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Aktywna stabilizacja lasera
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Aktywna stabilizacja lasera

Załóżmy, że chcemy aby częstość  ν = 6 ⋅ 1014 Hz lasera argonowego pozostała 

stała z dokładnością do 1 MHz. Oznacza to względną stabilność
Δν
ν

= 1,6 ⋅ 10− 9

Wynika z tego, że wzajemna odległość d zwierciadeł, przy d=1m, musi być 
utrzymywana stała z dokładnością do 1,6 nm



Źródła niestabilności
1. Dryfty (zmiany długoczasowe), spowodowane główne płynięciem 

temperatury albo powolnymi zmianami ciśnienia. 
2. Fluktuacje (zmiany krótkoczasowe) - akustyczne drgania zwierciadeł, fale 

dźwiękowe modulujące współczynnik załamania światła, niestabilności 
wyładowania w gazie laserach gazowych albo niejednorodności strumienia 
barwnika w laserach barwnikowych.



Temperatura
Δd
d

= αΔT

W. Demtröder, Laser Spectroscopy, Springer Science & Business Media, Berlin, Heidelberg, 2008. doi:10.1007/978-3-540-73418-5.



Ciśnienie
Jeśli fala światła laserowego przebywa wewnątrz rezonatora laserowego drogę   
d-L w powietrzu pod ciśnieniem atmosferycznym, każda zmiana ciśnienia 
powoduje zmianę drogi optycznej między zwierciadłami rezonatora.

Δs = (d − L)(n − 1) Δp
p

, gdzie
Δp
p

= Δn
(n − 1)

Δλ
λ

= − Δν
ν

≈ (d − L) Δn
nd

Aby zminimalizować zmiany ciśnienia, albo cały rezonator musi być umieszczony 
w szczelnej obudowie utrzymującej stałe ciśnienie, albo należy dobrać jak 
najmniejszy stosunek (d-L)/d. 

Kompensacja dryftów dokonuje się za pomocą układów sprzężenia.



Fluktuacje



Fluktuacje



Fluktuacje



Układ stabilizacji
Wszystkie omawiane zaburzenia powodują, że droga optyczna wewnątrz 
rezonatora fluktuuje; amplitudy tych fluktuacji mieszczą się zazwyczaj w zakresie 
kilku nanometrów. 

Układ stabilizacji długości fali (częstotliwości) składa sie z 3 elementów:

1. Wzorzec długości fali - np. długość fali w maksimum albo na zboczu krzywej 
przepuszczalności interferometru F-P; długośc fali przejścia aomowego albo 
cząsteczkowego; inny laser. 

2. Element podlegający. W przypadku długości fali jest nim długośc rezonatora 
optycznego nd (w sensie drogi optycznej). 

3. Elektroniczny system regulacji ze sprzężeniem zwrotnym. Układ ten mierzy 
różnicę sygnałów i ma za cel najszybciej doprowadzić do wyzerowania różnicy 
długości fali.



Układ stabilizacji

W. Demtröder, Laser Spectroscopy, Springer 
Science & Business Media, Berlin, Heidelberg, 
2008. doi:10.1007/978-3-540-73418-5.
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W. Demtröder, Laser Spectroscopy, Springer Science & Business Media, Berlin, Heidelberg, 2008. doi:10.1007/978-3-540-73418-5.



…słowo o stabilizacji natężenia (mocy)…



Stabilizacja laserów diodowych metodą PDH

M.N. JILA, University of Colorado and Nist, A review of Pound-Drever-Hall laser frequency locking, (1AD).
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2.2.  EXPERIMENTAL SETUP AND RESULTS 
The optical setup of our ADI as a homodyne Michelson 

interferometer is depicted in Fig.1. Laser 1 is a Littrow type 
extended cavity diode laser (ECDL) operating at approx. 
770.1 nm wavelength, and laser 2 is a Littman type ECDL at 
approx. 766.7 nm wavelength. Both lasers are equipped with 
antireflection coated laser diodes. For both ECDLs, a small 
amount of their intensity is split off by a combination of a 
half-wave plate and a polarizing beam splitter and is fed to a 
setup using polarization-optical differential detection for the 
stabilisation to Doppler-reduced potassium (K) absorption 
lines as described for Rubidium in [2]. Laser 1 is permanently 
stabilised to a K-D1 line. The emission frequency of the laser 
2 is tuned by the use of a programmable function generator. A 
low pass filtered and smoothed triangle signal with a 
frequency of 5…10 Hz is used for the modulation.  

