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Abstract.  We report the results of studying operation regimes for 
an external-cavity diode laser in which the intermode interval cor-
responds to the clock transition frequency under modulation of the 
injection current by an rf oscillator, which provides multifrequency 
pumping of CPT-resonances.

Keywords: coherent population trapping, CPT-resonance, diode laser, 
rf pumping.

1. Introduction

An interference of two ground states with one common level 
that is excited by two coherent radiations at the frequencies 
coinciding with two allowed optical transitions yields a dip 
in an observed fluorescence spectrum when the difference 
of  light wave  frequencies  equals  to  the  clock  transition  fre-
quency. This phenomenon predicted in [1] and first observed 
in a cell with sodium atoms [2] was called coherent population 
trapping (CPT).

One of the main applications of CPT-resonances is their 
employment as a frequency reference in frequency standards 
[3]. Presently,  the most  abundant  are  rubidium clocks,  first 
samples of which were optically pumped by a spectral lamp 
with rubidium vapours [4].

Now, rubidium clocks are often pumped by vertical cav-
ity  diode  lasers  which  have  the  advantages  of  low  energy 
consumption and compact size [5, 6]. The emission spectrum 
of such a laser can be efficiently modulated in a wide range of 
microwave  frequencies  including  the  clock  transition  frequ-
ency F0. In addition, efficient microwave pumping of a diode 
laser  having  the  intermode  interval  equal  to  half  the  clock 
transition frequency F0 /2 has been demonstrated [7].

A single-laser optical pumping of CPT-resonances in rub-
idium atoms was realised under sinusoidal modulation of the 
injection  current  of  an AlGaAs  diode  laser  operated  at  an 
emission wavelength of 780 nm [8]. Under the sub-harmonic 
modulation at the frequency F0 /6 = 1.139 GHz with a modu-
lation  index  of  4.2,  a  resonance  with  a  relative  width  of 

4.4 ́  10 –7 was detected. Note that in the latter case only two 
spectral  components  optically  pumped  a  CPT-resonance, 
which were separated by a frequency F0. The hyperfine tran-
sition  of  the  ground  state  5S1/2(F =  2) – 5S1/2(F =  1)  of  the 
D1-line of  the  87Rb  isotope  at  a wavelength of  795 nm has 
smaller  shifts  and  provides  approximately  ten  times  higher 
intensity of CPT-resonances as compared to the case of  the 
D2-line (780 nm), which is related to a difference in the mag-
netic sublevel structure of the excited P-state [9].

One of  the main  factors  reducing  stability of  rubidium 
frequency standards is the light shift, whose value is propor-
tional to a product of the difference of saturation parameters 
of  the pump  frequencies  and  their  shifts  relative  to  the  fre-
quencies of optical transitions. For reducing this shift it was 
suggested to use a wide emission spectrum of a femtosecond 
laser, in which the pulse repetition rate is related to the clock 
transition frequency [10]. However, since only the frequencies 
fitting the spectrum of optical transitions contribute into the 
CPT-resonance  formation,  the  signal-to-noise  ratio  will  be 
extremely low while observing the resonance under pumping 
by a femtosecond laser.

Active mode locking of a diode laser with the pump cur-
rent modulated at a  frequency of 260 MHz, which matches 
the laser cavity intermode interval made it possible to obtain 
a multifrequency emission in the near-threshold regime [11]. 
Nevertheless, the width of the emission spectrum obtained is 
substantially less than the clock transition frequency, and 
large  laser dimensions determined by  the  cavity  length also 
limit possible applications of the method.

In  the  present  work  we  present  the  results  of  studying 
operation regimes of an external cavity diode laser in which 
the intermode interval corresponds to the clock transition fre-
quency, under modulation of the laser injection current by an 
rf oscillator. This provides multifrequency pumping of CPT-
resonances.

2. Multifrequency emission for detecting  
CPT-resonances

Without  pump  current  modulation  by  an  rf  oscillator,  the 
diode  laser operates at one of  the cavity modes. Under  fre-
quency modulation,  the spectrum of possible  laser emission 
frequencies is described by a Bessel function. At high indices 
of frequency modulation e = D f / f when the frequency devia-
tion D f is much greater than the modulation frequency f and 
is on the order of the laser intermode frequency c/2L (c is the 
speed of  light and L  is  the  laser  cavity  length),  the  spectral 
components  arise  whose  frequencies  fit  neighbouring  laser 
cavity modes with an interval equal to f. An example in Fig. 1 
presents cavity modes of a diode laser in which the intermode 
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interval is half the clock transition frequency and e = 40. For 
the maximum of the Bessel function to coincide with the side 
modes of the laser cavity, the modulation frequency f should 
approximately  equal  the  ratio  D f /e,  which  entails  that  f  is 
~ 85 MHz;  it  is  substantially  less  than  the  width  of  the 
up per  level of  allowed optical  transitions, which  in  view of 
buffer  gas  action  is  conventionally ~ 1  GHz.  In  the  latter 
case, more  than  ten pairs of optical  frequencies may realise 
optical  pumping  of  CPT-resonances,  which  provides  reso-
nance  summation,  increases  the  signal,  and  reduces  the 
light shift [10].

