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Abstract.  Secondary laser cooling has been realised on the weak 
dipole transition 4f 13 (2F o)6s 2, J = 7/2, F = 4 ® 4f 12(3H6) 5d5/26s2, 
J' = 9/2, F' = 5 with the wavelength of 530.7 nm and natural width 
of 350 kHz. The temperature of the atomic cloud in a magneto-
optical trap (MOT) was 30 mK at the lifetime of 2 s and the number 
of atoms 105. Approximately 1 % of atoms from the MOT have 
been reloaded to an optical dipole trap and to one-dimensional 
optical lattice at the wavelength of 532 nm. The atom lifetime in 
the optical lattice was 320 ms. We propose to employ thulium 
atoms captured in an optical lattice as an optical frequency refer-
ence.

Keywords: laser cooling, rare-earth atoms, thulium, dipole trap, 
optical lattice, frequency standards.

1. Introduction

At present, laser cooling [1] and capturing of neutral atoms in 
traps [2] is the most popular method for obtaining and study-
ing ultra-cold atoms  [3]. Ensembles of ultra-cold atoms are 
employed in precision laser spectroscopy [4], investigation of 
atomic collisions [5], atomic interferometers [6], and for creat-
ing  quantum-degenerated  systems  [7].  Laser-cooled  atoms 
and  ions  are  used  for  constructing  optical  frequency  stan-
dards  [4], which in many aspects are superior to microwave 

standards  [8]. Most  convenient  objects  for  studying metro-
logical transitions are atoms captured in an optical lattice [9]. 
In  that  case,  the  shift  and broadening of  the  line of metro-
logical transition caused by interaction between atoms can 
be  minimised,  and  the  Doppler  broadening  can  be  sup-
pressed by localising an atom in a spatial domain of size less 
than  the  wavelength  of  the  transition  under  study 
(Lamb – Dicke  effect  [10]). However,  laser  radiation which 
produces an optical lattice shifts the frequency of the metro-
logical transition due to a dynamic Stark effect. Nevertheless, 
one may  choose  the  wavelength  of  the  radiation  used  for 
creating  the optical  lattice  such  that  the dynamic  shifts  of 
levels of metrological  transition would coincide  in a  linear 
approximation; this will result in a minimal frequency shift 
of this transition [11]. For example, the relative instability of 
the optical frequency standard on Yb atoms captured in the 
optical lattice was 10–18 [12].

We suggest employment of the forbidden magneto-dipole 
transition  between  components  of  the  fine  structure  of  a 
ground  state  in  thulium  atoms  (see  Fig.  1)  with  the  wave-
length of 1.14 mm and natural width of ~1 Hz [13] as a fre-
quency reference [14]. Due to the specific features of the elec-
tron structure of thulium atoms the dynamic polarisabilities 
of lower and upper levels of the metrological transition have 
close values [15]. This stipulates suppression of the dynamic 
Stark frequency shift of the metrological transition in a wide 
range of wavelengths of the laser radiation which forms the 
optical potential.

In metrological measurements it is customary to employ 
optical lattices of depth of about 10 mK. In order to efficiently 
load atoms in such an optical lattice they should have a tem-
perature of at most 10 mK. Although the primary laser cool-
ing on a strong transition may provide a temperature of about 
30 mK [16, 17] due to the sub-Doppler mechanism of cooling 
[18], obtaining such temperatures requires a thorough adjust-
ment of cooling beams and is accompanied by a reduction of 
the number of captured atoms. Secondary laser cooling on a 
weak  transition  with  a  lower  Doppler  limitation  gives  a 
chance to lower the temperature of atoms without a substan-
tial reduction in the number of atoms [19].

In spite of a complicated structure of levels of rare-earth 
elements, much success has been achieved in the recent decade 
in the field of  laser cooling of  lanthanides (Er  [20], Dy [21], 
Ho [22], Tm [23]). The present work is aimed at studying sec-
ondary  laser  cooling  of  thulium  atoms  on  the  transition 
4f 13( 2Fo)6s2, J = 7/2, F = 4 ® 4f 12 (3H6)5d5/26s2, J' = 9/2, F' = 5  
with the wavelength of 530.7 nm and at the possibility of cap-
turing cold thulium atoms in an optical dipole trap (and in an 
optical lattice) at the wavelength of 532 nm.
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2. Laser cooling

The levels of thulium atoms participating in laser cooling are 
schematically shown in Fig. 1. For a Zeeman slower [24] and 
primary laser cooling [17, 23], the strong dipole transition at 
the wavelength of 410.6 nm with the natural line width gblue = 
10 MHz and the corresponding Doppler limit 240 mK is used. 
The laser radiation at the wavelength of 410.6 nm was pro-
duced by frequency doubling (Coherent, MBD-200) a single-
frequency MBR-110 Ti : sapphire laser (Coherent) pumped by 
a  semiconductor Verdi G-12  laser  (Coherent).  Such  a  laser 
system provides  the output power of  60 – 100 mW with  the 
spectral linewidth of less than 1 MHz.

