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Spectral parameters of reference-cavity-stabilised lasers

A.N. Matveev, N.N. Kolachevsky, J. Alnis, T.W. Hansch

Abstract. Spectral characteristics of laser systems used for
precision two-photon spectroscopy of the 1s—2s transition in
the hydrogen atom are analysed. The spectral properties of
radiation from a 972-nm external-cavity semiconductor laser
stabilised by external monolithic cavities of different confi-
gurations are considered in detail. The classical cavity scheme
with a horizontal axis and a new scheme with a vertical axis,
which is weakly sensitive to vibrations, are considered. The
emission spectrum of a stabilised laser exhibits a narrow
central peak and a pedestal caused by the residual phase
noise. The semiconductor laser stabilised with respect to the
vertical-axis cavity emits the line of width less than 0.45 Hz,
which contains ~99 % of the total output power. The
transformation of the emission spectrum upon frequency
doubling in nonlinear crystals is investigated. The laser
system developed in the study provides the narrowing of the
recorded 1s—2s transition line in the hydrogen atom down to
2 kHz at 121 nm.

Keywords: ultrahigh-resolution spectroscopy, stabilisation by the
reference cavity by the Pound— Drever— Hall method.

1. Introduction

Considerable recent progress achieved in high-resolution
laser spectroscopy is related to the possibility of observing
narrow (~ 10 Hz) atomic transition lines in the visible and
UV spectral ranges [1 —3]. The spectroscopy of such narrow
resonances requires highly stable lasers emitting very
narrow lines of width considerably smaller than the
transition linewidth. This stimulated the development of
methods for stabilising laser systems to achieve subhertz
spectral linewidths for lasers emitting lines of width of a few
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tens of megahertz in the unstabilised regime and tunable
within tens of nanometres. Such a considerable laser line
narrowing is achieved in most cases by using the electronic
frequency stabilisation with respect to the transmission
peak of a high-Q monolithic Fabry—Perot cavity. This
method provides the narrowing of the laser line to the
width that is almost completely determined only by vib-
rations and thermal fluctuations of the reference cavity [4].

We studied the 1s—2s two-photon transition in the
hydrogen atom with the natural linewidth equal to
1.3 Hz. The transition was excited in a cold atomic beam
by a stabilised laser system at 243 nm (see, for example, [5]).
At present laser systems of two types are used for this
purpose: (i) a Coumarin 102 dye laser emitting radiation at
486 nm, which is then frequency-doubled in a barium beta
borate crystal [5, 6] or (ii)) a semiconductor laser emitting
radiation at 972 nm, which is amplified in a horn-type
amplifier and then is converted to the 243-nm radiation after
two successive frequency doublings [7]. Unlike other laser
systems used for the spectroscopy of laser-cooled localised
atoms and ions [1—3], the interaction time with hydrogen
atoms in the laser beam in the laser systems under study is
~1 ms, which requires the use of high-power laser fields
providing high Rabi frequencies (~1 kHz) for a weak two-
photon transition. In addition, successive frequency dou-
blings impose rigid requirements on the fundamental
radiation spectrum of the laser. Note that from the point
of view of the spectrum conversion, two-photon absorption
is equivalent to the second harmonic generation [8].

In this paper, we consider two 972-nm reference cavities
that we developed to stabilise the frequency of a semi-
conductor laser. The cavities are assembled by using a new
scheme with the vertical axis, which considerably reduces
their sensitivity to vibrations and allows the development of
compact laser systems with excellent frequency-phase char-
acteristics [9]. We analysed the spectral characteristics of the
laser system stabilised with the help of these cavities and
compared them with other cavities at our disposal. The
transformation of spectral characteristics of radiation of the
diode laser system upon frequency doubling in a nonlinear
crystal was studied. By using a 972-nm laser stabilised with a
vertical-axis cavity, we recorded spectra of the 1s—2s
transition in the hydrogen atom and compared them
with spectra recorded earlier by using other laser systems [7].

