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A new generation of cryogenic high-Q Fabry—Perot resonators for

ultrastable lasers

N.O. Zhadnov, A.V. Masalov, V.N. Sorokin, K.Yu. Khabarova, N.N. Kolachevsky

Abstract. We have performed a comparative analysis of the char-
acteristics of laser resonators fabricated from various materials.
The greatest attention is paid to the problem of Brownian noise
leading to fluctuations in the resonator length and limitation of the
frequency stability of a laser actively stabilised by the transmission
peak of a high-Q Fabry — Perot resonator. A possibility of designing
new-generation ultrastable laser systems based on cryogenic crys-
talline resonators is shown.

Keywords: high-Q silicon resonator, ultrastable laser system, ther-
mal noise.

1. Introduction

Highly stable laser systems have been in demand in many
areas of modern fundamental and applied physics. They find
application in the problems of precision spectroscopy, metrol-
ogy of time and frequency, navigation and telecommunica-
tion. Laser systems with a relative frequency instability at a
level of 107°—107'% and an averaging time of 1 s represent a
key element of modern optical clocks [1, 2]. Furthermore,
ultrastable laser systems can be used as independent sources
of stable optical frequency signals. Inferior in stability for
long averaging times (over 100 s) compared to optical atomic
clocks with an instability level of 107!8, laser systems stabi-
lised by macroscopic resonators have better mass-dimen-
sional characteristics and higher reliability, which makes
them attractive for the development of transportable and
compact devices. Such devices may find application in sys-
tems of satellite navigation, radiolocation, radio astronomy,
and in highly stable communication lines.

Most modern laser frequency locking systems make use of
ultrastable optical Fabry—Perot resonators. The laser radia-
tion frequency can be locked to the resonator transmission
peak using, for example, the Pound —Drever—Hall Itechnique
[3]. As a result, the laser radiation frequency stability is deter-
mined by the frequency stability of the resonator eigenmodes
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and the signal-to-noise ratio in the error signal. The mode fre-
quency, in turn, is directly related to the distance between the
resonator mirrors.

Random changes in the distance between the resonator
mirrors can be caused by external vibrations, changes in the
linear dimensions of the resonator body due to temperature
fluctuations, and also thermal Brownian noise, which is inev-
itably present in the resonator components: resonator body,
mirror substrates and coatings. To reduce the effect of tem-
perature fluctuations, the resonator body is made of a mate-
rial having a ‘zero’ temperature expansion point. At this
point, the coefficient of linear thermal expansion of a material
vanishes. In addition, the resonator is placed in a thermally
insulated high-vacuum chamber. In paper [4], a possibility of
temperature stabilisation near the room temperature to an
accuracy of 100 uK was demonstrated.

The correct choice of the shape of a resonator body and
the way of its suspension as well as application of vibration
compensation can significantly reduce the impact of vibra-
tions. One of the possible approaches is the use of biconical
shape (Fig. 1) and vertical resonator location with a suspen-
sion in the plane of its gravity centre [4].

Currently, ultrastable laser systems can provide a relative
frequency instability Sv/v at a level of 1071 with an averaging
time of 1-1000 s [5, 6], limited mainly by thermal Brownian
noise. In paper [7], two laser systems stabilised with respect to
independent cryogenic silicon resonators are compared, and
it is shown that the spectral width of laser radiation is about
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Figure 1. Resonator components: (/) mirror substrate; (2) reflective
coating; (3) resonator body.
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10 mHz at an averaging time of 1—1000 s. This opens up new
possibilities for improving the accuracy of optical clocks and
precision spectroscopy.

In the present work, a comparative analysis of the thermal
mechanical noises of Fabry—Perot interferometers fabricated
from various materials is performed, and a possibility of the
development of ultrastable new-generation laser systems
based on crystal resonators is examined.

2. Thermal noise

Thermal noise is one of the main problems in physics of preci-
sion measurements. Random thermal jitter of a resonator, espe-
cially of the mirrors, causes fluctuations in its length, and conse-
quently, in the eigenfrequencies [8]. These micro-movements are
produced by any body having a nonzero temperature.