Secondary laser cooling of thulium atoms was performed 
on  the  weak  transition  4f 13( 2Fo)6s2,  J  =  7/2, F  =  4 ®  4f 12 
(3H6)5d5/26s2, J'= 9/2, F¢ = 5 with the wavelength of 530.7 nm 
and natural linewidth ggreen = 350 kHz [25]. The correspond-
ing Doppler  limit  of  the  temperature  is TD =  hggreen /2kB = 
9  mK, where h  is Plancks’ constant and kB is the Boltzmann 
constant. The second harmonic of a DL-Pro (Toptica) semi-
conductor laser with an external resonator power of 50 mW 
was used for secondary laser cooling.

Frequencies  of  the  both  lasers  were  stabilised  by  the 
method of saturated absorption in counterpropagating beams 
[26] in a cell with thulium vapours. Although the probabilities 
of cooling transitions and, hence, the absorption rates of thu-
lium vapour for these two transitions substantially differ, it is 
possible to simultaneously obtain admissible signals of satu-
rated absorption for the both cooling transitions  in a single 
cell at a temperature of ~700 °C, which corresponds to a pres-
sure of thulium vapour of ~10–3 mbar [27].

3. Experimental setup

The source of thulium atoms is a sapphire evaporation oven 
in which metallic thulium is sublimated at a temperature of 
700 – 900 °C.  The  velocities  of  atoms  in  a  produced  atomic 
beam  are  reduced  in  a  Zeeman  slower  to  approximately 
30  m  s–1 [28]. To reduce loss of atoms due to a divergence of 
the atomic beam we used  two-dimensional optical molasses 
which  collimated  the  atomic beam and  increased  thrice  the 
number of atoms in the primary magneto-optical trap (MOT) 
that operated at the wavelength of 410.6 nm [29].

The primary and secondary MOTs used a classical con-
figuration  comprising a quadruple magnetic  field and  three 
mutually orthogonal pairs of the antiparallel beams of laser 
radiation  with  circular  polarisations  and  the  frequencies 
lower than that of the cooling transition [2]. Prior to entering 
the vacuum chamber,  the  laser beams creating primary and 
secondary MOTs were spatially matched by a dichroic mir-
ror. A schematic of experimental setup is presented in Fig. 2. 
A diameter of the beams in the secondary MOT was 5 mm 
at the 1/e2 level and the power of each of six beams was up 
to 2 mW. This corresponds to a total  intensity at the MOT 
centre of ~15 mW cm–2  (the  saturated  intensity  is  I0 = 
0.3 mW cm–2). The frequency detuning of cooling beams var-
ied  from – 0.5  to  – 30 MHz  relative  to  the  frequency of  the 
cooling transition at the wavelength of 530.7 nm.

All the laser beams passed through acousto-optical modu-
lators (AOMs) which made it possible to independently con-
trol  their  frequencies  and quickly  trigger  the  radiation  in  a 
time interval of ~1 ms.

For controlling the concentration of the cold atoms, the 
cloud was illuminated by a pulse of probe radiation having a 
frequency  adjusted  in  resonance  with  that  of  the  cooling 
transition at  the wavelength of 410.6 nm. Luminescence  from 
the cloud was detected by a photomultiplier tube (PMT) and a 
CCD-camera (the solid angle of radiation acquisition ~ 0.01 sr).
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Figure 1. Energy levels of thulium atom. The metrological (clock) tran-
sition and transitions used for primary and secondary laser cooling are 
marked.
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Figure 2. Schematic of experimental the setup [(TMP) turbo-molecular pump; (Servo) system for frequency stabilisation of laser radiation (com-
prises a scheme of saturated absorption in a separate cell and controlling electronics); (D) dichroic mirror; (l/4) quarter-wave phase plates for the 
wavelengths 410.6 and 530.7 nm; the vertical beam of the MOT is not shown].
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4. Loading of a secondary MOT

