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Abstract. A scheme is proposed for the third stage of laser cooling 
of thulium atoms at a wavelength of 506.2 nm, and a system for 
stabilising the laser radiation frequency is described, which pro-
vides the required characteristics. The transition |4f13(2Fo)6s2, J = 
7/2ñ ® |4f13´ ( )F2 /

o
7 2 6s6p, J = 9/2ñ at a wavelength of 506.2 nm is 

detected in a magneto-optical trap with the employment of the 
developed laser setup. The value of hyperfine splitting of the transi-
tion upper level is measured, and the single-dimension cooling at 
this wavelength is observed for the first time.

Keywords: spectroscopy, hyperfine splitting, optical clock, laser 
cooling, ultracold atoms, thulium.

1. Introduction

With the appearance of optical clocks, which characteristics 
surpass those of caesium frequency standards, wide pros-
pects were opened for their employment in practice and fun-
damental studies. The most accurate optical clocks are used 
for verifying fundamental theories [1], determining limita-
tions on fundamental constant drifts [2], and dark matter 
search [3]. Some problems related to investigations of the 
Earth gravitational field and navigation require transport-
able systems [4]. Compact mobile optical standards are 
actively developed in Russia [5, 6], China [7], Europe [8 – 10], 
and USA [11]. Most of them are based on single ions, which 
is explained by the relative simplicity of trapping and cool-
ing of such ions. Transportable clocks on neutral atoms 
described in [8, 12] demonstrate a better stability than on 
single ions; however, they have worse mass and dimension 
characteristics, are more complicated in adjustment and dif-
fer by a substantial frequency shift due to a black body radi-
ation.

Black body radiation and radiation of an optical lattice 
are the main reasons for the shift of the clock transition fre-
quency in optical clocks on neutral atoms [13]. However, it 
was shown in [14], that the clock transition at a wavelength 
of 1.14 mm in neutral thulium has a very low sensitivity to black 

body radiation as compared to transitions in other atoms (3000 
times less than in strontium atoms) and certain ions. The 
employment of thulium in optical clocks solves the problem of 
the hardly controllable frequency shift related to black body 
radiation. Nevertheless, the problem remains, which relates to 
an optical lattice radiation. The use of a magic wavelength for 
the optical lattice eliminates the intensity-linear frequency shift 
related to polarisability from dipole electric transitions. 
Contributions from higher-order polarisabilities and hyperpo-
larisability remain and may reveal at a relative instability of 
10–17 – 10–18, with the frequency shift values depending on the 
filling of levels in the potential of the optical lattice, that is, on 
the atom temperature [15, 16]. A lower temperature substan-
tially simplifies calculations of the contributions from higher-
order polarisabilities and experimental control of the latter.

The minimal temperature of thulium atoms obtained in 
our previous experiments was 10 mK [17]. It was attained by 
two stages of laser cooling, the final temperature being 
determined by the second cooling stage with the employ-
ment of the transition at a wavelength of 530.7 nm, which 
has a natural width of 350 kHz (Fig. 1). In experiments on 
constructing optical clocks, the minimal temperature of an 
atomic cloud just before trapping into an optical lattice was 
10 mK as well [14]. The temperature, at which the population 
of the ground state prevails in the optical lattice potential, 
should be less than 2.5 mK for the characteristic optical lat-
tice potential (about 300Erec, where Erec = h ́  1 kHz is the 
photon recoil energy, and h is the Plank constant), used in 
our experiment.
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|1st stageñ

|2nd stageñ

|3rd stageñ

|Ground stateñ

l = 530.7 nm
g = 350 kHz
TD = 9 mK

l = 506.2 nm
g = 7.8 kHz
TD = 190 nK

l = 410.6 nm
g = 10 MHz
TD = 240 mK

Figure 1. Schematic of three stages for cooling of thulium atoms with 
indicated values of wavelengths, natural spectral linewidths g and 
Doppler temperature limit TD for the employed transitions.
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The minimal temperature T attainable under Doppler 
cooling is related to the width of cooling transition g by the 
relationship T = h g/(2kB). Hence, a deeper cooling requires a 
transition with a less spectral width. In thulium atom, there is 
the cyclic transition |4f13(2Fo)6s2, J = 7/2ñ ® |4f13( )F2 /

