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Here we demonstrate the results of creating a two-mirror Fabry–Pérot 
resonator (FPR) that allows achieving the spectral width of a stabilised laser 
line below 1 kHz. It had low expansion Zerodur spacer and broadband high 
reflectance mirrors (99.85% in the range of 630 to 1140 nm). FPR was verti-
cally mid-plane mounted for reduced sensitivity to vibrations and included in 
two shields inside a vacuum chamber to lower temperature fluctuations. Peltier 
element was used for temperature stabilisation at zero-expansion temperature. 
Pound–Drever–Hall (PDH) technique was applied. The signal from FPR was 
compared to ultra-stable signal (of about 1 Hz linewidth) to form a beat note 
signal. For the best performance, width of the beat note signal was below 1 
kHz with the linear drift of about 23 Hz/s at 780 nm. The Allan deviation 
showed relative stability of the signal to be about 1 ´ 10-12.  

Keywords: diode laser, Fabry–Pérot resonator, narrow spectral line, 
optical frequency standards, PDH technique, stabilisation.

1. INTRODUCTION

For various scientific and technical applications, laser lines with stable fre-
quencies and narrow linewidths (< 1 MHz) are needed. Fabry–Pérot resonator (FPR) 
is a simple tool [1] to obtain such a result even from semi-stable lasers with rather 
broad lines (for diode laser spectral linewidth typically is about 10–50 MHz). Main 
parts of FPR are two parallel mirrors separated with a certain distance L. In this 
distance, a laser light can form its standing wave modes with narrow spectral width 
(typically of about 50 kHz). These modes can become forming elements for a re-
flected narrow linewidth of a laser line. Due to the change of distance between mir-
rors of FPR (typically because of vibrations and temperature change), its narrow 
resonance mode is jittering and drifting and, thus, the final averaged linewidth of a 
laser light becomes larger. To make the final linewidth of a laser line narrower, vari-
ous techniques are used to minimise the vibration and temperature change of FPR. 
For vibration damping special platforms are used, resonators are made in shapes that 
are less sensitive to vibration (first there were schemes with horizontal FPR mount 
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[2], then with vertical FPR mount [3], spherical mount [4] and cubic mount [5]). 
To minimise temperature change [6], spacers for FPR are made of low expansion 
materials (for example, of ULE glass or Zerodur material), FPR is put into thermal 
shields, Peltier elements are used to cool and heat the FPR,  temperature sensors 
are used for the control. Additionally, FPR is installed into a vacuum chamber. This 
allows reducing fluctuations of optical length of laser light in FPR due to fluctua-
tions of a refractive index of gas (refraction index of gas fluctuates as the pressure 
fluctuates). Even with the most advanced techniques to minimise the vibration and 
temperature change of FPR, the material of spacers of FPR (as all other material) 
experiences thermal noise and this effect gives the theoretically calculated stability 
of FPR of about 0.1 Hz [7], [8]. Additionally, the frequency of laser line experiences 
jitter due to processes within the laser itself (because of temperature and current 
changes); therefore, various loop techniques are used to stabilise the frequency (for 
example, Pound–Drever–Hall technique ��������������������������������������������[9], [10]�����������������������������������). Currently, a well-performed ver-
tical FPR with advanced techniques for vibration damping and temperature change 
minimisation gives a linewidth of about 0.5 Hz and a frequency drift of 0.1 Hz/s [6]. 
Such parameters of laser line are necessary for ultra-precise measurements, for ex-
ample, for atomic clocks [11] and the determination of the change of the gravitation 
constant [12].  

The current paper focuses on the scheme of a vertical FPR and measurement 
technique that gives a linewidth of 1 kHz and a frequency drift < 100 Hz/s of a diode 
laser line. These parameters are not the best available to achieve, but are sufficient 
for various applications where narrow laser lines are needed, for example, for ion 
trap experiments [13], for research on whispering gallery mode resonators [14], for 
laser cooling [15], for research on Rydberg atoms [16], and for research in molecular 
spectroscopy [17]. 

FPR is a rather cheap tool to stabilise a laser line. However, there are several 
other techniques for stabilisation, for example, frequency combs [18].  

2. EXPERIMENT

Here we present experimental equipment and special construction of FPR that 
allowed us to reach the stability of the laser line of about 1 kHz. As a light source, the 
laser diode Sanyo DL7140-201S (wavelength 785±10 nm, optical output power 70 
mW) was used in an external cavity configuration with a diffraction grating [19]. The 
light was sent to a vertical FPR through optical fibre. Pound–Drever–Hall (PDH)  
technique [9], [20], [21] was used for laser stabilisation to FPR line.

A. Construction of a Resonator

To reach a significant stability of a laser line, various tricks were employed in 
the construction of the FPR shown in Fig. 1. 