Atoms may be loaded to a secondary MOT in two ways: by 
reloading atoms from a primary MOT or by a direct capture 
of  atoms  from  the  atomic  beam.  The  limiting  velocity  of 
atoms at which they may be captured to the secondary MOT 
(the  capture  velocity)  for  the  parameters  of  our  setup  is 
3 – 5  m  s–1. The average velocity of atoms in the primary MOT 
is noticeably lower; hence, atoms are reloaded from the pri-
mary to the secondary MOT at actually 100 % efficiency. We 
also realised the direct loading of the secondary MOT from 
the atomic beam. By comparing  the  capture velocity  to  the 
secondary  MOT  and  the  average  velocity  of  decelerated 
atoms in the beam (20 – 30 m s–1) one may assume that in this 
case  the  number  of  atoms  in  the  secondary  MOT  will  be 
noticeably smaller than in the primary. However, the lifetime 
of atoms in the secondary MOT is by an order of magnitude 
longer than in the primary MOT and the number of captured 
atoms is proportional to the lifetime (see below). Hence, the 
secondary MOT can be  efficiently  loaded directly  from  the 
atomic  beam. Note  that  loading  is  efficient  only  at  a  high 
power of  cooling  radiation  (I   >  10I0)  and  large  frequency 
detunings  (d  »  –10ggreen).  Depending  on  the  evaporation 
oven  temperature  and  on  the  frequencies  and  intensities  of 
radiation of cooling laser beams, the number of atoms in the 
secondary MOT was 104  – 106 [17, 23].

5. Atom lifetime in the secondary MOT

The kinetics of the number of atoms N in the MOT is described 
by the equation:

 
d
d
t
N R N N2

t b= - - ,  (1)

where R is the number of captured atoms per second; t is the 
lifetime determined by the losses which are linear in N; and b 
is  the  coefficient  responsible  for  the  losses  of  atoms  from 
MOT which are quadratic in N. If, in a fully loaded trap, the 
radiation passing to the Zeeman slower is switched off then 
the capture of new atoms stops (R = 0) and the population of 
trap  begin  to  fall.  In  the  case  where  binary  collisions  are 
neglected the population of  the MOT falls according to the 
exponential law:

N(t) = N0exp(–t/t).  (2)

The kinetics of the number of atoms in the secondary MOT 
was measured in the following way. As the trap is fully loaded, 
the radiation passing to the Zeeman slower is blocked; the mag-
netic field and laser beams in the MOT are still switched on. 
Then the cloud of cold atoms is illuminated by a periodic series 
of  radiation  pulses  of  the  probe  laser matched  in  resonance 
with the primary cooling transition at the wavelength of 410.6 
nm. The luminescence of atoms is detected by the PMT in front 
of which an interference filter is placed for transmitting the cor-
responding spectral part. The duty factor of the pulses of the 
probe  laser  is  chosen  so  that  an  influence of  the non-cyclic 
character of the primary cooling transition is excluded [23]. A 
typical curve of the MOT population decay is shown in Fig. 3. 
The lifetime of atoms in the trap amounted to 2.0 ± 0.1 s.

The  lifetime of  thulium atoms  in  the secondary MOT is 
determined by the following factors: collisions with residual 
gases,  collisions with  atoms  from  the  atomic  beam,  optical 

pumping to the sublevel F = 3 of the ground state, and binary 
collisions of thulium atoms captured in the MOT. Since the 
number of atoms in the MOT falls exponentially (see Fig. 3) 
the role of binary collisions is negligible (otherwise the depen-
dence would be substantially nonexponential). By varying the 
atomic flow from the Zeeman slower it was found that colli-
sions with atoms from the beam are also inessential.

In  order  to  estimate  the  rate  of  optical  pumping  to  the 
sublevel F = 3 of the ground state through nonresonance exci-
tation by the cooling radiation of the F = 4 ® F' = 4 transi-
tion, a system of optical Bloch equations has been solved [30]. 
In the calculation, hyperfine components of the ground and 
excited [4f 12(3H6)5d5/26s2, J' = 9/2] states have been taken into 
account. The magnetic structure of levels was ignored. If we 
assume that the atom at the sublevel F = 3 of the ground state 
leaves the MOT because it actually no more interacts with the 
cooling  radiation  than  the  population  of  this  sublevel  will 
vary exponentially:

1 ( / )exp t tF 3 0r = - -= ,   
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4 2
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where G4 ® 5 = 2p × 350 s–1; G4 ® 4 » G4 ® 5 /40 are the probabili-
ties for the F = 4 ® F' = 5 and F = 4 ® F' = 4 transitions, 
respectively;  D2  =  2113  MHz  is  the  hyperfine  splitting  of 
upper level of the cooling transition [31]; and s0 is the satura-
tion parameter for the cooling transition. In the experiment, 
the saturation parameter was s0 < 100; hence, t0 » 50 s. This 
time  is much  longer  than the measured  lifetime for  thulium 
atom in the second MOT; hence, the optical pumping to the 
sublevel F = 3 of the ground state may be neglected.