To calculate thermal fluctuations, a fluctuation-dissipa-
tion theorem (FDT) is used, which relates the thermal noise
spectrum and dissipative characteristics of a system. The use
of FDT enables estimation of extremely weak thermal noises
by investigating more measurement-accessible effects of
energy dissipation in a system. According to FDT, the spec-
tral power density of thermal noises in a mechanical system is
proportional to the imaginary part of the transfer function of
resonant oscillations for the case of mechanical perturbation
of a given frequency. Traditionally, to calculate the response
function, the eigenmode expansion method is used; however,
this method is cumbersome since it requires a total calculation
of the system resonances with regard to their effect on the
resonator length. A simpler method was proposed in [9],
where the thermal noise spectrum and the power dissipated
by a system were calculated under the action of a periodic
force applied to the resonator surface at those places that
directly determine the resonator length, i.e. in the region of
laser radiation reflection. In this case, the thermal noise spec-
trum and general damping of mechanical oscillations can be
represented as a sum of the contributions from the individual
elements of a resonator in accordance with the energy filling
fractions and damping parameters [8, 10]. This method yields
phenomenological estimation formulas that allow one to
calculate the contributions to the spectrum of the frequen-
cies f of the Fabry—Perot resonator thermal noise using the
values characterising its shape and dimensions, and also
elastic constants and loss factors of the materials from which
the resonator is manufactured. In particular, the resonator
body contribution to the spectral power density of thermal
oscillations is

2kg T L
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where T 'is the resonator body temperature; L is the resonator
length; R is the resonator body radius; and E, and ¢, are the
Young modulus and the coefficient of mechanical losses of
the resonator body material, respectively. The thermal noise
contribution of the mirror substrates is

_2kgT 1—g2
Ssub(f) - TC.f \/fWOESub Psub (2)
where wy is the resonator mode radius on the mirror; and
Eqp, 0 and g, are, respectively, the Young modulus, the
Poisson coefficient and the coefficients of mechanical losses
of the mirror substrate material. For the contribution of the

mirror coatings to the thermal noise spectrum, we have the
expression

4kgT d
an Ecoat W(%

Seoar(f) =

(1 4+0)(1 —20)Pcoat» 3)

where d is the thickness of the reflective coating; and E,,,, and
Peoat are the Young modulus and the coefficient of mechani-
cal losses in the mirror coatings.

Equations (1)—(3) allow the low-frequency wing of the
thermal noise spectrum to be estimated. Indeed, the lowest
frequency resonance of mechanical oscillations of an interfer-
ometer represents the fundamental oscillation of the
Fabry—Perot resonator body with a frequency of v ~10 kHz,
while, at averaging times of 1-1000 s, only relevant is the
spectral noise density in the sub-Hz frequency range.
Although the formulas used are not exact, they are capable,
with an accuracy better than 10%, of describing experimental
achievements of recent years in the area of employing the
resonators for laser radiation frequency stabilisation.

Formulas (1)—(3) contain a generalised phenomenologi-
cal parameter, i.e. the coefficient of mechanical losses ¢ equal
to an inverse Q-factor (Q = 1/p) of mechanical oscillations of
the interferometer elements. It is assumed that Q does not
depend on the oscillation frequency (at least, in the low-fre-
quency region), and this is due to the nature of a dominant
damping mechanism of mechanical oscillations in the mate-
rial of constructional elements — the so-called structural
damping. Of special interest is the problem of measuring the
Q parameter for different materials, especially if it reaches
large values (above 10%). Such experiments require high accu-
racy and skill [11].

The choice of the resonator material has a decisive effect
on its potential level of stability. First and foremost, the ther-
mal noise amplitude is influenced by the Q-factor and tem-
perature; the value of the latter is determined by the zero
point position.