2. The Pound — Drever — Hall method

The high stability of the laser radiation frequency can be
achieved only by the active stabilisation of the laser cavity
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with respect to the external reference cavity well isolated
from external perturbations (see, for example, [3, 5, 10]).
The laser radiation frequency can be locked to the
transmission maximum of the external cavity by different
methods, for example, by using optical feedback from the
cavity or electronic feedback loops. Lasers used in precision
spectroscopy are commonly stabilised by the modulation
method proposed by Pound, Drever, and Hall (PDH) [11],
which is illustrated schematically in Fig. 1. Laser radiation
is modulated by phase with an electrooptical modulator at
frequency Q (usually, tens of megahertz) and is coupled into
a stable cavity. The radiation reflected back from the cavity
is detected with a photodetector whose output signal is
heterodyned in a balance mixer with a radiofrequency
signal of the same frequency Q. After heterodyning, the
signal passes through a low-frequency filter and is used as
the error signal in a feedback system controlling the laser
frequency.

To obtain the error signal in the PDH method, we
represent the output signal of the photodetector as a result
of the interference of two waves, one of which appears after
the propagation of radiation ‘stored’ in the cavity through
the front mirror and the second one appears upon the
reflection of radiation incident on the front mirror:

Spd <|TA1 expli(wot + ¢,)] — RAexpli(wyt + ¢
+ bmoa 008 20)| ) = [(TA41)’ + (RA)’

—2TRAA, cos(Ap + Ppoq COs 1)), (1)

where 7 and R are the amplitude transmission and
reflection coefficients of mirrors; w, is the radiation
frequency; A4 is the incident wave amplitude; A; is the
amplitude of the wave incident on the front mirror of the
cavity from inside; ¢ and ¢, are the phases of these waves,
respectively; ¢,,,q 1S the depth of phase modulation of the
incident wave; and A¢ = ¢ — ¢, is the phase difference of
the two light waves. The angle brackets denote averaging
over the photodetector passband. Taking into account only
low-frequency spectral components in the heterodyne
signal, we obtain the error signal

Serr = <S

pd COS Q1 > S8 TRAAI d)mod‘l()((rbmod) sin A¢, (2)

where Jy(¢,,0q) 18 the Bessel function the first kind. Because
in the case when the laser is preliminarily stabilised by the
cavity, the phase difference between radiation and a
standing wave is small, the error signal proves to be
proportional to the phase difference: S, o< A¢. One can see
from this relation that the stabilisation of the laser with
respect to a Fabry—Perot resonator by the PDH method
represents in fact the phase locking of laser radiation to the
standing wave in the cavity.

To obtain the shape of the error signal, we consider the
case when the laser linewidth is much narrower than the
width of the transmission peak of the interferometer. In this
case, laser radiation excites a standing wave in the cavity
whose phase can differ from that of the exciting wave. By
neglecting the influence of phase-modulation harmonics on
the standing wave, we find the amplitude 4; and phase
difference A¢:

ATJO(d)mod)
[1 —2R?cos(2mw/wgsg) + R4]1/2’

A3)

1=

sinA¢p =

R? . 2nw
> 41/zsm< ), 4)
[1-2R*cos(2nw/wgsgr )+ R?] WFSR

where wgsgr = 2nc/(2L) is the free spectral range (in
frequency) of the cavity; ¢ is the speed of light: and L is
the cavity length. This gives the error signal

_ kA2T2R3¢mod‘I02(¢mod) sin 2nw (5)
err 1— 2R2COS(2TC(D/CUFSR) + R4 WESR ’

A rigorous mathematical description of the signal shape
obtained by the PDH method is presented, for example, in
[12]. Figure 2a shows the typical error signal described by
expression (5). At the maximum of the cavity transmission,
i.e. for o &~ Nwggr, the error signal is S, x ® — nWEgR,
corresponding to expression (2). Note that the shape of the
error signal depends considerably on the phase of a
reference signal used in heterodyning (Fig. 1). The signal
shape presented in Fig. 2 corresponds to the phase shift by
n/2 in a phase shifter.