A portion of the modulated laser’s intensity is coupled into 
the reference interferometer which is placed in a temperature 
stabilised box. For the ADI, both laser beams are coupled into 
one polarisation maintaining single mode fibre in order to 
ensure that they traverse the interferometer on identical paths. 
By the use of a half-wave plate in front of and a polarizer 
behind the fibre, matching of the polarization of the laser’s 
light with the fibre axis is achieved. At the interferometer 
output the two beams are separated by a grating for detection. 
The interferometer is composed of a polarizing beam splitter 
and two triple reflectors. 

The interference signals are processed within the detectors 
in such a manner that two signals are obtained which are 
shifted by 90° to each other. To obtain these quadrature 
signals for the modulated laser, it has turned out advantageous 
to use Fresnel rhombi instead of quarter wave plates since the 
retardation for the latter is more strongly dependent on the 
wavelength. The quadrature signals for the ADI, the reference 
interferometer, and the counting interferometer operated by 
laser 1 are recorded with an acquisition rate of 250000 
samples s−1 by a 16-bit, 8 channel A/D converter card. First, a 
data block is sampled with a length depending on the 
averaging time. The raw sine-cosine values are processed by a 
Heydemann correction [9]. Since the frequency modulated 
laser has a slight amplitude modulation, the sine-cosine 
signals do not follow an ellipse but have a slightly spiral 
shape. The amplitude modulation is ≈ 5% of the total intensity 
so that for a few 2π periods an ellipse is a good 
approximation. Therefore, several ellipse fits over a few 
periods instead of one over all data points are calculated. 

Subsequently, single phase values are calculated by the 
arctan function, and are sorted according to the rising and 
falling edges of the modulation. The phase of the ADI is 
corrected by the phase of the stabilised laser interferometer 
according to (6). For each edge, the phases of the ADI and the 
reference interferometer are linearly interpolated by a least 

square fit with the axis intercept set to zero. With the slope, 
the length LADI is determined according to (5).  

 

 
 

Fig.1   Optical setup of the absolute distance interferometer with two 
ECDLs. The light of both diode lasers is coupled into a Michelson 
interferometer via one polarization maintaining single mode fibre. 
For clarity, the details for the stabilisation of the ECDLs to potassium 
absorption lines are not shown 

    For the fixed synthetic wavelength approach, laser 2 is 
stabilised on a K-D2 absorption line at approx. 776.1 nm 
giving a synthetic wavelength of ≈ 173 µm. The fractional 
part of the length can be directly evaluated from (8) after the 
Heydemann correction. In the case of stabilised lasers, it is 
sufficient to determine the parameters for the Heydemann 
correction during a slow movement of the measurement 
reflector prior to the measurement. 
    Length measurements with the setup shown in Fig.1 were 
performed at the geodetic base of the PTB. It consists of a 
50 m long bench with a moving carriage and is equipped with 
a conventional counting HeNe laser interferometer with a 
folded beam path, which was used as reference. The refractive 
index of air is determined by the Edlén equation [8]. The 
environmental parameters were measured by one air pressure 
and one relative humidity sensor, and temperature by PT100 
sensors placed at an interval of 2.5 m along the bench. Results 
of measurements for lengths of ~ 2 m were published in [7]. In 
the following results for approx. 10 m distance are discussed. 

Fig.2 shows the stability of the ADI at a length of approx. 
10.15 m for three different averaging times. The standard 
deviations of the length values from Fig.2 are plotted in Fig.3 
versus the averaging time. The single edges of the 6 Hz 
modulation signal show a standard deviation of 51 µm and 

decrease almost according to N/1  with the number of 

K. Meiners-Hagen, R. Schödel, F. Pollinger, A. Abou-Zeid, Multi-Wavelength Interferometry for Length Measurements Using Diode Lasers, Measurement Science Review. 9 (2009) 16–26. doi:
10.2478/v10048-009-0001-y.



 23

 

 
 

Fig.9   Scheme of PTB’s Precision Interferometer 
 

A 512 x 512 pixel camera system (Photometrics CH 350) 
provides data frames at 16-bit per pixel. Phase stepping 
interferometry based on intensity frames at 8 different phase 
steps is used to obtain the phase map of the sample including 
the end plate [12]. The centre position of the samples’ front 
faces with respect to the camera pixel coordinates is assigned 
[13]. Interferometer autocollimation was adjusted by 
retroreflection scanning before a measurement was started 
[14].  

Three stabilised lasers are used subsequently in the 
measurements. The gauge block lengths resulting from using 
the two J2-stabilised lasers at 532 nm and 633 nm were 
averaged. The Rb-stabilised laser at 780 nm is used for a 
coincidence check only. 