o
7 2 6s6p, 

J = 9/2ñ at a wavelength of 506.2 nm with a natural line-
width of 7.8 kHz [18]. On this transition, a third cooling 
stage can be realised. The spectral width of the transition 
should provide a lower cloud temperature (the Doppler 
limit is 190 nK) at a sufficiently high cooling rate. A sche-
matic diagram of levels and some characteristics for all the 
three cooling stages are presented in Fig. 1. The employ-
ment of narrow transitions with a natural spectral width of 
~1 kHz for deep laser cooling has been successively dem-
onstrated on Sr, Er, and Dy atoms [19 – 22]. The Doppler 
temperature level in this case becomes comparable with the 
limiting recoil energy, and the confining force in a mag-
neto-optical trap (MOT) becomes comparable with the 
gravitation force. The employment of such transitions 
makes it possible to reach a thulium atom temperature in 
MOT below 1 mK [20].

Thulium atom cooling on the suggested transition is a 
realisable task taking into account a sufficiently low atomic 
temperature in the secondary MOT (10 mK). A necessary con-
dition for demonstration of cooling on a narrow transition is 
a narrow-spectrum laser (with the linewidth less than the 
transition spectral width) and a possibility to exactly control 
the detuning of laser radiation frequency relative to the 
atomic resonance. In the present work, we describe an experi-
ment on stabilising the frequency of laser operated at 506.2 nm 
by using a transfer-cavity. The detection of the corresponding 
spectral transition in MOT and first experimental confirma-
tion of thulium atom cooling at this wavelength are also dis-
cussed.

2. System for stabilising 
the cooling laser frequency

For realising the laser cooling on the 506.2-nm transition 
with a natural linewidth of 7.8 kHz it is necessary to have a 
narrow-band laser emission red-detuned from the atomic 
resonance. In the third stage of thulium atom cooling, we 
use a Toptica DL pro laser as a radiation source. According 
to the technical specification, the initial spectral linewidth of 
this laser is about 300 kHz with a long-term frequency insta-
bility of about 10 MHz h–1; hence, it is necessary to stabilise 
the laser frequency and make its spectrum narrower. The 
standard way to solve this problem is to stabilise the laser 
frequency relative to an external high-Q resonator accord-
ing to the Pound – Drever – Hall (PDH) method [23]. 
However, if there is a well-stabilised reference laser avail-
able, the problem of stabilising the cooling laser with a dif-
ferent wavelength can be solved by using a so-called trans-
fer-cavity [24 – 26]. In this approach, the reference laser is 
employed for stabilising a length of the cavity, which is then 
used in a standard PDH scheme for another laser so that the 
stability of the reference laser is transferred to that laser. To 
this end, mirrors of the resonator should have high reflec-
tion coefficients at the operation wavelengths of both the 
lasers.

For reference, we used the Toptica DL pro frequency-
stabilised laser with the wavelength lref = 530.7 nm, which 
was employed at the second cooling stage. This laser is stabi-

lised by an external high-Q ULE-cavity according to the PDH 
method. The ULE finesse is F  = 1.5 ́  105, the resonator 
body temperature is stabilised at the zero point of ULE glass 
linear expansion (33 °C). The spectral mode width of this 
resonator is 13 kHz, the spectral width of stabilised laser 
emission line being 100 Hz at most [17]. The residual linear 
frequency drift is sufficiently small (a characteristic value is 
10 – 100 mHz s–1), and presently it is compensated for every 
several months by tuning the frequency of one of the 
acousto-optical modulators incorporated into the optical 
trace. A scheme with instantaneous frequency adjustment 
can also be realised similarly to the drift compensation in a 
clock laser [27].

