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In order to stimulate atomic velocity=selective Raman transitions on the 852 nm caesium D2 line in an atomic fountain clock, 
two extended-cavity diode lasers have been optically phase-locked at a frequency offset of 9.192 GHz. The measured linewidth 
(fwhm) of the free-running lasers is 50 kHz. The phase-locked loop bandwidth, evaluated by observing the frequency noise 
spectrum, is 3.7 MHz and the phase error variance is found to be no more than 4X l0 -3 rad 2. 

1. Introduction 

Cont inued  improvemen t  in the  frequency stabi l i ty  
and tunabi l i ty  o f  d iode  lasers is o f  great  impor tance  
in many  areas o f  spectroscopy,  a tomic  physics and  
metrology. There  has been considerable  work done 
on the frequency stabi l isat ion o f  laser d iodes  by  op- 
t ical  feedback f rom an external  cavi ty  [ 1-6 ], which 
is a s imple way to reduce the l inewidth.  Recent ly 
commercia l ly-avai lable  ant i -ref lect ion ( A R )  coated 
laser diodes,  having a reflectivi ty o f  a few percent ,  
are suitable for external  cavi ty  operat ion.  Work  has 
also been performed using weak optical feedback 
from a high-finesse confocal Fabry-Pdrot resonator 
[7,8 ], but the complexity of the optical set-up and 
the limited tunability of this system make the use of 
strong optical feedback from an external cavity to an 
AR-coated laser diode a more attractive method for 
lincwidth reduction. Such extended cavity lasers 
(ECLs) have been employed in various mctrological 
applications, for example, optical pumping of cac- 
sium beam frequency standards [9 ], optical fre- 
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quency multiplication chains [ 10 ] and atomic foun- 
tain clocks [ I I ]. The ECL system described in this 
paper has been developed for atomic velocity selec- 
tion in a caesium fountain clock. 

In such a clock, the limiting effect in the realisa- 
tion of the caesium ground-state hyperfine frequency 
is expected to bc the spin-exchange frequency shift 
caused by cold atom collisions [12,13]. This shift 
can bc reduced by rejecting from the fountain atoms 
in the wings of the transverse atomic velocity dis- 
tribution, which contribute to the collisional shift but, 
because of the lateral displacement of their trajec- 
tories, do not contribute to the detected signal. Ve- 
locity selection can be achieved by velocity-depen- 
dent resonant population transfer via Raman 
transitions [ 14 ]. The stimulation of these Raman 
transitions between the ground state hypcrfinc levels 
requires two counter-propagating frequency stabi- 
lized laser beams dctuned from resonance with the 
caesium D2 line at 852 nm and offset by the caesium 
lock frequency, 9.192 GHz. The absolute linewidth 
of the lasers is not important but the relative line- 
width must be less than the width of the stimulated 
Raman transitions. In the present case, this must be 
of the order of the photon recoil, about 5 kHz. It is 
difficult to construct a frequency discriminator with 
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the required degree of frequency stability at a offset 
of 9 GHz. A simpler solution is to stabilize the lasers 
in a heterodyne phase-locked loop. Laser diodes, 
which have good frequency stability characteristics 
and can be modulated with a large bandwidth, are 
ideal for optical phase-locking [ 15-17 ]. 

In the second section of this paper we describe our 
ECL system. The remainder of this paper describes 
the operation and performance of the heterodyne 
optical phase-locked loop (OPLL). 