It should be mentioned that the stability of the FPR is dependent on the sta-
bility between two mirrors (M) of FPR. All factors that can change the distance be-
tween these mirrors have to be minimised. The first source for the distance change is 
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mechanical vibrations. Activities for minimising vibrations have to be implemented. 
At first, the FPR has to be put on a stable optical table with air dampers. Then the 
vertical FPR mid-plane construction is selected (other alternatives are horizontal 
and spherical constructions). FPR is put inside the heat shield (HS2) and is held with 
nylon plastic screws (PS) without touching walls. The second source is the change 
of the distance due to thermal expansion of materials. Therefore, the low-expansion 
Zerodur material (in the range of 0°C to 50°C it has an expansion coefficient up to 
± 0.007 × 10−6/K that is two orders of magnitude better than that of fused quartz) 
is used as a spacer (in the form of a drilled-through cylinder (GT), length 120 mm, 
diameter 50 mm, diameter of the borehole 20 mm). Optical cavity is surrounded 
with two heat shields and placed inside a vacuum chamber to minimise temperature 
fluctuations. Temperature of the outer heat shield HS1 is actively stabilised with a 
double-stage Peltier element. Temperature sensor TS1 is used for regulation and is 
placed close to the Peltier element and thermally coupled to the inner heat shield 
HS2 allowing one to maintain the temperature stability of the resonator within a few 
mK. In external heat shield (HS1), special holes (HH) are drilled for inner and outer 
low vacuum regions to be joined and yet not to be influenced by thermal infrared 
radiation. The third source of the change of distance between mirrors is pressure 
fluctuation of the gas inside FPR. Therefore, inside the resonator vacuum is ob-
tained. Vacuum chamber is assembled from CF-type ultra-high vacuum chamber 
parts. Two-vacuum pump system is used – a turbomolecular vacuum pump for pre-
evacuation and an ion getter vacuum pump running continuously for maintaining 
high vacuum below 1 ´ 10-5 mbar.

     
    
Fig. 1. Left: Drawing of the FPR assembly. VC – a vacuum chamber, HS1 and HS2 – alumin-

ium heat shields, GT – the Zerodur glass cylinder with a central hole, PS – plastic screws, HH – holes 
with thermal radiation blocking, TS1 and TS2 – temperature sensors, L1 and L2 – mechanical legs, 
PT– two-stage Peltier element, W1 and W2 – windows with antireflection coating, M – cavity mirrors. 
Right: photo of the assembled FPR.  

	 For resonator universality, mirrors (M) with high optical reflectance in 
broad optical region were used (for the spectral range of 630–1140 nm reflectance is 
achieved above 99.85%, LAYERTEC, No. 103521, R.o.c. = 1 m). Such mirrors are 
used for femtosecond Ti:Sa laser and are off-the-shelf components.
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B. Experimental Scheme

Principal scheme for the experimental equipment is given in Fig. 2.  

Fig. 2. Principal schema of experimental equipment. O-I – an optical isolator, F-Pol – a fibre  
polariser, λ/2 plate, M – a mirror, BS – a beam splitter, λ/4 plate, FPR – the Fabry–Pérot resonator, 
PD1, PD2 – photodiodes, Cam – a video camera, L – an optical lens, Amp – an amplifier, Mixer – a 
signal mixer, PS – a phase shifter, LP-F – a low-pass filter, PDH Signal – the Pound–Drever–Hall  
error signal, RF-Generator – a radio frequency modulation generator, ATT – an attenuator, R1 and  

R2 – electric resistors, PID – the PID controller. Fast part of the feedback loop signal goes into  
current of a laser; slow part of the signal goes into the Piezo element of the laser.

The path of the signal in the experimental schema is the following: a signal 
comes from the laser into an optical isolator (O-I). External cavity diode laser was 
custom built and had no internal isolator. It prohibits the signal from travelling back 
into the laser (that may occur due to various reflections). Then the signal goes into 
the fibre which forms a Fibre Polariser (F-Pol) that can change the polarisation of a 
signal to obtain linearly polarised light beam. λ/2 plate is used to align the polarisa-
tion vector of the light.  The transmitted light through the FPR has the same polarisa-
tion as the incident light and goes into beamsplitter (BS) which gives the signal to 
a video camera (Cam) that is used during the alignment of a laser beam into FPR to 
assure that resonator mode TEM00 is excited. Photodiode PD1 is used to monitor the 
transmitted light. The reflected light from FPR has the opposite circular polarisation 
compared to incident light. To extract reflected light from the FPR for obtaining the 
PDH error signal λ/4 plate and a polarising beam splitter cube are used. λ/4 before the 
FPR changes the linear polarisation of light to circular polarisation. Light reflected 
from the resonator passes λ/4 again and becomes orthogonally polarised in respect to 
the incoming light and is reflected sideways by a polarising beam splitter cube (BS), 
directed by mirror M, and focused by lens (L) on the photodiode (PD2). Now the sig-
nal is electrical. Signal is amplified (Amp) and goes into the Mixer. Here the signal 
is mixed with the radio frequency modulation signal obtained from RF-Generator. 
Phase shifter (PS) is used to align signals of PD2 and RF-Generator. Then the signal 
goes through a low-pass filter (LP-F) and here the PDH error signal is obtained (PHD 
Signal). This signal goes back to the laser by two channels after the proportional in-
tegral derivative PID controller. Slow frequency channel goes into Piezo crystal of 
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laser and is used to modulate the path of laser resonator, but a fast frequency channel 
goes through resistor R2 and meets with RF-Generator modulation signal previously 
transmitted through an attenuator (ATT) and goes through resistor R1. The sum sig-
nal goes into the laser diode to modulate the current of the laser. 

