right-hand side of Eq. (8), the first item represents the energy
level transition by the laser transition, the second item denotes
the energy level transition by stimulated emission, and the
third item refers to the energy level transition by spontaneous
emissions.

The modification of the probe laser intensity is defined as

Iprobezl()_b X (_Zkini+2kjnj>v (9)
where b denotes the coefficient related to the probe light inten-
sity. In the bracket, the first item represents the absorption in

the ground-state, and the second item refers to the emission in
the excited-state.

Fig. 7. Normalized transition probabilities between all magnetic sublevels
in the transition SZSI/Z, F = 2—52P3/2, F' =3 of the ¥’Rb D, resonance
line. The numbers near the line are the transition probabilities between the
ground-state and the excited-state. The bold line represents the transition
line which uses the 7-polarization laser.
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Fig. 8. Modification of the probe laser intensity in the transition 5%S; /2
F = 2752P3/2, F' = 3 of the 3’Rb. The I, Iy, t denote the modifications of
the probe laser intensity, probe laser intensity, and time.

By combining Eq. (8) and Eq. (9), we calculate the mod-
ification of the probe laser intensity as shown in Fig. 8. The
slope of the line is negative when at > 300. This is why we use
the large light intensity of the pumping light in the experiment.
Using the method described in Eq. (7), we can calculate the ab-
sorption peak in the transition 5%S, 12 F = 2-52P4 12 F =3
of the 3’Rb D, resonance line, which is an inverse absorption
peak.

We calculate the other transition of the 3’Rb D, resonance
line, which uses the 7-polarization laser with the same method
as the above. Our calculation indicates that the inverse ab-
sorption peak is only feasible in the transitions 525, )2, F =2~
5%P3)p. F' =3 and 5°S; )5, F = 1-5?P; 5, F' = C0, 1 of the
87Rb D, resonance line when the m-polarization light is used.
We are also able to calculate the results under various condi-
tions of laser polarization in the same way. The results are
shown in Table 1.

Table 1. Absorption peak condition under various laser polarizations.

Polarization® 2-3b 1-CO, 2 1-1 1-CO, 1 1-0 Ref.
nT||m R® —d - R - [81,19]
ot—ot R R - - - (81, [9]
ct-o~ - - R R R [8], [9]
-0 - - R - R

o-T - - R — R

4polarization configurations of the pumping and probe laser beam,
b 5251/2 F = 2—52P3/2 F’ =3 transitions of the 8’Rb D, resonance

line, ‘reversed peak, dnormal peak.

4. Conclusions

In the experiment, we observe the abnormal saturated
absorption spectra of the transitions 5%S; /5, F = 2-5°P3,,
F' =3 of the Rb D, line and obtain the single peak cor-
responding to the phenomenon to lock the DFB diode laser.
We analyze the conditions of the abnormal saturated absorp-
tion spectrum and set up a simple theoretical model to explain
it. This demonstration opens new possibilities for the laser
frequency locking methods.

References

[1] Hénsch T W, Levenson M D and Schawlow A L 1971 Phys. Rev. Lett.
26 946

[2] Pappas P G, Burns M M, Hinshelwood D D, Feld M S and Murnick D
E 1980 Phys. Rev. A 21 1955

[3] Wang Y H, Huang J Q, Gu Y, Liu S Q, Dong T Q and Lu Z H 2011 J.
Eur. Opt. Soc.-Rapid Publication 6 11005

[4] DuanJ, Qi X H, Zhou X J and Chen X Z 2011 Opt. Lett. 36 561

[5] He X L and Wang Y Z 2003 Chin. Phys. 12 1225

[6] Lee S, Lee K and Ahn J 2009 Jpn. J. Appl. Phys. 48 032301

[71 Schmidt O, Knaak K M, Wynands R and Meschede D 1994 Appl. Phys.
B 59 167

[81 Moon G and Noh H R 2008 J. Opt. Soc. Am. B25 7
[9]1 Nakayama S 1985 Jpn. J. Appl. Phys. 24R 1
[10] Banerjee A and Natarajan V 2003 Opt. Lett. 28 1912
[11] Kerckhoff J A, Bruzewicz C D, Uhl R and Majumder P K 2005 Rev.
Sci. Instrum. 76 093108
[12] Abel R P, Mohapatra A K, Bason M G, Pritchard J D, Weatherill K J,
Raitzsch U and Adams C S 2009 Appl. Phys. Lett. 94 071107
[13] Corwin K L, Lu Z T, Hand C F, Epstein R J and Wieman C E 1998
Appl. Opt. 37 3295

044204-5


http://dx.doi.org/10.1103/PhysRevLett.26.946
http://dx.doi.org/10.1103/PhysRevLett.26.946
http://dx.doi.org/10.1103/PhysRevA.21.1955
http://dx.doi.org/10.2971/jeos.2011.11005
http://dx.doi.org/10.2971/jeos.2011.11005
http://dx.doi.org/10.1364/OL.36.000561
http://dx.doi.org/10.1088/1009-1963/12/11/307
http://dx.doi.org/10.1143/JJAP.48.032301
http://dx.doi.org/10.1007/BF01081167
http://dx.doi.org/10.1007/BF01081167
http://dx.doi.org/10.1364/JOSAB.25.000007
http://dx.doi.org/10.1364/OL.28.001912
http://dx.doi.org/10.1063/1.2038305
http://dx.doi.org/10.1063/1.2038305
http://dx.doi.org/10.1063/1.3086305
http://dx.doi.org/10.1364/AO.37.003295
http://dx.doi.org/10.1364/AO.37.003295

	1. Introduction
	2. Experimental procedure
	3. Theoretical model
	3.1. Simple model
	3.2. 87Rb atom model

	4. Conclusions
	References