A more complicated is the case of stabilising the
frequency of a laser with the linewidth greatly exceeding
the width of the transmission band of the cavity. It is this
situation that we are dealing with by stabilising a semi-
conductor laser emitting the line of width ~1 MHz with
respect to a high-Q cavity with the width of the transmission
band 5 kHz. In this case, the error signal contains informa-
tion not only on the laser frequency detuning but also on the

Laser e (]
Frequency-locking
unit BM
T AY > Phase shifter I <
<
LFF |<

Figure 1. Scheme for laser frequency stabilisation by the Pound — Drever — Hall method: (EOM) electrooptical modulator; (BM) balance mixer; (LFF)

low-frequency filter.
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Figure 2. Central part of the error signal obtained by the PGH method by scanning the transmission band of the cavity by narrowband laser radiation
(a) and the emission spectrum of the diode laser stabilised with respect to the external stable cavity by the PDH method (b).

rapid phase noise [S,, ox Ap(?)] determining the initial
spectral linewidth on the unstabilised laser. It was shown
in [11] that the laser linewidth can be efficiently narrowed
down in this case as well by using the active stabilisation of
the cavity by the PDH method due to the presence of broad
dispersion wings of the error signal. In this case, the
emission spectrum of the stabilised laser is noticeably
transformed and its shape will depend considerably both
on the type of the phase noise of the unstabilised laser and
feedback loop parameters. For example, the emission
spectrum of an electronically stabilised diode laser exhibits
a narrow peak (carrier) of width ~1 MHz located on a
pedestal of complicated shape (Fig. 2b). Similar spectra
were observed in experiments on the phase locking of diode
lasers to other radiation sources such as a femtosecond
frequency comb [13] or another diode laser [14]. In the case
of stabilisation of lasers of other types (for example, dye
lasers or Ti:sapphire lasers), the pedestal is less
pronounced.

3. Reference cavities

It is known that the distance between the mirrors of the
reference cavity almost completely determines the radiation
frequency of a stabilised laser. The cavity length depends
mainly on mechanical vibrations and thermal fluctuations.
To suppress the latter, the cavity body is made of materials
with low coefficients of thermal expansion and the cavity
temperature is stabilised. Seismic and acoustic vibrations

are suppressed by wusing various active and passive
suppression systems. In addition, in recent papers [9, 15]
the cavity configuration was selected so that the sensitivity
to vibrations (accelerations) was minimised.

We manufactured earlier two 486-nm cavities (denoted
by 1 and 2) having the classical horizontal configuration,
which were used to stabilise a dye laser [5]. Cavities of length
15 cm with a Q factor of 90 000 are shown schematically in
Figs 3a, b. These two cavities differ in the method of their
mounting on an optical table: cavity 1 was supported from
below by three bearings touching directly the optical table,
whereas cavity 2 suspended on long springs. Optical tables
on which the cavities were mounted were equipped with
active vibration compensation systems (Halcyonics).

To perform the spectroscopic study of the 1s—2s
transition in the hydrogen atom by using a semiconductor
laser system [7], we constructed two stabilisation systems for
972-nm cavities. These cavities (denoted by 3 and 4) had a
length of 7.5 cm and a Q factor of 420000 and were mounted
in the vertical configuration (Fig. 3c¢).

