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We present two techniques to lock a laser frequency on an atomic transition line by using an
electromagnetically induced transparen&T) signals, which give optical and electric feedback.
We employed these methods to the Ine of 8Rb atoms. Spectral characteristics of subnatural
linewidth EIT allow us to improve frequency stability. By optical feedback of EIT signals, we were
able to obtain locking bandwidths of 12 MHz, while frequency stability was15 12 at best after

100 s of integration using a frequency modulation technique20©4 American Institute of
Physics. [DOI: 10.1063/1.1713050

Lasers locked on an atomic transition line have beerton detectiorf! In this letter, we report on optical and elec-
used for various studies from fundamental to practical applitrical feedback techniques for frequency locking using EIT
cations in fields of frequency standards, metrology, high sensignals.
sitive analysis, and optical communicatidné. There are Figure 1 shows experimental schemes for optical feed-
many techniques to lock laser frequeficiand these can be back[Fig. 1(a)] and electrical feedbadlig. 1(b)] arranged
divided into two classes, optical, or electrical feedback. Opfor laser frequency locking on one transition inf®®Rb D,
tical feedback is a technique completed by feedback of atine. In the two figures, the basic configurations are the
optical signal generated by high-resolution spectroscopy int@quivalent of obtaining Doppler free EIT signals in a lambda
a laser cavity® Electrical feedback can be classified into two type energy scheme. Two coherent laser beams operating in a
techniques according to whether the frequency modulation isingle mode by a grating-feedback external cavity diode la-
applied in order to obtain dispersion or dispersion-likeser(ECDL) copropagate through the Rb vapor cell. The cou-
spectra~® Frequency modulation spectroscopy following Pling laser is used to generate atomic coherence, and the
phase-sensitive detection is one means to obtain grobe laser, which will be locked, is used for detection of the
dispersion-like spectrum, by which the first derivative of anEIT signal. The frequency of the linearly polarized coupling
absorption profile is obtainedThe second approach is a laser is locked on the coupling transition line by using a
frequency modulation-free method based on the dichroism dfonventional frequency modulation technique for a saturated
the birefringence at the atomic transitibrzeeman shift- ~absorption profile. The weak probe laser is also linearly po-
induced or two-color light-induced dichroism can generate 4211z€d, but orthogonal to the coupling field. Two laser beams
dispersion-like spectrum by the difference of two slightly ¢@n be overlapped and separated spatially by two polarizing

differently centered absorption profiles. The birefringence
obtained by polarization spectroscopy can generate the dis
persion spectrum, which can be directly used for electric
feedbacK. In both methods, the spectral linewidth at the B
resonant frequency must be required to be as small as po: [[i}<4
sible since the limitation of the frequency stability is deter- ®robe)
mined by this linewidth. Presently, frequency stabilization
methods are limited by the natural linewidth of the atomic
transition because of the limitation of the spectral resolution

of high resolution spectroscopy.

The spectral linewidth of a typical electromagnetically PR,
induced transparend§eIT) signal is subnatural because it is
generated by a coherent atom-field interactioit! The EIT
signal is a good candidate for overcoming the limitation of
frequency stability. Even though EIT signals have been usec
for many applications such as control of light spé&gho-

ton storagé? very sensitive magnetometfyand single pho- (b)

FIG. 1. Experimental setups for frequency locking using EB&: Optical
¥Electronic mail: jpkim@knue.ac.kr feedback(b) electrical feedback by frequency modulation of coupling laser.
0003-6951/2004/84(16)/3001/3/$22.00 3001 © 2004 American Institute of Physics
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beam splitters(PBS. The probe laser frequency can be 0.40 kb (o2 > F 1.2

scanned over the whole range of excited states to measur 035 Cell Temperature
the locking bandwidth in the case of optical feedback or to  o.30- 20°C
obtain a dispersion-like spectrum in the electrical feedback.fg 0.25
case. The diameter of the probe beam passing through a2
aperture of 1 mm diameter was smaller than the diameter 3.:8

] 42°C
0.20 H

0.154

mm of the coupling laser. Laser powers are controlled byg 110 S8

neutral density filters for narrow spectral bandwidths of EIT —

spectra with comparable S/N ratio. 2 0057 e
For optical feedback, as shown in Figal, the Rb cellis = ©%1 —

installed in an oven to obtain a high contrast EIT optical 0.5 P2 P

signal. Instead of a mirror, a grating is inserted into the laser -0.10 EEEEEE———————.,
cavity for optical feedback of the transmitted probe beam. 71000 800 600 400 200 0 200 400 600 800 1000 1200
This grating is used to enhance the spectral purity of the Frequency (MHz)
feedback field® We were not able to lock the laser fre- FIG. 2. High contrast EIT spectra depending on the cell temperakure:;
quency on the atomic transition line by the mirror because of-2—F'=1, 2, and 3 transition of'Rb D, line while the coupling laser is
feedback from nonresonant background photons. locked to th_e transitiOIF.=1HF’=2. The bottom trace is the saturated
For electrical feedback as shown in Figb)l a photodi- absorption signal to monitor the probe laser frequency.
ode is used to measure the transmitted probe fields. The Rb
cell is at room temperature. Without extra frequency moduit is necessary to determine the optimal temperature.
lation for the probe laser, we are able to obtain a dispersion- By installing the grating for laser frequency locking at
like spectrum by setting the phase sensitive detector of ththe position for the photodiode, we are able to obtain optical
lock-in amplifier according to the reference signal for thefeedback of the EIT photons into the laser cavity. The laser
frequency modulation of the coupling laser. This is possiblgrequency is determined by feedback photons since the laser
because the coupling laser frequency is already modulateiiequency is determined by the stimulated emissions of these
for the coupling laser stabilization. The advantage of thisphotons. We can pick up some feedback signals by locating
method is that we can use one frequency modulation to obthe beam splitter at the front of the probe laser, as shown in
tain two dispersion-like spectra from the saturated absorptioffig. 1(a), and measure these by the photodiode. This allows
profile for the coupling laser and from the EIT profile for the measurement of the locking bandwidth. The solid curve in
probe laser, respectively. However, the disadvantage of thisig. 3 shows the result of optical feedback as a function of
approach is that the frequency stability of the coupling lasefh€ probe laser frequency. The cell temperature is about
is transferred to the frequency stability of the probe laser; thé5 °C. The dotted curve in Fig. 3 is a high contrast EIT
EIT signal depends on the coupling laser detuning from théPectrum without optical feedback. The inset of Fig. 3 shows
resonant frequency of the atomic transition. Neverthelesghe locking bandwidth. While the probe frequency is
this could be another way to lock the laser frequency withougc@nned, there is a sudden jump in the peak height of the EIT
direct frequency modulation. The error signals obtained bysignal and a constant height at near EIT resonance. The fre-
the lock-in amplifier, after being treated by the PID control-duéncy range showing the same level is called the locking
ler, are feedback for the compensation of the laser cavitpa@ndwidth. Because the EIT linewidth is very narrow, the