2. Extended-cavity semiconductor laser 

An extended-cavity semiconductor laser (ECL) is 
an AR-coated laser diode (LD) coupled to a passive 
cavity. In our case the extended cavity is formed by 
the highly-reflecting rear facet of the diode and a dif- 
fraction grating; the active region is only a small part 
of the total cavity length. The 1200 lines/mm grat- 
ing, blazed for 700 nm, is mounted in the Littrow 
geometry, with the first order beam retroreflected to 
the diode. The grating is glued onto a piezoelectric 
crystal for precise position control and held in a 
commercial mirror mount. The total cavity length is 
10 cm. The whole system of LD, collimating optics 
and grating mount is fixed on an aluminium plate 
which forms the base for the metal laser-protection 
box. To reduce the effect of environmental temper- 
ature variations, this box is temperature stabilized to 
better than 0.1 o C. The output of the laser is the zero- 
order beam, which contains 50% of the optical power. 
The AIGaAs LD (type SDL5422, 150 mW optical 
power output, nominal wavelength 850 nm) is pow- 
ered by a low-noise current source and the junction 
temperature is controlled at the mK level using the 
internal Peltier cooler [18 ]. About 250/0 of the op- 
tical power is coupled back to the diode. Fine align- 
ment of the grating and collimating optics is ob- 
tained by minimising the threshold current. When 
the optical output power is increased to 50 mW we 
observe unstable behaviour, probably due to resid- 
ual reflection from the AR-coated facet of the diode. 
The tuning range of the ECL is measured by a 2-me- 
ter. The diode can be tuned over a range of 30 nm 
by changing the junction temperature ( - 2 0 ° C  to 
55 ° C) and the grating angle. A continuous tuning 
range of 3.5 GHz can be obtained by changing the 

PZT voltage. The theoretical mode spacing of the ex- 
tended cavity is 1.5 GHz, but residual reflection from 
the AR-coated diode facet creates an internal cavity 
which broadens the tuning range. If  both the injec- 
tion current and the PZT voltage are controlled, it is 
possible to tune over about 10 GHz without mode- 
hopping. When only the current is varied, a 200 MHz 
continuous interval is obtained, corresponding to a 
slope of about 40-50 MHz/mA. 

To evaluate the linewidth, we mix the output of 
two ECLs on a fast photodiode after they have been 
weakly frequency stabilized on a Fabry-Pdrot inter- 
ferometer fringe to reduce acoustic frequency jitter 
and drift. The beat-note spectrum (fig. 1 ) is lo- 
rentzian far from the central frequency but below 0.6 
MHz it approaches a lorentzian distribution to the 
power 3/2. From these lineshape measurements, we 
obtain the phase noise power spectral density S, ( f )  
(rad2/Hz) of the laser, which can be divided into 
regions dominated by white frequency noise, pro- 
portional t o f  -2, and, below 0.6 MHz, by flicker fre- 
quency noise, proportional t o f  -3 (fig. 2). The line- 
width (fwhm) is about 50 kHz, as a result of the 
flicker frequency noise [8]. By extrapolating the 
white frequency noise level, we can deduce a line- 
width of about 7 kHz. In an LD under optical feed- 
back the theoretical line width reduction factor is 
[1,2,81 

2 

a v E ¢  - \ / - - ~ - ~  ] ' ( l ) 

where A VLD and A Vec are the linewidths in the free- 
running mode (typically 5 MHz) and under optical 

jlo MH~, I 

Fig. 1. Beat-note spectrum of two independent extended-cavity 
diode lasers (span: 100 MHz; resolution bandwidth: 100 kHz). 
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Fig. 2. Phase noise spectral density distribution S,(f) of an ex- 
tended-cavity laser. Below 0.6 MHz, the phase noise is domi- 
nated by flicker frequency noise, proportional to f -3, whilst fur- 
ther from the central frequency white noise, proportional tof  -2, 
dominates. 

feedback, I is the optical length of the LD (3 mm),  
L the extended cavity length (10 cm), and the fi- 
nesses of the LD and the extended cavity are 
~LD ~ ~ c  ~ 2. In our case the expected reduction fac- 
tor is about l03, giving a linewidth close to that de- 
duced from the white noise level. However, because 
of the flicker frequency noise, the effective reduction 
factor is only 102. 

3. Heterodyne optical phase- locked loop 

A schematic diagram of the heterodyne OPLL is 
given in fig. 3. The master ECL (which also func- 
tions as the 'repumper' in the atomic fountain) is 
frequency locked to the center of the F =  3 - F ' =  4 
transition in a caesium vapor cell. To avoid optical 
pumping in competition with the stimulation of Ra- 
man transitions, a frequency offset of many line- 
widths from this transition is required. This is ob- 
ta ined by passing the beam from the master laser 
through an acousto-optic modular (AOM) driven 
by a 500 MHz RF synthesizer. The undetuned com- 
ponent of  the master laser beam is mixed with the 
output of  the slave ECL on a fast silicon photodiode 
(FORD 4502), which has a bandwidth of 15 GHz 
when properly biased. The output beat-note is am- 
plified in an X-band amplifier and heterodyned in a 
rtW-DBM (double-balanced mixer) with the cae- 