The bodies of all the cavities were made of an ULE
(Ultra Low Expansion) glass [16] for which the relative
elongation of a sample of length / with temperature ¢ is
described by the expression 8///~ 107%(r — 1.)*, where 7, is
the so-called critical temperature, which lies usually in the
range from 0 to 20 °C. The cavities were housed in chambers
evacuated to 10~° bar with the help of ion— getter pumps.
The temperature of cavities 1, 2, and 3 was stabilised by
using identical thermal stabilisation systems consisting of

Cavity 2

Cavity 1

Cavities 3, 4

Figure 3. Mountings of cavities used in experiments.
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two stages. The external stage maintaining a stable temper-
ature background around the vacuum chamber was based
on a six-channel relay scheme. Each channel maintained the
temperature of one of the six walls of the box surrounding
the chamber at a level several degrees above room temper-
ature with an accuracy of ~ 100 mK at the sensor location.
An advantage of the relay scheme is its rapid response to
temperature variations. The internal stabilisation system
had a large time constant and maintained the temperature of
the vacuum chamber with an accuracy of 1 mK by means of
the integrated feedback loop. A disadvantage of this system
was that it could not provide the temperature stabilisation
with respect to the zero point of the ULE glass (¢ = t,),
which was considerably lower than room temperature in our
case (see below).

The system of temperature stabilisation of cavity 4
provided the cooling of the chamber. The cavity body
located in the vacuum chamber was surrounded by two
aluminium cylinders. Both between the cylinders and
between the external cylinder and vacuum chamber, Peltier
elements were located which were used to cool cylinders and
stabilise their temperature. The temperature stability pro-
vided by this system was considerably worse than that
ensured by the first system. For example, the temperature
stability inside the cylinder could be maintained only with
an accuracy of 10 mK.

We measured the critical temperature ¢, for our ULE
glass sample. By using cavity 3 as a reference cavity and
varying the temperature of cavity 4 in the range from 7 to
20°C, we found ¢, = 12.5°C. The cavity body length at this
point is minimal and, therefore, the beat frequency between
laser fields stabilised with respect to the corresponding
transmission maxima of cavities is maximal. Unfortunately,
the thermal expansion of a multilayer coating (38 Ta>Os and
38 SiO; layers of a total thickness ~5 um were deposited on
each mirror) exceeds the thermal expansion of the cavity
body, which imposes strict requirements on the thermal
stabilisation system.

The analysis of deformations of the cavity body during
its acceleration, for example, in the vertical direction showed
that the cavity configuration with the horizontal axis is quite
sensitive to vibrations. This is clearly demonstrated by

computer simulations performed by using the Autodesk
Inverter software package (Fig. 4a). If the cavity is sup-
ported from below, acceleration in the vertical direction
elongates or compresses the cavity, resulting in a change in
the distance between mirrors and, therefore, in a change in
the radiation frequency of the stabilised laser. Note that it is
possible to fix the cavity at certain points to minimise this
effect. However, this requires a very careful individual
selection of fixing points for each cavity.

In another approach developed a few years ago (see, for
example, [17]), a cavity is suspended by the plane passing
through its centre of gravity. Thus, in the case of a vertical-
axis cavity shown in Fig. 4b, the vertical acceleration will
cause the symmetric deformation of its upper and lower
parts, thereby retaining the distance between mirrors with a
high accuracy because the decrease in the length of the
upper part of the cavity body is compensated by the
elongation of its lower part.

In this paper, we compared the spectral characteristics of
lasers stabilised with respect to cavities 1, 2, 3, and 4 shown
in Fig. 3.

4. Laser systems

We studied two laser systems shown schematically in Fig. 5.
The first system — a 486-nm Coumarin 102 dye laser, was
stabilised by the PDH method with respect to cavity 1 or 2.
In all experiments considered below, stabilisation with
respect to cavity 2 was used, the stabilisation parameters
remaining invariable. The laser frequency was controlled by
means of an intracavity electrooptical modulator (EOM), a
mirror on a piezoelectric ceramics and a galvanoplate. The
laser radiation was frequency-doubled in a second-har-
monic generator (SHG 1) to produce ~20 mW of output
power at 243 nm for exciting the 1s—2s transition in the
hydrogen atom.