 

  
 
Fig.10   Left: front view of the sample wrung to the end plate, right: 
measured interferogram with a region of interest (ROI) at the 
sample’s front face (S) and two symmetrically arranged ROIs at the 
end plate (Pleft/right) 

 
The fractional order of interference, f, can be extracted from 

the interferogram. Fig.10, left, shows a photograph of a 
typical sample. On the right-hand side of Fig.10 the measured 
interferogram of this sample is shown. The rectangles indicate 
the regions of interest (ROIs) in which the phase values are 

averaged. This leads to the values Sφ , left
Pφ , and right

Pφ  from 

which the fractional order of interference is calculated: 

            ( ) ⎥⎦
⎤

⎢⎣
⎡ −+= S

right
P

left
Pf φφφ

π 2
1

2
1

                     (9) 

Using optical interferometry, the length L of a sample body is 
expressed as a multiple of the light wavelength used. For one-
wavelength interferometry the exact knowledge of the integer 
interference order (entailed with a precision mechanical pre-
measurement) would be required before the exact length can 
be determined according to (1). The use of different 
wavelengths, however, results in independent lengths 

( )kkkk fiL += λ
2
1

 which should coincide. The expected 

coincidence is predicted by the uncertainties for the individual 
λk and fk, respectively. A variation technique can be used for 
the extraction of the integer orders of interference known as 
“method of exact fractions”. Here, integer variation numbers 

kδ  are introduced in the length evaluation: 

                 ( )kkkkk fiL ++= δλ
2
1

                           (10) 

in which ik is evaluated from the estimated length 

MWLI-PTB

K. Meiners-Hagen, R. Schödel, F. Pollinger, A. 
Abou-Zeid, Multi-Wavelength Interferometry 
for Length Measurements Using Diode 
Lasers, Measurement Science Review. 9 
(2009) 16–26. doi:10.2478/v10048-009-0001-y.
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k
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2

1
= . At a set of { },..., 21 δδ  the mean length is 

calculated: 
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=

=
r

k
kLr

L
1

1
                                 (11) 

and the average deviation of  Lk from L  can be used as a 

coincidence value: 

                        ∑
=

−=∆
r

k
kLL

r 1

1
                              (12) 

Fig.11 shows a measurement example in which two 

wavelengths (r = 2) are used as a light source subsequently. 

The estimate of the sample body’s length is 299.15 mm. The 

measured fractional orders are given in Table 2 for k = 1 and 

k = 2.  

Fig.11 reveals periodic coincidence values near zero which 

are separated by about 12 µm from each other. It is noticed 

that, before these minima are identified with possible lengths, 

it is necessary to review the length uncertainty caused 

fractional orders of interference. From (1) follows: 

            ( ) ( )( ) ( )
2

22

2

1
/ ⎟

⎠
⎞

⎜
⎝
⎛+= kkkk

est
k fuuLLu λλλ          (13) 

and, in case of the mentioned example, the uncertainties 

( )kLu  are close to 0.1 nm as depicted in the last column in 

Table 2. 

 

 

 

 
Fig.11   The average length resulting from variations of the integer 

orders (x-coordinates of the data points) and the related average 

deviation (y-coordinates of the data points) when two different 

wavelength are applied. 

 

 

Accordingly, the periodic minima separated by about 12 µm 

in Fig.11 actually represent possible alternatives for the length 

of the sample body.  

 
 

Such a range of unambiguity, i.e. 12 µm, is not only much 

larger than one order of interference (≈ 0.3 µm), it is also 

clearly larger than the half-synthetic wavelength of the same 

two wavelengths which is about 1.7 µm. In order to elaborate 

the difference between such coincidence interval and the half 

of the synthetic wavelength, Fig.12 shows the course of the 

periodic interference intensities (solid curves) together with 

the respective interference phase modulo 2π (grey scales) for 

the same two wavelengths as used for the method of exact 

fractions in Fig.11 (from Table 1 for k = 1 and k = 2). 

Accordingly, it becomes clear that the synthetic wavelength, 

indicated λsynth in Fig.12, represents the period defined by the 

condition that the fractional orders of interference coincide 

(same greylevel at positions synth 2k λ× ). This kind of “phase 

coincidence” is basically different from the coincidence of 

lengths used as criteria in the method of exact fractions via 

(1). On the other hand the coincidence interval of about 12 µm 

visible in Fig.11 is a multiple of the half synthetic wavelength. 

It can be looked upon the recovery period of both interference 

phases to the same values as visible in Fig.12 for 0 2synthλ×  

and 7 2synthλ× . However, the actual number of k in 

2synthk λ×  again depends on the sharpness of a “phase 

coincidence recovery criterion”. Such criterion in principle 

means the same as the criterion for length coincidence via 

(12). 

 

 
 

Fig.12   The average length resulting from variations of the integer 

orders (x-coordinates of the data points) and the related average 

deviation. 
 