At the given wavelength of the reference laser lref = 
530.7 nm, the transmission signal maxima of the transfer-
cavity place the constraint on the resonator length: L = 
n lref /2 or (in the frequency domain) L = n c/(2vref) (n is an 
integer, and c is the speed of light). For stabilising the reso-
nator length, one of the resonator mirrors is placed on a 
piezoceramic element, to which a feedback signal is applied. 
In turn, resonator transmission maxima for the emission of 
the third-stage-cooling laser with l = 506.2 nm place the 
similar constraint, however, on the frequency of this laser: v 
= mc/(2L) (m is an integer). Thus, the system for stabilising 
the frequency of the laser at 506.2 nm by the transfer-cavity 
selects the possible laser frequencies, which are multiples of 
the transfer-cavity free spectral range FSR = c/(2L), which 
at a characteristic transfer-cavity length L » 15 cm corre-
sponds to FSR » 1 GHz. For tuning the laser radiation fre-
quency more accurately, one can choose another length L’ = 
(n + 1)c/(2vref), and simultaneously change a frequency of 
the mode used for stabilising the cooling laser: v = (m + 1)c/
(2L’ ). Thus, the step for choosing the frequency of a 506.2-nm 
laser becomes substantially smaller:

FSRv v n
m n

1- = +
-

l  » FSR v
v 1
ref
-a k » 45 MHz. (1)

By varying the temperature of the resonator, the resona-
tor length is chosen in such a way that the required resonator 
mode would fit the centre of the tuning range controlled by 
the piezoceramic element. In case of an accidental failure in 
the feedback loop, the system will lock again to the same 
mode. For a frequency shift of 45 MHz, the resonator tem-
perature should be changed by approximately 0.1 °C. The 
final adjustment of the laser emission frequency to the atomic 
transition frequency is performed by using an acousto-optical 
modulator (AOM) (Fig. 2).

The transfer-cavity is formed by two mirrors separated 
by a distance of 15 cm (FSR = 1 GHz). A plane input mirror 
is mounted on the cylindrical piezoceramic actuator which 
controls the resonator length. The output spherical mirror 
has a radius of curvature R = 204 mm. A resonator spatial 
mode is matched to an input radiation by using a lens with a 
focal length fL = 50 cm. At wavelengths of 530.7 and 
506.2 nm, the transmission of input mirror is 0.36 % and 
3.9 %, respectively, and output mirror transmission is 
0.067 % and 0.1 %, respectively. A calculated transfer-cavity 
finesse should be: F1  = 1500 at the wavelength of 530.7 nm 
and F2  = 135 at 506.2 nm. Nevertheless, the actual values 
are substantially less: F1  = 223 and F2  = 40, which indi-
cates that optical losses on resonator mirrors are sufficiently 
high. In future, we are going to change the mirrors in order 
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to obtain  F  ~ 1000 at both wavelengths. It will improve 
the stabilisation quality by one order and more. In this case, 
the width of the resonator mode will be ~1 MHz, and the 
expected linewidth of stabilised laser emission is less by sev-
eral orders in magnitude.

The radiation reflected from the resonator is detected by a 
fast photodetector for stabilising the resonator length by the 
PDH method. To this end, a photodiode signal is mixed in a 
phase detector ZRPD (Mini Circuits) with the reference sig-
nal at the frequency of reference laser current modulation f = 
10.7 MHz (a relative phase between the two signals is cor-
rected by choosing an appropriate cable length or varying 
slightly the frequency of the modulation signal). The error 
signal formed by the phase detector, passed to the PID-
controlled, which was realised as a single-board computer 
Red Pitaya with FPGA [28]. The feedback signal is applied to 
the piezoceramic, which stabilises the resonator length.

For stabilising the radiation frequency of the laser oper-
ated at 506.2 nm, a signal from the photodiode passes to a 
laser control unit, where it is converted to the error signal by 
an internal PDH-unit (the frequency of laser diode current 
modulation is f = 25 MHz). The PID-controller is realised in 
the second channel of the same single-board computer Red 
Pitaya.

The quality of resonator stabilisation by the reference 
laser (l = 530.7 nm) and of the 506.2 nm laser by the resona-
tor mode is analysed by using the transmission signal of the 
transfer-cavity; typical transmission is presented in Fig. 3. A 
noise level of the transmission signal is determined by power 
fluctuations of the radiation passed through a fibre and by its 
polarisation fluctuations. It is possible to maintain stabilisa-
tion of the laser radiation to a certain mode of the transfer-
cavity for several hours.