The second laser system was based on a semiconductor
laser with an external cavity in Littrow mounting [7]. The
laser radiation amplified in a tapered semiconductor
amplifier up to 650 mW was frequency-doubled in two
stages (SHGs 2 and 3) to produce ~ 10 mW of output power
at 243 nm. The laser was stabilised with respect to cavities 3

Cavities 1, 2

0.90

0.40

TMjMTM

Cavities 3, 4

Figure 4. Calculation of the deformation of model cavities under the action of acceleration 1g; cavity sizes are presented in Fig. 3; the numbers are

deformation in nanometres.
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Figure 5. Schemes of laser systems: (AOM) acoustooptic modulator; (SHG 1, 2, 3) second-harmonic generators; (TA) tapered semiconductor

amplifier; (FL) feedback loop in the PDH method.

and 4 at a wavelength of 972 nm. It was also possible to
stabilise it by cavity 1 by using the 486-nm second-harmonic
radiation at the output of SHG 2 (Fig. 5). The laser
frequency was controlled by varying the injection current
of the diode (proportional fast and integral slow channels)
and by rotating a diffraction grating.

Laser radiation was coupled into cavities through single-
mode fibres. Because radiation propagating in a fibre
acquires additional phase and amplitude noises, we used
classical schemes with an acoustooptic modular (AOM)
compensating these noises [18].

We studied the spectra of beat signals between radiations
from the diode laser system and the dye laser at wavelengths
486 and 243 nm. The dye laser was used as the reference
laser, while the parameters of the feedback system of the
semiconductor laser were varied. We also performed meas-
urements by using cavities 1, 3, and 4. The spectral cha-
racteristics of cavities 3 and 4 were investigated by using the
scheme shown in Fig. 6 which was proposed in [19].
Radiation from a diode laser stabilised with respect to
cavity 1 passed through AOM 1 and was coupled to
cavity 3. The error signal from cavity 4 was fed to the

frequency-modulation input of a voltage-controlled oscilla-
tor (VCO) which excited AOM 2. In this way the laser
radiation frequency was locked to the frequency of the
transmission band of cavity 3, while the field frequency at
the AOM 2 output proved to be stabilised with respect to
the maximum of the transmission band of cavity 4. In the
case of independent vibrations of cavities, the phase
fluctuations of laser fields in front and behind AOM 2
prove to uncorrelated within the frequency band of the
feedback loop controlling the VCO. The spectral width of
the beat signal between these fields gives the estimate of the
linewidth of a stabilised semiconductor laser with an
accuracy to a coefficient ~1 depending on the shape of
the spectrum.

5. Power fraction in the carrier

We will analyse the emission spectrum of a stabilised diode
laser and its transformation upon frequency doubling by
using the following model. First of all, we will take into
account that the initial emission spectrum of a semi-
conductor laser is mainly formed due to rapid phase

TA

— —

Grating
I

amad

e

Current

@

Cavity 3

. —

972 nm

VCO

(a)=

o
Beat signal

——
Optical fibre

Cavity 4

Figure 6. Scheme for measuring the linewidth of the diode laser (DL) stabilised with respect to cavity 3.
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fluctuations caused by spontaneous emission events and a
change in the carrier density (see, for example, [12]). Let us
assume that laser radiation at frequency w, is stabilised in
phase with respect to another field with the phase ¢(¢),
which is ‘stored” in a high-Q cavity. Because the phase
stabilisation of the semiconductor laser is not ideal, the
laser radiation field E(f) = Ejcos[i(wgt + ¢o(2) + ¢(¢))] has
the fluctuating phase component ¢(¢). Fluctuations ¢(¢) are
determined by the noises of the laser diode and electronic
elements used in the feedback loop, and therefore the
characteristic correlation time for these fluctuations is
~0.1 ps. The correlation time of the phase noise in the
cavity (the decay time of a wave in the cavity) is ~100 ps;
therefore, we can set ¢,(f) = const. Let us also assume that
the residual phase noise is described by the normal
1
p(p) =—=ce

distribution
2
Xp( - d)z >v
V2n 2¢ims

where ¢, is the root-mean-square phase deviation
appearing due to the incomplete response of the feedback
system. Then, the autocorrelation function Rg(t) of the
laser field will have the form