length. We do not use current compensation for fast stabililocking bandwidth is also expected to be small. However, the
zation. optimal locking bandwidth was about 12 MHz, which is

We can measure the high contrast EIT spectra by rep|ad1_’1uch broader than the natural linewidth of about 5.6 MHz.
ing the grating with a photodiode. Figure 2 shows, in aWe need to accurately measure the frequency stability by

lambda-type energy scherffea typical high contrast EIT

spectra dependent on cell temperature, while the couplin¢
laser of 8.3 mW is locked on the transition betwees 1 20+
ground level and=' =2 excited level. The probe laser of 75 200_' Locked BT
puW is scanned over the whole excited levels frém 2

ground level. Two laser wavelengths are near 780 nm, which
is resonant to the RbDline. We can clearly see the EIT
signals at the transitioR=2 to F' = 2. The bottom spectrum

is a saturated absorption profile for calibrating the probe la-£
ser frequency. By increasing the cell temperature, more va-g |
porized atoms are involved in interactions. When we define2 o+
the contrast as the ratio of the EIT signal height to the linear
background transmission, at high temperatures, we are abl —
to see EIT signals having a high contrast due to almost zerc 400 300 200 4100 O 100 200 300 400 500 600 700
transmission at near resonant frequencies, indicating zert Frequency (MHz)

background. I.f the cell temp?raj[ure IS hlgher than the te"?' IG. 3. Locking bandwidth by optical feedbackolid line) and the high
perature causing zero transmission, the EIT signal height wil ontrast EIT spectrurtdotted ling. The inset shows the locking bandwidth
decrease, which is unfavorable for optical feedback. Henceaf 12 MHz. The bottom trace is the saturated absorption signal.
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= mainly due to the narrow linewidth and the good signal-to-
= 14w s w noise ratio of the EIT signal, if the servoelectronics are the
250 . . .
same. The spectral linewidth of the saturated absorption
b AT B B it N spectrum is 14 MHz, which is much broader than the natural
o i = linewidth of 6 MHz, as shown in Fig. (4). However, the
BT i T N linewidth of the EIT as shown in Fig.(d) is 10 MHz. The
Frequency (MH2) Freayster (Wit EIT linewidth was broadly measured because of the modu-
- . @ i ® lation effect of the coupling laser and the linewidth of LD
ocking on 1x107 .
’ . probo €11 (less than 3 MHz at 2)s The EIT spectral shape is not a
g coupling (SAS) . . . . .
- single Lorentzian profile because EIT in a vapor cell include
LR the EIT signals of the atoms with all velocity components.
= The noise level of the case of EIT is clearly smaller than the
. apxionen case of the saturated absorption signal as shown in Figs. 4
A IR R and 4b). Although the slope of the EIT signal is only 3 times
iy @ larger, the stability of EIT is 7 times better than the saturated
absorption spectroscopy because of signal-to-noise ratio.
FIG. 4. Frequency stabilization by electrical feedba: the saturated In conclusion, we are able to lock laser frequencies using
absorption spectrum and the phase sensitive detection signal of the coupli . ! . .
laser with direct modulation(b) the EIT spectrum and the phase sensitive @IT signals, which have the benefit of th,e subnatural line-
detection signal of the probe laser without direct modulati@h;the fre- ~ Width. We have tested two methods, optical feedback, and
quency fluctuation of the probe laser before and after the electrical feedbaclelectrical feedback. We can conclude that for frequency sta-
(d) Allan variances for the frequency stabilities of the coupling laser and theoilization a subnatural EIT signal having low noise because
probe laser. S . . .
of indirect modulation is better than a saturated absorption
) ) - ~ spectroscopic signal limited by the natural linewidth. Ideally,
the frequency locking by optical feedback of EIT signals isstapilization of two lasers. However, we do not know which
adequate for many real applications. . laser is unstable when error signals occur. However, if we
~ Experimental results for the frequency locking by elec-yse poth these error signals together along with the saturated
trical feedback are shown in Fig. 4. Figuréaishows the  apsorption signal for long-term frequency stabilization of the

dispersion-like profile obtained by saturated absorption speGsoypling laser, we should be able to determine which laser is
troscopy accompanying the frequency modulation for thg,nstaple.

frequency locking of the coupling laser. The frequency

modulation is only necessary for the frequency locking of the

coupling laser; we do not need extra frequency modulation
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