Currently, ULE glass is a widely spread material for high-
Q resonators used in systems for laser frequency stabilisation
[12]. Several systems based on resonators made of ULE glass
have been designed and are used by our group at Lebedev
Physical Institute (LPI) [13, 14]. The zero point of the ULE
glass thermal expansion coefficient is usually located in the
range of room temperatures, which makes this glass conve-
nient for applications. However, the recrystallisation process
that constantly occurs in the glass results in a linear frequency
drift of the resonator eigenmodes at a level of hundreds mil-
lihertz per second. Nevertheless, an increase in the linear
dimensions of the resonator made it possible to attain a rela-
tive instability of laser radiation frequency of 8x 1077 at aver-
aging times up to 1000 s [6].

One of the promising materials for the fabrication of reso-
nators is monocrystalline silicon [5]. This material is not sus-
ceptible to recrystallisation, has excellent elastic properties
and also possesses a zero point at a temperature of 7, = 124
K and a Q-factor of ~108, which is at least an order of mag-
nitude higher than that for all known alternative materials.

Table 1 shows the results of calculations performed for
five realisations of resonators using formulas (1)—(3).
Numerical estimates have been carried out for various combi-
nations of the resonator body materials, mirror substrates
and their reflective coatings (the material parameters are pre-
sented in Table 2). Geometric parameters of the resonators
are the same and correspond to those we have employed in
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Table 1. The calculated limit of the relative frequency instability for
resonators from different materials (the dimensions of resonators
correspond to those described in [4]).

Substrate Coating Frequenc
Substrate/body . noise noise ;requency
. Coating . . instability
material contri- contri- for 1's (10-19)
bution (%) bution (%)
ULE/ULE SiO,/ Ta,05 89 11 2.879
ULE/SiO, Si0,/ Ta,05 25 75 1.539
Si/Si Si0,/ Ta,05 2 98 0.200
Si/Si GaAs/AlGaAs 9 91 0.084
GaAs/GaAs GaAs/AlGaAs 34 66 0.133
Table 2. Material parameters.
Material E[Pa To/K o 4
ULE 6.8x101° 300 0.18 1.6x107
Si 18.8x 100 124 0.266 108
GaAs 8.6x 1010 56 0.31 107
Si0,/ Ta,05 - - - 4x10*
GaAs/AlGaAs - - - 2.5x1073

One of its features is the presence of an Elan 2 generator capa-
ble of providing the system with liquid nitrogen in the operat-
ing mode. Temperature stabilisation is ensured by a heater
controlling the temperature of one of the external screens. An
additional internal screen and deep vacuum (at a level of 5x
10~ mbar) provide the filtration of high-frequency tempera-
ture fluctuations, so that the system time constant is about
10 h. The system also allows the possibility of vibrational
decoupling of the cryostat section (on which the interferome-
ter is mounted) from a nitrogen screen being potentially a
source of vibrations caused by boiling of liquid nitrogen.
During the first test experiments, it was found out that
the resonator cannot be cooled to the zero point tempera-
ture Ty = 124 K of silicon (Fig. 4a). Under high vacuum, the
heat exchange between the nitrogen screen and the screen
with a heater is performed by thermal radiation, but its
power turned out lower than the heat supply through the
legs on which the internal parts of the cryostat are installed.
To increase the heat exchange with the internal screen at the
expense of reducing the nitrogen container albedo, its nickel-
plated surface was subjected to blackening, which was per-

the first-generation systems [4, 13]. It is remarkable that the
reflective coating largely contributes to the thermal noise
amplitude. For rough estimates of the contribution ratio of
the resonator elements to the total noise, we may use the pro-
portion

. . L& . i‘psub . iﬂocoat
Ssp.Ssub.Scoat BS <R2 Esp>.<W0 Esub).(wg Ecoal>' (4)

Recently, the attention of researchers has been attracted
by the possibility of the formation of highly reflective coat-
ings based on multi-layered crystal structures. Particularly,
for GaAs/AlGaAs crystalline coatings deposited onto sub-
strates of fused silica, a rather low level of thermal noises was
demonstrated [15]. In our calculations, a record-low fre-
quency instability caused by thermal noises has been attained
for a resonator with a body and mirror substrates manufac-
tured from monocrystalline silicon, and with highly reflective
crystalline (GaAs/AlGaAs) mirror coatings.