Rip(t) =(E()E(t + 1)) = %cos(ww)(cos Ad(t,7)), (6)

where the angle Dbrackets denote averaging and
Ap(t, 1) = ¢p(t + 1) — ¢(7). Because the laser-field phase is
actively stabilised, we have lim,_, ., cosA¢(t,7) # 0. This
means that the Fourier transform of the autocorrelation
function (spectral power density of the process) will contain
the delta function at the frequency w,, which is called the
carrier frequency. The power fraction 5 contained in the
carrier is proportional to (cosA¢(z,t — o0)). We will
calculate this parameter taking into account that the noises
of the phase ¢ at such times are not correlated:

+00 f+oo
voc| | cos(s =~ g0n(61)p(00d0:00,

Because ¢, =0, we have n = 1, i.e. the field proves to be
monochromatic, and we obtain finally n = exp( — qﬁfms).

Upon frequency multiplication by n times (n-photon
process), the laser field phase is multiplied by #’. Taking this
fact into account, we obtain the power fraction

!/ ”2
n=n )]

contained in the carrier after conversion to the nth
harmonic.

If radiation is multiply converted to higher harmonics,
the parameter #’ becomes critical. A typical example is the
so-called frequency chains [12] — many stages of the non-
linear frequency conversion from the radiofrequency to
optical range. It was concluded in [20] that the single-stage
frequency conversion from the radiofrequency to optical
range is impossible due to the ‘carrier collapse’ caused by the
increase in the noise power. Note that the optical comb
created in 2000—-2001 by using a femtosecond laser [21] is
free from this disadvantage due to a high short-term
stability of laser radiation, which allows the use of the
laser as a ‘flywheel’ averaging the rapid phase noise of a
radiofrequency generator.

In our experiment on the two-photon spectroscopy of
hydrogen by using a semiconductor laser [7], the laser
radiation frequency is doubled in two stages and then
the 243-nm radiation is used to excite the 1s—2s transition
in the hydrogen atom. This process involves eight laser
photons, and the parameter ' is equal to 7.

To study the validity of expression (8) in the optical
range, we compared the spectra of beat signals between
radiations from the stabilised dye laser and semiconductor
laser at 486 and 243 nm, respectively (see Fig. 5). The data
presented in Fig. 7a show that power fraction # in the
carrier decreases after frequency doubling. We believe that
the pedestal is related only to fluctuations of the semi-
conductor laser radiation because the dye laser radiation is
characterised by phase fluctuations with longer correlation
times, which are mainly caused by acoustic vibrations in the
dye jet and vibrations of the laser cavity mirrors. In

_ 2 7y addition, we found that the phase noise level can be varied
= eXP(—pms)- O :
in a broad range by controlling the parameters of the
m —10 - 0
o S
~ =
z -20 & .
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Figure 7. Spectral power density of the beat signal of radiation from the dye laser and semiconductor laser stabilised with respect to cavity 3 at
wavelengths 486 and 243 nm (a) and the power fraction 7,43 contained in the carrier at a wavelength of 243 nm as a function of the power density 77,46

contained in the carrier at a wavelength of 486 nm (b).
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feedback loop for the semiconductor laser by the PDH
method (for example, the amplification or time constants of
integrators). No changes in the spectrum with changing the
parameters of the PDH stabilisation system of the dye laser
were observed. By selecting feedback parameters, we
managed to achieve the maximum value n,5,=0.95 for
the second harmonic of the semiconductor laser, which
approximately corresponds to #y7, = 0.99 at the fundamen-
tal wavelength 972 nm or to the phase noise level ¢, = 6°.
Figure 7b shows the mutual change in the power fraction
contained in the carrier at wavelengths 486 and 243 nm with
changing amplification in the feedback loop of the PDH
stabilisation system of the diode laser. The slope of the
fitting straight line is 3.9 £0.2, in good agreement with
expression (8).