If the width of the cavity transmission band Dn is substan-
tially  greater  than  the  modulation  frequency  f,  then  lasing 
may occur at several spectral rf components (Fig. 1a).

Similarly  to  the  employment  of  femtosecond  radiation 
[10], extrema of CPT-resonances should occur at the modula-
tion frequencies

fk = F0 /k,  (1)

where k is an integer. From this follows that at the modula-
tion frequency f, the structure of resonances will be observed 
with the interval reducing as k increases:

fk – 1 – fk = F0 ( )k k1
1
-

.  (2)

Here, the necessary condition for observing resonances is 
the  presence  of  the  spectral  components  of  laser  radiation, 
which coincide with the frequencies of allowed optical transi-
tions.

For realising efficient modulation it is necessary to match 
the optical length of a laser cavity, L, with the clock transition 
frequency [7]:

F0 = q L
c
2

,  (3)

where q is an integer that may have various values (in our case 
q = 2).

3. Experimental setup

An optical scheme of the diode laser was thoroughly descri-
bed in [7]. One of the laser diode faces had an antireflection 
coating;  the diode  radiation passed  to an aspheric  lens and 
then onto a diffraction grating (1800 lines mm–1). The cavity 
length was  taken  so  that  the  intermode  interval was  about 
half  the  frequency  of  the  clock  transition  5S1/2(F  =  2) – 
5S1/2(F = 1) of the 87Rb isotope D1-line, which is 6.8 GHz.

A  scheme  for  measuring  laser  emission  spectra  is  pre-
sented in Fig. 2. Signals from a dc current power supply ( 1 ) 
and  from an SG384-SRS rf oscillator  ( 3 ) passed  through a 
ZFBT-6GW-FT mixer ( 2 ) to a diode laser ( 4 ). The load res-
istance (a laser diode) was ~ 1 W, which is substantially less 
than  the  internal  resistance  (50  W).  This  provided  direct 
power – current conversion of the rf oscillator. The laser radi-
ation passed  through an optical  insulator  ( 5 )  to  an optical 
spectrometer – a scanning Fabry – Perot interferometer (FPI) 
( 6 ), formed by plane mirrors with transmissions 5 % and 40 % 
for  the  input  and  output mirrors,  respectively.  The  output 
FPI mirror was  attached  to  a piezoceramic  transducer  ( 9 ), 
which was used for scanning the spectrometer frequency by a 
digital sawtooth voltage source ( 10 ). The input mirror of the 
FPI was  attached  to  another  piezoceramic  transducer  ( 7 ) 
and moved by a dc voltage source ( 6 ). This provided detec-
tion of a spectral dependence T(n) in the middle of the saw-
signal slope, which reduced an influence of piezoceramic non-
linearity on the accuracy of the measured spectroscopic data. 
After the interferometer, radiation passed to a photodetector 
( 11 ), the signal from which was recorded by a digital oscillo-
scope ( 12 ); a signal from the sawtooth voltage source passed 
to a second entry of the oscilloscope.

4. Experimental results and discussion

The measurements were taken at a wavelength of 795 nm at a 
laser pump current of 53 mA and rf oscillator power of up to 
10  dB.  The  laser  threshold  injection  current  was  49  mA. 
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Figure 1. ( a ) Laser cavity modes filled with rf components at the devia-
tion D f = 3.4 GHz, and ( b ) the absolute value of the Bessel function for 
the modulation index e = 40.
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Figure 2. Scheme for measuring the laser emission spectrum: 
( 1 ) laser power supply; ( 2 ) mixer; ( 3 ) rf oscillator; ( 4 ) diode laser; ( 5 ) 
optical  insulator; ( 6 ) dc voltage source; ( 7, 9 ) piezoceramic transduc-
ers; ( 8 ) Fabry – Perot interferometer; ( 10 ) sawtooth voltage generator; 
( 11 ) photodetector; ( 12 ) digital oscilloscope.
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Without modulation,  the  laser  operated  in  a  single-frequ-
ency regime. The free spectral range of the scanning FPI was 
about 25 GHz, and measured FWHM of its transmission was 
~ 2  GHz.  For  reducing  measurement  errors,  both  the  fre-
quency  (15 Hz) and voltage  (240 V) of  the  sawtooth  signal 
source  used  for  tuning  the  FPI  frequency were maintained 
constant.