v3_ 4 V3-4+SV v4.4+Sv 

500 MHz Photodiode 

RF-DBM 

9.192..GHz 

~tW-DBM 

_ I 

SERVO I ~ i r x I  ~ 1  
SYSTEM I 

I _  

Fig. 3. Diagram of the heterodyne optical phase locked loop. The 
master laser is frequency stabilized on the F= 3-F' = 4 hyperfine 
component of the caesium D2 line (frequency P3-4) and the gave 
laser is locked at a frequency offset of 8v=500 MHz from the 
F=4- F '  =4 component (v4-4). Var. att.: variable attenuator; ~- 
comp: phase compensation network; LPF: low-pass filter;, DMB: 
double-balanced mixer. 

sium hyperfine 'clock' frequency (9.192 GHz)  from 
a low-noise frequency multiplication chain. The 
mixer output, i.e. the residual beat-note, is again am- 
plified and mixed with the 500 MHz signal from the 
RF synthesizer driving the AOM. The output signal 
from this double heterodyne system is thus the phase 
difference between the master and slave lasers and 
can be used to close the loop. 

For a robust, easily-locked OPLL, the largest pos- 
sible control bandwidth and capture range are re- 
quired. The phase delay in a conventional opera- 
tional amplifier can limit the stability of a high 
frequency control loop. To avoid this, the detected 
phase error signal is fed back directly to the slave laser 
after passive phase compensation which gives a phase 
advance of 45 ° at 1 MHz. This strategy produces a 
first order control bandwidth of 3-4 MHz (fig. 4a). 
A second order control loop increases the gain below 
300 kHz (fig. 4b) and keeps the slave laser locked 
even when large acoustic frequency jitter appears. A 
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Fig. 4. Beat-note spectrum of the two ECI.s at the second RF fre- 
quency (500 MHz) under locked condition: (a) illustrating the 
evaluation of the 3 dB bandwidth B (frequency span: 10 MHz; 
resolution bandwidth: 10 kHz), (b) illustrating the reduction of 
the low frequency flicker noise by the second order filter (span: 
2 MHz; resolution bandwidth: 3 kHz). 

first order active low-pass loop filter suffices for this 
[ 19 ]. To prevent mode hopping, the maximum cor- 
rection current is clamped at + 2 mA. When the LD 
current is modulated, the loop response is strongly 
dependent on the LD working point. This nonline- 
arity of  the current-frequency characteristic of  the 
ECL is an effect of  the etalon formed by the two fac- 
ets of  the diode. In order to maintain a fixed working 
point and long-term operation, the mean value of the 
correction current must be zero. This is achieved by 
using the integrated current correction signal to drive 
the PZT crystal voltage. The global loop gain is con- 
trolled by a variable attenuator before the RF mixer. 
The gain is raised until noise-side bands, due to the 
phase delay in the loop, appear. The gain of  the ac- 
tive low-pass filter is experimentally optimized to 

maximize the acquisition range (~, 20 MHz).  For 
the slow integral control, a bandwidth of 200-300 
Hz is enough to follow the frequency drift. The mas- 
ter laser is modulated at a rate of  100 kHz with a 
modulation index of 10 for the frequency stabilisa- 
tion on the caesium vapor cell. To reduce the energy 
in the resultant side-bands, which could stimulate 
parasitic Raman transition, feed-forward compen- 
sation is employed. This is achieved simply by par- 
allel modulation of the two lasers. 

4. Results and discussion 

The lasers routinely remain locked for several 
hours. The loop bandwidth and the variance of the 
phase error can be estimated from the frequency 
spectrum of the beat-note of  the locked lasers. The 
3 dB bandwidth is about 3.7 MHz (fig. 4a). When 
the two optical signals are phase-locked, the fre- 
quency difference becomes equal to the offset and 
only the phase error remains at the output of  the sec- 
ond mixer. Under locked conditions the normalized 
RF spectrum, assuming that the phase error ~ ,~  1 
(rad),  can be expressed as [ 19 ] 