6. Spectral width of the carrier

The carrier has also the spectral width, which is mainly
determined by fluctuations of the distance between refer-
ence cavity mirrors. Because the general theory of the
spectrum of an oscillation with a randomly fluctuating
frequency is quite complicated, we consider only two
limiting cases of this theory [22].

Consider the electromagnetic oscillation of the field

E(t) = Eycos <w0t + JQ(I)dt).

We assume that the distribution of the fluctuating part of
the frequency Q(7) is described by the normal law

@=L <_Q_>
P o T\ 202,

with the distribution width Q. and its average is zero,
(Q(7)) = 0. For simplicity, we assume that the frequency
noise spectrum is white.

The first case under study corresponds to large corre-
lation times 7o for which Q7o > 1. The autocorrelation
function of this process is

397
1 +00
R~ Ecos(coof) J cos(Q1)po(Q2)dQ. )
This gives the spectral power density of the process:
Ey [ (0 — C00)2}
gi() = exp| . (10)
VB0, 207,

Thus, gp(w) repeats the normal distribution of the
frequency noise. When the radiation frequency is multiplied
by n, the width of the spectrum also increases by n times.

The second case under study corresponds to small
correlation times for which Q7o < 1. In this case, the
model of phase diffusion with the diffusion coefficient
D =7%gq can be applied, where go is the spectral power
density of the frequency noise Q(z) [22]. The spectral power
density of the signal noise with phase diffusion is well
known:

E} D

D2 4 (0 — )
The multiplication of the frequency of this process by n
leads to the multiplication of the spectral power density of
the frequency noise by n” and, therefore, the width of the
spectrum also increases by n” times.

Here a remark needs to be made concerning the possible
high-frequency phase noise of the signal. It is accepted that
the linewidth of stabilised lasers is the spectral width of their
carrier. However, if the carrier disappears after multiphoton
frequency conversion (‘carrier collapse’), this definition of
the laser linewidth becomes incorrect. In this case, it will be
more appropriate to consider the spectral width of the
pedestal, which can be greater than the initial width of the
carrier by many orders of magnitude.

Thus, depending on the relation between the frequency
noise level and the noise correlation time, the change in the
spectral width of the central emission maximum of a
stabilised laser after frequency multiplication can be sub-
stantially different. If the laser linewidth is determined by
low-frequency acoustic vibrations or temperature drifts of
the reference cavity, the laser line can be described by a
Gaussian (10). In the case of fluctuations with a small

gr(w (11

] . . . .
Ry(7) = —cos(wor)< oS Q(t)dt> ~ correlatlor} time, the shape of the carrier can be described by
2 a Lorentzian (11).
t
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Figure 8. Spectral profiles of the beat signal carrier for radiations from the stabilised dye laser and the second harmonic of the semiconductor laser
stabilised with respect to horizontal-axis cavity 1 (a) and after frequency doubling (b). Squares are experimental data, curves are approximation by
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We studied the emission spectra of the semiconductor
laser stabilised with respect to cavities 1 and 3 (Fig. 3),
which considerably differ in their sensitivity to vibrations.
Beat signals between radiations from the reference laser and
laser under study at 486 and 243 nm (Fig. 5) were mixed
with signals from a radiofrequency generator (with fre-
quency lowering to a few hundreds of hertz) and studied
with the help of a Fourier spectrum analyser.

Figure 8 shows the spectra of beat signals observed upon
stabilisation of the semiconductor laser with respect to
horizontal-axis cavity 1. The cavity was poorly isolated
from mechanical vibrations, which explains large linewidths
(spectra were recorded without averaging). The spectrum in
Fig. 8a is well approximated by a Gaussian of width
470 £ 20 Hz. The profile of the beat signal at the doubled
frequency (at 243 nm) has the width 980 &30 Hz. This
means that the laser line is mainly broadened in this case due
to acoustic vibrations of the cavity having large correlation
times. Note that the contribution of the linewidth of the
reference dye laser to the observed linewidth can be
neglected.