Then the laser light signal is optically mixed with another signal from the 
ultra-stable laser (with a line width of 0.5 Hz and frequency drift of 0.1 Hz/s [6]) to 
form a beat note signal (not shown in Fig. 2). The modulation radio frequency was 
about 7 MHz. To make the resonator assembly usable in a broad colour range, we 
used broadband anti-reflection coated optics (Thorlabs coating 650–1050 nm) and 
achromatic λ – plates. 

3. RESULTS AND DISCUSSION

Various standard measurements were performed during the test of the equip-
ment – measurement of the reflected signal of FPR, measurement of the PDH signal, 
measurement of the beat note signal, measurement of the wide spectra and narrow 
spectra. Calculations were done to obtain the Allan deviation from the beat note 
signal. 

C. Measurements of Beat Note Signals

Beat note signal of the laser signal from the developed equipment and from 
the ultra-stable laser was observed. Figure 3 shows the beat note signal when the 
vibration damping of the optical table is activated. The width of beat note signal is 
about 1 kHz. Figure�������������������������������������������������������������������� 3������������������������������������������������������������������ is only a snapshot of the signal – the actual signal changes dur-
ing the time – peak frequencies change their position, yet the width of the fluctuating 
signal still remains in the range of approximately 1 kHz. Without vibration damping 
of the optical table, the beat note is broadened to approximately 10 kHz. 
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Fig. 3. Beat note signal of the FPR stabilised by the PDH technique, with vibration damping of the 
optical table. The signal shows full width at half maximum of about 1 kHz. Resolution bandwidth of 

FFT analyser used was 200 Hz. 
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D. Measurements of the Beat Note Signal versus Time

The beat note signal drift with the time is shown in Fig. 4. This shows that the 
signal is fluctuating and is experiencing the linear drift of about 120 Hz/s (the first 
week of operation). The drift can be decreased by optimising the temperature of the 
system to the lowest thermal expansion region of Zerodur. The search for an optimal 
temperature is described in Section D. When the optimal temperature is selected the 
drift can be minimised to 23 Hz/s (Fig. 4 – the right side).
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Fig. 4. The typical beat note signal as dependent on time. Left: a short-term fluctuating beat note 
signal that experiences the linear drift of about 120 Hz/s.  Right: a long-term beat note signal with a 

linear drift of about 23 Hz/s. 

E. Calculation of the Allan Deviation

From the dependence of the beat note signal on the time, the Allan deviation 
can be calculated [22]–[24]. The plot of Allan deviation with good characteristics 
achieved for FPR is seen in Fig. 5. Here we see that the Allan deviation remains 
between 0.1–0.6 kHz when linear drift of 70 Hz/s is removed.  For a diode laser 
wavelength used in the experiment λ0 = 780 nm, the frequency is about 3.8  ´  1014 
Hz. The relative stability of the frequency of the system seen from the Allan devia-
tion is about 1  ´  10-12. 

Fig. 5. Allan deviation of a beat signal. Here we see linear drift of about 70Hz/s after 1 s. When the 
linear drift is subtracted, then the Allan deviation remains between 0.1–0.6 kHz at optical frequency 

of 3.8  ´ 1014 Hz (780nm).  
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The bump in the Allan deviation graph at about 1 s can be explained by the 
presence of parasitic reflections between laser and FPR. This corresponds to 1 Hz 
resonance of air fluctuations [25]. Optical isolator (O-I in Fig. 2) was used to prevent 
the entrance of parasitic reflections back into laser. In this experiment, the available 
optical isolator was used. However, as it was designed for the central wavelength of 
980 nm, isolation was not complete. For a better performance, a two-stage (60dB) 
optical isolator should be used. 