Thus,  the  lifetime  of  atoms  in  the  secondary  MOT  is 
determined  by  collisions  with  residual  gases  in  a  vacuum 
chamber (a pressure in the chamber is less than 5 ´ 10–9 bar).

6. Temperature of atoms in the secondary MOT

The temperature of atoms in the MOT was measured by the 
ballistic  expansion method  [17]. At a  fully  loaded MOT all 
laser  beams  in  the  vacuum  chamber  are  switched  off  (by 
AOMs). In this case the force, which keeps atoms, vanishes, 
and the cloud starts expanding. In a time interval Dt (expan-
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Figure 3. Kinetics of the number of atoms in the secondary MOT after 
blocking the radiation passing to the Zeeman slower.
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sion time) the cloud is illuminated by a short-duration pulse 
of probe radiation at a frequency matched in resonance with 
the frequency of the primary cooling transition at the wave-
length of 410.6 nm. Fluorescence of atoms  is detected by a 
CCD-camera. Then  the procedure  is  repeated  for  the other 
time  interval Dt.  The  photographs  of  the  cloud  taken  in  a 
series of  time  intervals Dt  are  shown  in Fig. 4.  If  the  initial 
spatial  profile  of  the  atomic  concentration  in  the  cloud  is 
described by a Gaussian function, then it remains Gaussian in 
the  course  of  expansion  and  its  diameter  depends  on  the 
expansion time as

( )m
k T t4

1/e
B2 2

2s s D= +0 ,  (4)

where  1/e2s  is the radius of the cloud at the 1/e2 level; s0 is the 
initial  radius  of  cloud;  m  is  the  atomic  mass;  kB  is  the 
Boltzmann constant; T is the temperature which we are inter-
ested in; and Dt is the time of expansion.

By approximating the obtained dependence of radius on 
the  expansion  time  by  formula  (4) we  determined  the  tem-
perature of atoms in the initial cloud. The dependence of the 
atom  temperature  in  the  secondary MOT on  the  frequency 
detuning of cooling radiation is presented in Fig. 5. A mini-
mal obtained temperature was 35 ± 5 mK, which is substan-
tially greater than the Doppler limit of 9 mK. We assume that 
this  excess  is  related  to  the  fact  that  the  Doppler  limit  is 
attained  at  the  frequency  detuning  of  cooling  radiation 
ggreen/2 »  – 175  kHz, whereas  the  spectral width  of  second 
harmonic radiation from a semiconductor laser with an exter-
nal  resonator may  be  noticeably  greater  (~1 MHz),  which 

impedes laser cooling at small frequency detunings. To make 
the spectrum narrower, in future we will realise a scheme for 
stabilising the frequency of laser radiation relative to the ref-
erence resonator [32].

7. Optical dipole trap and one-dimensional  
optical lattice

We have demonstrated the process of re-capture of thulium 
atoms from the secondary MOT to the optical lattice [33] cre-
ated  by  the  radiation  of  a  spatially  single-mode,  single-fre-
quency Verdi V-10 laser (Coherent) with the wavelength l0 = 
532 nm and power of 10 W focused to a spot with the diame-
ter of 30 mm at the 1/e2  level. The dynamic polarisability of 
atoms at this wavelength is negative; hence, the atoms have a 
tendency  to  get  into  the  domain with  a maximal  radiation 
intensity. The depth U of the corresponding potential well is 
approximately as follows [33]:
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where I is the radiation intensity; and l and Gl are the wave-
lengths and probabilities of strong dipole transitions from the 
ground state in atom over which the summation is performed. 
With  all  transitions  having  the  wavelengths  from  400  to 
1000 nm taken into account, the depth of dipole trap is sev-
eral hundred microkelvins.