SsR(f) ~ exp ( -- a2)tJ(f) + S , ( f )  ( W / H z ) ,  (2) 

where tr 2 (rad 2) is the phase error variance and d ( f )  
is a Dirac delta-function. By graphical integration 
within the loop bandwidth in fig. 4a, we estimate 
a 2 ~ 2 × 10- 3 rad 2. For a complete evaluation of  the 
variance, the energy outside the loop bandwidth must 
also be taken into account. A property of  a first order 
loop in the presence of white frequency noise is that 
the energy inside the loop is equal to the energy out- 
side. Thus a total variance of 4 ×  10 -3 rad 2 is de- 
duced, with an uncertainty estimated at + 3 dB. The 
fraction of  the optical power which is locked is given 
by exp( - tr2), which in our case is 99.6% of the total 
power. This provides a measure of  the degree of rel- 
ative coherence of the lasers, which is of  importance 
for the stimulation of Rarnan transitions. We have 
obtained similar results with STC diodes (LT-50 A).  

It is of  interest to analyse the relationship between 
the phase error variance and the spectral character- 
istics of  the lasers in phase-locked operation. Using 
the power spectral density (PSD) of the phase error, 
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the variance of the phase error can be calculated us- 
ing the formula [ 19 ] 

tr2= S S¢(f) I1-H(i27tf)12 df (rad2), 
0 

(3) 

where H(i27tf) is the closed loop transfer function 
of the phase lock and the factor of 2 arises from the 
assumption that the lasers have identical phase noise 
characteristics. The detector noise and the phase 
noise power spectral densities of the ttW signal and 
the RF synthesizers, which should also be incorpo- 
rated in eq. (3), are negligible relative to the laser 
phase noise in our set-up. S~ ( f )  can be estimated if 
it is assumed that the flicker component can be ne- 
glected, because it is adequately compensated for by 
the second order loop filter (fig. 4b); in effect, the 
power spectral density is dominated by the white fre- 
quency noise and hence the linewidth A~, (fwhm) is 
related to the frequency noise spectral density So(f) 
(Hz 2/Hz) by the well-know equation A o = rt S, ( f) .  
Thus we have S~( f )=  Ao/Ttf 2 and the loop can be 
considered as essentially of the first order. This as- 
sumption is experimentally consistent because the 
loop bandwidth is large compared to the range over 
which the approximation is made. The transfer func- 
tion can be written 

H(i2rtf ) = 2rrB/(2ztB+ i2~rf), (4) 

where B is the loop bandwidth (Hz). Substituting in 
eq. (3) we obtain 

aJ=av/B (rad2) . (5) 

Thus, using the measured phase error variance and 
loop bandwidth, we can deduce a laser linewidth of 
A o = 6 - 1 2  kI-Iz, close to the value deduced above 
from the phase noise measurements for a single ECL. 
The rather larger beat-note linewidth measured by 
heterodyning the two ECLs is due to the flicker fre- 
quency noise, as discussed above. The relative line- 
width of the locked lasers is in principle limited by 
the linewidth of the reference frequency generators, 
but in practice broadened by mechanical vibration 
of optical components outside the laser cavities. 

5. Conclusion 

To meet the requirements of a Raman atomic ve- 
locity-selection scheme implemented on a caesium 
fountain clock, two extended-cavity diode lasers have 
been locked at a frequency offset of 9.192 GHz by 
a heterodyne optical phase-locked loop. The line- 
width and shape of the free-running lasers has been 
measured by a direct heterodyne method. The beat- 
note has the form of a lorentzian to the power 3/2 
with 50 kHz fwhm. The frequency noise spectrum of 
the OPLL has been measured. The loop bandwidth 
is 3.7 MHz and the measured phase error variance 
is 4 × 10-3 rad 2. Thus, by combining in a relatively 
simple way optical feedback from the external grat- 
ing and the electronic feedback described above, we 
have reduced the relative linewidth from about 5 
MHz for the free-running diodes down to the sub- 
hertz region. This result demonstrates the possibility 
of transferring the frequency stability of a stable 
master laser to a relatively stable slave laser at fre- 
quency offsets as large as 10 GHz and suggests the 
possibility of extending phase-locking techniques to 
the terahertz regime provided suitable detectors are 
available. 

Note. Since the completion of this work the author's 
attention has been drawn to some substantially sim- 
ilar work recently performed by the Stanford and 
Boulder groups [ 20 ]. 
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