3. Experiment

For performing an experiment on detection of the transition 
at 506.2 nm in thulium atoms and for verifying possibilities of 
the laser cooling, a laser system was assembled, which pro-
duced a single-dimension molasses at this wavelength and 
crossed the MOT domain. A linearly polarised laser radiation 
passed to a vacuum chamber in the horisontal plane and 
reflected backward. It was possible to screen the reflected 
radiation for exciting atoms by a single beam. An additional 
radiation at a wavelength of 418.8 nm, which is used for opti-
cal pumping [29] was introduced into the fibre for adjusting 
optical elements and matching molasses with MOT. A CMOS 
camera placed above detects the spatial distribution and num-
ber of atoms by the luminescence signal at the wavelength of 
410.6 nm in a probe beam of the resonance radiation, which is 
also used at the first cooling stage.

3.1. Hyperfine splitting

The nuclear spin of the only stable thulium isotope is I = 1/2; 
hence, each electron level splits into two hyperfine compo-
nents. The laser cooling occurs on the transition between 
lower hyperfine components of levels (F = 4 ® F l = 5). The 
desired transition was found from spectroscopy of transitions 
in MOT during the second stage of laser cooling (see Table 1). 
Similarly to experiments in [29], transitions from the lower 
(by energy) hyperfine component of the ground state (F = 4) 
are detected by a reduction of the number of atoms in MOT. 
Transitions from the upper component (F = 3) are detected 
by an increase in the number of atoms, because in this case the 
laser at 506.2 nm plays the role of a repumping laser and 
returns atoms to the initial cooling cycle.
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Figure 2. Optical scheme for stabilising the length of the transfer-cavity 
with simultaneous stabilisation of laser radiation frequency at 506.2 nm 
to an eigenmode of the transfer-cavity: 
( 1 ) transfer-cavity; ( 2 ) RF oscillator; ( 3 ) RF mixer; ( 4 ) PID-
controller; ( 5 ) polarisation beam splitter; ( 6 ) photodiode; ( 7 ) dielec-
tric mirror; ( 8 ) mirror on a piezoceramic actuator; ( 9 ) 50/50 splitter; 
( 10 ) matching lens; ( 11 ) laser at 506.2 nm; ( 12 ) AOM.
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Figure 3. Voltage signals of photodiodes detecting the transfer-cavity 
transmission for the laser radiation at ( 1 ) 506.2 and ( 2 ) 530.7 nm. 
Signal noise at short time intervals (in the insertion) is explained by a 
high amplification and high-frequency noises of the photodiode.

Table 1. Frequencies of transitions between the hyperfine components 
of levels for the third cooling stage.

Transition between hyperfine components Frequency/GHz

F = 4 ® F' = 5 592045.689

F = 4 ® F' = 4 592049.163

F = 3 ® F' = 4 592047.666

F = 3 ® F' = 5 Forbidden
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In this experiment, the laser at 506.2 nm has not been 
stabilised by the transfer-cavity. The measurement accuracy 
for all frequencies is determined by the inaccuracy of a 
wavelength-measuring instrument and equals 0.1 GHz, and 
the accuracy of a frequency difference is determined by a 
short-term stability of this instrument and equals 7 MHz 
[30]. From the measurements taken, we have found values 
of hyperfine splitting for both levels of the transition. For 
the ground level, the value obtained 1497(7) MHz agrees 
with previously known value of 1496.550(1) MHz [31]. For 
the upper level |4f13( )F2 /

o
7 2 6s6p, J = 9/2ñ, the value obtained 

is 3474(7) MHz, which well coincides with the result 
3474(2) MHz measured in [32]. The level F = 5 is below in 
energy than the level F = 4.

The transition that was used for laser cooling (F = 4 ® 
F l = 5) has been studied in more details. To this end, the 
radiation frequency of the laser operated at 506.2 nm was 
stabilised by the transfer-cavity to the frequency of 
592045.498 GHz according to results of wavelength mea-
surements. Scanning the AOM frequency over the resonance 
transition made it possible to find more exactly the line cen-
tral position and its spectral width that was 560(30) kHz 
(Fig. 4).