The  laser  radiation  which  forms  the  dipole  trap  was 
switched on during  the whole cycle of measurements. Since 
the domain of existence for the dipole trap (~30 mm) was sub-
stantially smaller than the dimension of the cloud in the MOT 
(~200 mm) the presence of additional intensive radiation did 
not affected the efficient operation of the MOT. Atoms were 
loaded to the dipole trap in the following way. First, the sec-
ondary MOT was loaded then all laser beams were switched 
off. Atoms near  the  laser beam waist were  subjected  to  the 
action of the dipole force that tended to localise them around 
the waist. Hence,  if  in a time interval much longer than the 
time of cloud expansion (see Fig. 4) the atoms are illuminated 
by a probe pulse of resonance radiation, then a cloud of the 
characteristic cigar shape will be detected which reproduces 
the  shape of  the Gaussian beam waist  (Fig.  6a).  If  such  a 

0 ms 1 ms 2 ms 3 ms 4 ms 5 ms 6 ms 7 ms

Figure 4. Ballistic  expansion of  the  cloud of  thulium atoms  from  the 
secondary MOT after switching off all laser beams and the quadruple 
magnetic field. Time of expansion Dt is pointed.
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Figure 5. Dependence of the atom temperature in the secondary MOT 
on  the  frequency  detuning  d  of  cooling  radiation  from  resonance. 
Dashed line marks the Doppler temperature limit.
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Figure 6. Photographs of atoms captured (a) in the dipole trap and (b) 
in the optical lattice; (c) schematic representation of the potential of the 
dipole trap and atoms in it; (d) schematic representation of the optical 
lattice with atoms [see (6)].



519Secondary laser cooling and capturing of thulium atoms in traps

measurement is taken without a dipole trap, then as soon as 
in  7  ms  after  switching  the  laser  beams  off  the  cloud  will 
greatly expand and the signal will be lost in noise (see Fig. 4).

A main drawback of  the one-dimensional dipole  trap  is 
that it well localises atoms in the direction normal to the axis 
of laser beam [due to a small (~30 mm) radius of the waist]; 
however, it badly localises atoms along the beam axis, because 
the  Relay  length  zR  is  several  millimetres.  This  problem  is 
solved by a one-dimensional optical lattice [33] produced by 
two counterpropagating focused beams of laser radiation of 
equal polarisations and frequencies. In such a configuration, 
a  standing  intensity  wave  is  formed  along  the  beam  axis, 
which  is  equivalent  to  application  to  atoms  a  periodical 
potential which keeps them in the longitudinal direction, and 
the cloud captured to optical trap takes a more symmetrical 
shape  (Fig.  6b).  A  distribution  of  radiation  intensity  and 
potential [see (5)] in the optical lattice have the form:
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where z is the coordinate along beam axis; r is the coordinate 
in the direction normal to the beam axis; v0 ~ 30 mm is the 
radius of the waist (at the intensity level 1/e2); zR ~ 2 mm is 
the Relay  length;  I0  is  the  intensity of  each  radiation beam 
forming the optical lattice; and l0 = 532 nm is the wavelength 
of  light producing  the optical  lattice. The potential  is  sche-
matically shown in Fig. 6d; its period is l0 /2.

A part of atoms re-captured from the MOT to the dipole 
trap or optical lattice is only 1.5 %. A small coefficient of re-
capture  is determined by the small ratio of a volume of  the 
dipole trap to that of the cloud in the MOT, which is equal to 
~1 %. The lifetime of atoms t in the optical lattice was 320 ± 
50 ms (Fig. 7). It is determined, most probably, by the losses 
of cooled atoms due to their resonance interaction with resid-
ual (i.e. passed through closed AOMs) laser radiation.

8. Conclusions

We  have  demonstrated  secondary  laser  cooling  of  thulium 
atoms and their capture by the MOT on the weak dipole tran-
sition 4f 13( 2Fo)6s2, J = 7/2, F = 4 ® 4f 12 (3H6)5d5/26s2, J' = 9/2, 
F' = 5 with the wavelength of 530.7 nm and natural linewidth 
of  350  kHz.  The  cloud  in  the  secondary  MOT  comprised 
104 – 106 atoms having a temperature of 30 – 60 mK and life-
time of 2 ± 0.1 s. We have realised the re-capture of atoms 
from the  secondary MOT to a one-dimensional dipole  trap 
and to the optical lattice produced by the laser radiation with 
a  wavelength  of  532  nm.  The  efficiency  of  re-capture  was 
~1 % and the lifetime of atoms in the dipole trap was 320 ± 
50 ms.

To improve the signal/noise ratio in studying the metro-
logical transition at the wavelength of 1.14 mm between com-
ponents of the fine structure of the ground state  in thulium 
atom,  it  is  necessary  to  increase  the  number  of  atoms  cap-
tured  in  the  optical  lattice  by  an  order  of  magnitude  by 
increasing the waist radius of the dipole trap and reducing the 
temperature of atoms in the MOT.
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Figure 7. Kinetics of the number of atoms in the optical lattice.
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