Figure 9 presents similar spectra obtained upon stabi-
lisation of the semiconductor laser with respect to cavity 3

(each spectrum was averaged over 20 realisations). Due to a
low sensitivity of the vertical construction to vibrations (see
below), the contribution of the linewidth of the semi-
conductor laser to the observed linewidth is negligible in
this case. The beat signal is described by a Lorentzian of
width 6.1 £+ 0.1 Hz. After frequency doubling, the linewidth
broadens by a factor of four up to 25.1+0.1 Hz, in
accordance with analysis performed above. Most likely
noises with a small correlation time such as the laser
intensity noise and noises of electronic elements play an
important role in this case.

7. Characteristics of vertical-axis cavities

The spectral characteristics of the semiconductor laser
stabilised with respect to the vertical-axis cavity were
studied by using the scheme in Fig. 6 with equivalent
cavities 3 and 4. The beat signal measured in these
experiments is presented in Fig. 10a (averaging was
performed over 14 realisations and the recording time
was 8 s). The signal profile is described by a Lorentzian
with a FWHM as small as 0.45 Hz, which satisfies most
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Figure 11. Spectra of the 1s—2s transition in the hydrogen atom recorded with the diode laser system stabilised with respect to cavities 1 (a) and 3 (b).

rigid requirements imposed on laser systems used in
precision spectroscopy and atomic clock.

By measuring the frequency of the beat signal with a
frequency counter, we constructed the Allan deviation plot
(Fig. 10b) [23]. One can see that the relative instability of the
system does not exceed 10! for the averaging time up to
100 s and then begins to increase due to temperature drifts.

We performed a number of measurements of the 1s—2s
transition in the hydrogen atom by using the laser systems
described above. The spectrum of the 1s—2s transition in the
hydrogen atom (the Ly, emission line of the hydrogen atom)
(Fig. 11a) was recorded by using the semiconductor laser
stabilised with respect to horizontal-axis cavity 1. The
spectrum was obtained for an atomic hydrogen beam cooled
down to 5 K; in this case, the detection scheme recorded
signals only from atoms at velocities less than 150 m s~'. By
using the same laser system but stabilised with respect to
vertical-axis cavity 3, we recorded the spectrum of the 1s—2s
transition under similar experimental conditions (Fig. 11b).
A considerable narrowing of the spectrum is explained by
the better characteristics of the new reference cavity with the
vertical axis. These experiments have shown that our laser
system can be used for recording spectral lines of width
~1 kHz at 121 nm.

A comparison of the spectra obtained with the help of
the semiconductor laser system (Fig. 11) with the spectra
recorded by using the dye laser showed that excitation in the
former case was less efficient approximately by 60 % [7].
Indeed, according to Eqn (8), 75, = 155, = 0.99% = 0.44, in
accordance with the experimental result.

8. Conclusions

We have studied the spectral characteristics of laser systems
for spectroscopy of the Is—2s transition in the hydrogen
atom. The high-Q cavities of different configurations were
manufactured and their sensitivity to temperature fluctua-
tions and vibrations was analysed. The evolution of the
shape of the emission spectrum after frequency doubling
was studied and the power fraction in the carrier and the
carrier width were determined.

It has been shown experimentally that the 972-nm
semiconductor laser actively stabilised with respect to the
vertical-axis cavity emits the line of width less than 0.45 Hz,
the power fraction in the carrier being ~99 %. The laser

instability does not exceed 10~ '* at averaging times less than
10 s.

By using this laser system, we have recorded the spectra
of the 1s—2s transition in the hydrogen atom and compared
them with the spectra recorded by employing other stabi-
lisation systems. It has been shown that the use of the
vertical-axis cavity provides the considerable narrowing
(down to 2 kHz) of the 1s—2s transition line of slow
hydrogen atoms in a cold beam.
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