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Abstract.  We propose an optical frequency standard based on a 
femtosecond laser, in which the shift of the frequency comb is con-
trolled using a Michelson interferometer. 

Keywords: quantum metrology, femtosecond laser, optical fre-
quency synthesiser, Michelson interferometer. 

1. Introduction

At present many frequency standards make use of femtosec-
ond lasers that generate a periodic train of short pulses in the 
mode-locking regime. Since the pulse repetition rate is mas-
tered by an etalon microwave oscillator, the optical frequen-
cies of the laser appear to be precisely calibrated in the units 
of  its frequency. A large number of  laser equidistant modes 
overlap the frequency range from microwave to visible light. 
In fact, we obtain an optical scale for the absolute measure-
ment of frequencies in the above range. One of the main prob-
lems in the  implementation of such a scale  is  to remove the 
offset common for all frequencies, which is often referred to 
as  the CEO  (carrier-envelope  offset). Therefore,  for  precise 
knowledge of the optical frequency scale one has to stabilise 
the  pulse  repetition  rate  and  eliminate  the CEO of  the  fre-
quency comb.

One  of  the main  problems  in  constructing  femtosecond 
frequency standards is the phase locking of the frequency of 
the etalon microwave oscillator to the frequency comb of the 
femtosecond  laser.  Commonly  this  problem  is  solved  by 
means of an optical frequency synthesiser using a f–2f  inter-
ferometer [1, 2]. Another method of controlling the frequency 
comb is based on using an external high-Q resonator [3, 4]. In 
this case, the repetition rate and the CEO are stabilised simul-
taneously. This method provides a high short-term stability, 

but the absolute values of the laser frequencies remain unde-
termined. 

In our papers [5, 6] we proposed to control the frequency 
comb offset using an external high-Q interferometer with the 
CEO determined from the interference pattern. In the present 
paper,  the  control  of  the  frequency  comb  offset  is  imple-
mented  using  a  Michelson  interferometer  that  detects  the 
phase  difference  between  the  pulses  and,  therefore,  deter-
mines the CEO. After the CEO elimination, one should stabi-
lise  only  one  parameter,  i.e.  the  pulse  repetition  rate.  This 
makes  the  implementation of  the  frequency standard essen-
tially simpler as compared to the existing femtosecond stan-
dards. 

2. Elimination of the CEO

The radiation in a femtosecond frequency standard is a peri-
odic train of pulses with the spectrum consisting of a set of 
frequencies

wm = mΩ + CEO,  (1)

where m is an integer positive number; and Ω is the intermode 
frequency, stabilised by the microwave etalon. The origin of 
the CEO is related to the difference between the phase veloc-
ity and the group velocity of the pulse during the laser cavity 
roundtrip. The group velocity is determined by the pulse rep-
etition rate Ω, while the phase velocity is determined by the 
dispersion elements in the laser cavity. Therefore, in general 
periodic laser pulses differ from each other, i.e., the radiation 
field is not a rigorously periodic function. Let i be the number 
of the pulse in the train. Then the shape of each pulse will be 
conserved,  but  the  carrier  frequency will  acquire  the  phase 
shift ji  with  respect  to  the  pulse  peak,  proportional  to  the 
CEO. When we measure the interference signal produced by 
two  pulses  by  means  of  the  Michelson  interferometer,  the 
additional term appears on the detector proportional to 

cos(Dj)exp(–Dt2/t2),  (2)

where t is the pulse duration, Dj = ji – jk is the phase differ-
ence between the pulses, and Dt is the time delay between the 
pulses  determined  by  the  interferometer;  for  simplicity,  the 
shape of the pulses was chosen Gaussian. For recording the 
signal,  one  can  make  use  of  the  scheme,  analogous  to  the 
scheme of the Hänsch – Couillaud detector [7], which is widely 
used  in  highly  sensitive  polarisation  methods  of  laser  fre-
quency stabilisation [8].

Note that when the CEO equals zero, all pulses are similar 
and, therefore, Dj = 0. Thus, the elimination of the CEO is 
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implemented in the following way. First, the interferometer is 
tuned to the signal maximum, for which Dt = 0. Then the dis-
persion in the laser cavity is varied to change the phase veloc-
ity of the pulses and to provide Dj = 0. Usually this is achieved 
by varying the laser pump current. 

3. Scheme of the standard

Consider the frequency standard in which the COE is elimi-
nated using the above method. Figure 1 presents a simplified 
schematic  of  the  setup.  The  scheme  includes  two  control 
loops. The first loop is fast and keeps the repetition rate of the 
femtosecond laser pulses constant. It operates as follows. The 
radiation of a  femtosecond  laser  ( 1 )  reflected  from a  semi-
transparent mirror ( 2 ) arrives at a high-frequency photode-
tector ( 3 ), where the intermode beats are selected, and then is 
passed  to  one  of  the  inputs  of  a  phase  frequency  locking 
(PFL) unit ( 4 ). The other input of this unit receives the signal 
from a synthesiser ( 5 ), the frequency of which is locked to a 
microwave  etalon  ( 6 ).  The  error  signal  from  the  PFL  unit 
output is applied to a laser ( 1 ) piezoceramic plate that varies 
the  length of  the  laser  cavity and,  therefore,  the  laser pulse 
repetition rate.

The second control loop is slow as compared to the first 
one and intended to eliminate the CEO. Part of the radiation 
passes through the beam splitter ( 2 ) to the Michelson inter-
ferometer ( 7 ), in which the path length difference between the 
arms is scanned by means of a saw-shaped voltage generator 
( 8 ) within nearly a wavelength around a specified value. The 
beat signal from the interferometer is recorded by a photode-
tector ( 9 ) and then processed by a computer ( 10 ). The feed-
back  loop  is  closed by  a digital-to-analogue  converter  ( 11 ) 
and a power  supply unit  ( 12 )  that  controls  the  laser  cavity 
dispersion and, therefore, the CEO. 

4. Conclusions

At  present  the  high-precision measurement  of  frequency  is 
implemented using the femtosecond laser with the f–2f inter-
ferometer [1, 2]. However, for the operation of this interfer-
ometer it is necessary to have a spectral width greater than an 
octave.  However,  there  are  many  commercial  nanosecond 

and  picosecond  self-mode-locked  lasers,  in  which  the  f–2f 
interferometer  cannot  be  used  because  of  a  small  spectral 
width. The simple scheme of a frequency standard proposed 
here  is applicable  for different widths of  the  laser  radiation 
spectrum,  which  allows  the  extension  of  the  considered 
method  over  the  nano-  and  picosecond-range  self-mode-
locked lasers. 
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Figure 1. Stabilisation scheme for the frequency comb of the femtosec-
ond laser:  
( 1 ) femtosecond laser; ( 2 ) beam splitter; ( 3 ) broad-band photodetec-
tor; ( 4 ) frequency reference unit; ( 5 ) frequency synthesiser; ( 6 ) micro-
wave  frequency  standard;  ( 7 )  Michelson  interferometer;  ( 8 )  saw-
shaped voltage generator; ( 9 ) photodetector; ( 10 ) computer; ( 11 ) digi-
tal-to-analogue converter; ( 12 ) laser power supply.