F. Optimal Temperature Selection 

Zerodur material possesses a temperature where a thermal expansion coef-
ficient is crossing zero, but the exact temperature depends on manufacturing condi-
tions. To achieve better results for the stability of the beat note signal, the optimal 
temperature of FPR can be estimated and maintained. A search was made (Fig. 6) 
by daily changing the temperature of the system and measuring the beat note signal. 
It was found that the smallest resonator drift response to a temperature change ap-
peared at the temperature of about Tc=27.6(1) °C. 
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Fig. 6. Measured (dots) and fit (line) beat note frequency corresponding to the temperature 
of the FPR. To minimise the effect on temperature sensitivity, the FPR temperature has to 

be stabilised on the maximum of a curve occurring at Tc = 27.6(1) °C.

G. Minimising the Long-term Linear Drift 

Additional beat note measurements were made to observe the long-term drift 
if the temperature of FPR is remaining stable. It was observed that in the first days 
of continuous operation the drift of the FPR line decreased from 70 Hz/s to 35 Hz/s. 
Therefore, it seems that the system works better when it operates for a longer time. 
Such behaviour is observed in hydrogen maser clocks where it takes about a month 
for the resonator to reach the best stability [26]. For the system to operate for several 
days or months, the UPS power supply is installed to protect against abrupt power 
failures. 

There are several effects causing continuous FPR drift [8], [27]: aging of the 
material, the settling of the optical contacts of mirrors, aging of the temperature  
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control, the decrease of the manufacturing mechanical stress of the spacer, shrinking 
of glass-ceramics (for Zerodur ∆L/L ≈2∙10-15/s ~ 5 Hz/s), ongoing crystallisation of 
the glass phase, ∆L/L ≈1∙10-16/s ~ 0.4 Hz/s). 

4. CONCLUSIONS

The current paper shows the construction of Fabry–Pérot resonator and the 
measurement scheme that allows reaching the frequency stabilisation of the laser 
signal below 1 kHz and a frequency drift of about 23 Hz/s at 780 nm. The device is 
transportable. Application wavelengths are in the range of 630–1140 nm with the re-
flectance of mirrors above 99.85%. From the construction point of view, the current 
FPR is not much worse than the construction shown in [6] and giving 1 Hz spectral 
width. The difference is that mirrors here had a lower reflectance index than those 
used in [6], but the spectral region of high reflectance is much broader allowing one 
to use the same resonator for experiments with lasers of different colours. Additional 
improvements can be made for next construction of similar resonators, for example, 
spacer material from Zerodur can be changed to ULE material (now ULE is becom-
ing increasingly popular with the drop of its price), and electronics of the tempera-
ture controller can be placed right into the vacuum chamber. The current system and 
Fabry–Pérot resonator were made as small budget devices for use in various applica-
tions in a wide spectral region. 
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PLATJOSLAS FABRĪ-PERO REZONATORS NO ZERODUR  
MATERIĀLA LĀZERA STABILIZĀCIJAI ZEM 1 KHZ  

SPEKTRĀLĀ PLATUMA AR < 100 HZ/S ILGTERMIŅA  
DREIFU UN SAMAZINĀTU VIBRĀCIJU  

JUTĪGUMU

K. Blušs, A. Atvars, I. Brice, J. Alnis

K o p s a v i l k u m s

Dotajā rakstā demonstrēta divu spoguļu Fabrī-Pero rezonatora (FPR) kon-
strukcija un eksperimentālā shēma, kura ļauj iegūt stabilizēta lāzera līnijas pla-
tumu mazāku nekā 1 kHz. FPR spoguļi bija ar platu augstas atstarošanas joslu 
(99.85% atstarošana viļņu garumu intervālā 630 līdz 1140 nm) un starplika starp 
tiem bija izveidota no Zerodur materiāla. Lai mazinātu vibrāciju ietekmi, FPR tika 
stiprināts vertikāli pusaugstuma plaknē. Lai mazinātu temperatūras fluktuācijas, re-
zonators tika ietverts 2 apvalkos vakuuma kamerā. Peltjē elementi tika izmantoti 
temperatūras stabilizēšanai pie starplikas materiāla nulles izplešanās temperatūras.  
Lāzera piesaistei pie FPR rezonanses tika pielietota Pound-Drever-Hall metode. 
Signāls no FPR tika salīdzināts ar ultra-stabilu optisko signālu (ar līnijas platumu ap 
1 Hz), kopā veidojot interferences sitienu signālu. Labākie iegūtie signāli parādīja, 
ka FPR nodrošina lāzera līnijas stabilizāciju zemāku kā 1 kHz un lineāro dreifu ap 23 
Hz/s pie viļņa garuma 780 nm. Alana deviācija rādīja, ka signāla frekvences relatīvā 
stabilitāte ir ap 1 ´ 10-12. 
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