The linewidth measured is substantially greater than the 
natural width, which is inherent in MOT spectroscopy. In 
details, the Doppler broadening at the atomic temperature 
of 20 mK is about 150 kHz. The difference in g-factors for the 
ground and upper levels (1.14 and 1.29, respectively [18]) 
results in the broadening related to the magnetic field in trap 
and is about 300 kHz. The broadening due to the laser radia-
tion in the experimental conditions is about 150 kHz (at the 
radiation power of 100 mW and beam diameter of 0.7  mm). 
The transition linewidth observed can be reduced by exactly 
defining a quantisation axis, using optical pumping, and 
reducing a power of the probe radiation. Note that our aim in 
this case was, mainly, search for and identification of the 
transitions.

3.2. Single-dimension optical molasses

In the first tests, which might testify the efficiency of the 
third cooling stage, we verified an influence of a single-
dimension molasses on the size of the atomic cloud in the 
direction of the cooling beams. After finishing the second 
stage of MOT, the optical field of the second cooling stage 
switched off, and the magnetic field gradient was reduced to 
1/5 of the initial value (similarly to experiments with deep 
cooling of strontium atoms [19, 20]). Then the optical molas-
ses at the wavelength of 506.2 nm switched on for a time t » 
7 ms, and then the radius of the atomic cloud was measured 
(at the 1/e level) along the optical molasses axis. A pulsed 
scheme of the experiment is given in the insertion of Fig. 5. 
The laser radiation frequency was scanned by using an 
AOM, whereas the laser at 506.2 nm was stabilised by the 
transfer-cavity.

The dependence of the atomic cloud radius on frequency 
detuning (circles in Fig. 5) demonstrates the effect of reduced 
cloud dimension under detuning to the red spectral range 
from the resonance centre. This was confirmed in another 
experiment with more thorough scanning of the AOM fre-
quency (points in Fig. 5). This peculiarity in the spectrum 
with a width of about 200 kHz testifies that the spectral line-

 

 

|F = 3ñ

|F = 4ñ

|F ¢ = 5ñ

|F ¢ = 4ñ

50
6.

2 
n

m

1 2 3

a

-1.0 -0.5 0 0.5

0.6

0.7

0.8

0.9

1.0

1.0

Detuning/MHz

N
u

m
b

er
 o

f 
at

o
m

s 
(r

el
. u

n
it

s)

b

Figure 4. Hyperfine components of the transition at the wavelength of 
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width of the stabilised laser is less than this value. The coin-
cidence of spectra taken with an accuracy better than 50 kHz 
at different times testifies that the laser frequency instability is 
bounded above at times of about an hour. In addition, a 
reduction of the atomic cloud size means that the velocity of 
the atom escape falls, that is, the atomic temperature reduces 
and/or a confining force is present.

4. Conclusions

The transfer-cavity is developed and studied, which was 
used for stabilising a laser with the wavelength of 506.2 nm 
intended for the third stage of thulium atom cooling. 
Although the finesse of the transfer-cavity (40 – 150 depend-
ing on the wavelength) is not high, the designed system made 
it possible to realise spectroscopy of the thulium transition 
|4f13(2Fo)6s2, J = 7/2ñ ® |4f13( )F2 /

o
7 2 6s6p, J = 9/2ñ at a wave-

length of 506.2 nm. All the three hyperfine components of 
the transition at 506.2 nm was detected in the secondary 
MOT, and the value of hyperfine splitting of the upper tran-
sition level was measured 3474(7) MHz. For the transition 
component intended for laser cooling, the absorption spec-
trum and dependence of atomic cloud dimension on the 
radiation frequency detuning from resonance were mea-
sured. A reduction of atomic cloud dimension under the 
action of the radiation at 506.2 nm was observed in a rela-
tively narrow spectral range of 200 kHz with the laser fre-
quency stabilised by the transfer-cavity. This confirms the 
reduction of the atomic temperature along the axis of opti-
cal molasses.

Results obtained testify that the frequency stabilisation 
of the laser at 506.2 nm is better than 50 kHz at time inter-
vals of about an hour. In the near future, we plan to change 
mirrors of the transfer-cavity for increasing its finesse, which 
will make the laser linewidth substantially narrower and 
improve its stability to required values of about 1 kHz. After 
that, an experimental MOT at this wavelength will be tested.
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