MWLI-PTB

K. Meiners-Hagen, R. Schödel, F. Pollinger, A. Abou-Zeid, Multi-Wavelength Interferometry for Length Measurements Using Diode Lasers, Measurement Science Review. 9 (2009) 16–26. doi:
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of the stage of approx. 4 mm, the stage error fully enters the 
result. With an additional piezo driven x-y stage it is in 
principle possible to correct the errors of the mechanical 
translation stages by measuring with different displacements. 
The measurement uncertainty of the profilometer is therefore 
limited by the quality of the translation stages.  
The uncertainty of the interferometer itself is estimated to 
approximately 20 nm for a 100 µm measuring range and an 
arm length difference of 10 cm [10]. Uncertainty contributions 
arise from the long and short term wavelength stability of 
diode lasers used (1 nm and 10 nm, respectively). 
Contributions due to changes of the refractive index of air are 
negligible. A further uncertainty contribution can arise from 
the phase measuring, e.g. due to the lock-in amplifiers, or 
optical quality of the surface. This contribution amounts to 
approx. 4 nm for smooth, highly reflective surfaces. 

 

 
Fig.8   Surface profile measured with a contact stylus instrument 
(upper curve) and with the interferometer (lower curve) 
 

On rough surfaces the interference contrast varies over the 
sample which affects the interferometer signal. Three so-
called “superfine roughness standards” with Rz values between 
134 nm and 450 nm were measured to investigate the limits of 
the interferometer on rough surfaces. These standards are 
cylindrical disks with approx. 50 mm diameter with a 4 mm 
wide rough zone around the centre. Fig.8 shows a part of the 
surface profile of a roughness standard with an average 
maximum height Rz = 134 nm as measured with the diode 
laser interferometer in comparison with the contact stylus 
instrument. Apparently the profile is well reproduced by the 
interferometer. However, fine details like the sharp spike near 
position 1.4 mm and the narrow groove near 0.3 mm are 
smoothed by the interferometer. This is caused by the focus 
diameter of approx. 2 µm of the microscope objective used for 
these measurements so that the measured height values are 
averaged over this range. This smoothing leads to an apparent 
decrease of the roughness. All roughness parameters derived 

from the interferometer data are smaller than their reference 
values from the calibration with a contact stylus instrument. 
The roughness average Ra is well reproduced by the 
interferometer data. The maximum deviation to the reference 
value is 9%. The other averaged roughness parameters like 
rms roughness Rq which are not shown here have similar 
deviations. The average maximum height Rz and the maximum 
roughness depth Rmax as peak values are up to 17% smaller 
than their reference values. 

As shown above the use of the three-wavelength diode laser 
interferometer offers a measurement range of ≈145 µm and 
allows to measure objects not accessible to one-wavelength 
interferometers, i.e. surfaces with steps larger than half the 
optical wavelengths. Also, a temporary loss of signals, e.g. 
due to poor reflecting parts of the surface, only leads to 
missing data for these areas and does not interrupt the scan as 
it would be the case for a fringe counting method. 

Although the interferometer itself has a resolution of about 
4 nm and its expected uncertainty is of the order of 20 nm, the 
resulting overall accuracy is unfortunately limited by the 
mechanical translation stages used in the experiments to 
values up to 250 nm for scan lines longer than 4 mm. 

The interferometer reaches its limits on rough surfaces. 
Such surfaces could be measured, although the interferometer 
signal amplitude fluctuated and dropped partially to 10% of 
the value on smooth areas. For a calculation of the roughness 
parameters fringe counting was applied to get equal spaced 
data without missing points. The roughness parameters 
derived from these values are in good agreement with the 
calibration values of the roughness standards. 

4.  PRECISE LENGTH MEASUREMENTS OF PRISMATIC BODIES 

For many industrial applications precise measurement of 
prismatic bodies, e.g. gauge blocks, or cylindrical samples, by 
multi-wavelength interferometry is necessary for 
dissemination of the length unit metre, i.e. traceability of the 
length measurement. Precise length changes of such bodies 
with temperature (thermal expansion), pressure 
(compressibility), and time (long term stability) can be 
measured with PTB’s Precision Interferometer. Fig.9 shows 
the interferometer situated in a temperature controlled and 
vacuum tight environmental chamber. The light provided by 
the three different lasers alternatively passes a fibre 
representing the entrance of the interferometer. The reference 
path of the interferometer can be varied for phase stepping by 
slightly tilting the compensation plate. The tilt angle is 
monitored by an auxiliary interferometer and servo controlled. 
For measurements in air the measuring path contains a 
400 mm vacuum cell close to the sample to determine the 
refractive index of air in the specific environmental 
conditions. 
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