We have also examined a sample with a single-crystal
GaAs being the material of the body and mirror substrates.
The use of this material could significantly simplify the fabri-
cation technology of mirror coatings based on GaAs/AlGaAs.
Besides, the zero point temperature of GaAs is less than that
of crystalline silicon, and is located in the vicinity of 56 K.
Unfortunately, there are no reliable measurements of the
Q-factor for this material in the literature; therefore, addi-
tional experiments are needed to draw valid conclusions
regarding its prospects.

3. Development of an ultrastable laser
based on a Fabry—Perot silicon resonator

Our group at LPI have started work on the design of a fre-
quency stabilisation system for a narrow-band erbium fibre
laser with a wavelength of 1.5 wm using a highly stable reso-
nator made of monocrystalline silicon with dielectric reflect-
ing mirrors. Presently, the experiment is in the phase of equip-
ment adjustment. To cool the silicon sample down to 124 K,
a vacuum nitrogen cryostat developed at LPI is used (Fig. 2).
A general scheme of the cryogenic system is shown in Fig. 3.

Figure 2. Vacuum cryostat cross-section: (/) container with liquid ni-
trogen; (2) internal surface of the container subjected to blackening;
(3) thermal screen with a heater; (4) silicon resonator (or, in the course
of tests, its model); (5, 6) temperature sensors on the resonator model
and on the thermal screen (3), respectively; the container with nitrogen
has a separate support point and is connected to the vacuum chamber
only by means of soft bellows ( 7).
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Figure 3. Scheme of a cryosystem for continuous cooling.

1 —

formed by coating the container surface with the VGE-7031
cryogenic varnish.

In view of the large time constant of the system (over 9 h),
establishing of the predetermined temperature occurs for a
long time which may constitute up to several days. Figure 4b
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Figure 4. Time dependences of screen with heater temperature (solid
curves) and temperature of the resonator model (dashed curves) when
using a nitrogen container with (a) nickel-plated and (b) blackened sur-
faces. To reach an initial temperature below 120 K, the gas was supplied
into the chamber at a pressure of 10-2 mbar, which ensured a rapid heat
exchange with the nitrogen reservoir, after which the gas was pumped
out and the temperature dynamics measurements began.

shows the time dependences of the temperatures of the exter-
nal screen with a heater and a model resonator fabricated
from duralumin (Fig. 1). Fluctuations in the resonator body
temperature are less than 0.01 K on the daily time interval,
which is sufficient to achieve the required radiation frequency
stability of a system being developed.

4. Conclusions

A brief review of the works on the up-to-date direction of laser
physics — the development and design of ultrastable laser systems
being widely used in precision measurements — is presented.
The greatest attention is paid to the problem of thermal noises as
a fundamental factor limiting the radiation frequency stabil-
ity in these systems. The calculations performed show that the
relative radiation frequency instability of the order of 1077
can be achieved by using compact monocrystalline silicon
resonators with crystal mirrors based on AIGaAs/GaAs mul-
tilayer structures. A new material — GaAs crystal, which has
never been used before in the design of resonators, is exam-
ined. The necessity of measuring mechanical losses in the
crystal, which depend substantially on the presence of impuri-
ties and dislocations, is noted. The resonators made of GaAs
can compete with relevant silicon-based samples, provided
their mechanical Q-factor reaches a level of 107.

The vacuum chamber design of a cryogenic silicon reso-
nator is described, and the results of experiments on cool-
ing and temperature stabilisation of a resonator model fab-
ricated of duralumin are presented. It is shown that the
resonator is cooled to a temperature corresponding to the
zero temperature point of silicon (124 K); the residual tem-
perature fluctuations are less than 0.01 K on a daily basis.
The characteristics achieved provide the required fre-
quency stability parameters of the laser system at A =
1.5 um, which will be locked to the transmission peak fre-
quency of the resonator. We hope to attain the relative
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radiation frequency instability better than 1071 at an aver-
aging time of 1-100 s.
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