Spectra were  recorded  at modulation  frequencies  of  68, 
85, and 100 MHz, which satisfy condition (1). Laser emiss-
ion spectra at f = 85 MHz and at various current amplitudes 
of rf modulation are shown in Fig. 3. All spectra bands are 
enumerated; the zero band corresponds to the carrier with-
out  rf modulation,  the  high-frequency  side  bands  (1, 2)  are 
marked with ‘+’, the low-frequency bands (1, 2, 3) are marked 
with  ‘–’.  At  a  higher  rf  modulation  power,  the  ‘centre-of-
mass’  of  the  laser  emission  spectrum  shifts  to  the  high-fre-
quency  side.  The  frequency  interval  between  neighbouring 
bands of the spectrum is close to the intermode interval. At 
other  modulation  frequencies  and  the  corresponding  rf-os-
cillator power, the spectral bands separated by ~ c /2L were 
also observed.

Dependences of spectral band amplitudes on the rf-oscil-
lator  current  are  shown  in Fig.  4. The  amplitudes  are  nor-
malised to the intensity of laser emission without modulat-
ion. The measurement error was determined by photodetec-
tor noise and was ~ 2 %. Actually, over the whole range of 
rf currents, the amplitude of the zero band is greater than of 
the rest bands. We relate the nonmonoton variation of spec-
tral band amplitudes  to an oscillating dependence of Bessel 
function components on the modulation index and to addi-
tional  influence  of  amplitude  modulation.  In  this  case  the 
character of the dependence of the sum of band amplitudes 
will be the same (Fig. 5).

Under  rf  modulation,  the  laser  emission  power  weakly 
varies until IRF = 4 mA, which is the excess of the injection 
current over a threshold value. Then the laser emission power 
increases linearly with the rf current (see Fig. 5). One can see 

that actually over the whole range of rf currents the sum of 
the spectral band envelope amplitudes  is  less  than  the mea-
sured laser power. We explain this by broadening of the spec-
tral bands due to presence of several rf components.

From the viewpoint of reducing  light shifts,  interesting 
are  the spectral band pairs with  the amplitude ratio of ~ 1, 
which are separated by an interval close to the clock transi-
tion frequency. Figure 6 presents the dependence of the fre-
quency  interval between chosen pairs of spectral bands on 

In
te
n
si
ty

Frequency

In
te
n
si
ty

Frequency

In
te
n
si
ty

Frequencyn0

–3

–3

–3

–2

–2

–2

–1

–1

–1

0

0

0

+1

+1

+1

+2

+2

+2

~c/2L

a

b

c

Figure 3. Laser emission spectra at the RF modulation current ampli-
tudes ( 85 MHz ) IRF = ( a ) 7, ( b ) 8.4 and ( c ) 9.9 mA.

1.0

0.8

0.6

0.4

0.2

0
5 10 15 IRF/mA

A
m

p
lit

u
d

e 
(r

el
. u

n
it

s)

–3
–2
–1
 0
+1
+2

Figure 4. Dependences of the amplitudes of the laser emission spectrum 
envelope on the amplitude of the rf-oscillator current IRF. Curves are 
enumerated according to notations in Fig. 3.
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Figure 5. Dependences of ( 1 ) the laser emission power and ( 2 ) the sum 
of spectral band amplitudes on the rf current amplitude.
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IRF for the range of currents,  in which the band amplitudes 
are close. The dashed  line  refers  to  the clock  transition  fre-
quency  (6.8 GHz).  The measurement  error  for  the  spectral 
interval is related to the laser frequency drift relative to FPI 
transmission peaks. One can see that at certain values of fre-
quency and rf current, the interval between the corresponding 
pairs  equals  the  clock  transition  frequency.  The  nonlinear 
dependence of the interval between the bands of  laser emis-
sion spectrum on the rf current, seemingly, refers to the dep-
endence of Bessel function components on modulation index 
e  and  to an  influence of  amplitude modulation. Hence,  the 
maintenance of frequency difference for spectrum envelopes 
near the clock transition frequency requires certain accuracy 
while controlling the RF current.

5. Conclusions

Generation regimes are obtained for a diode laser pumped by 
rf-modulated  current with  the  emission  spectrum,  in which 
the bands are separated by intervals mainly determined by the 
laser cavity length. Positions of side bands of laser emission 
in this case match the frequencies of optical transitions. The 
situation has been experimentally realised when the interval 
between spectral components was equal  to  the clock transi-
tion frequency and the ratio of their intensities was close to 1. 
This  will  reduce  light  shifts  and,  correspondingly,  increase 
stability of the frequency standard.
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