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Abstract.  The atomic energy levels corresponding to states with the 
zero projection of the total angular momentum have a weak sensi-
tivity to certain sources of shifts and, therefore, are wid ely used in 
precision spectroscopy. The optical pumping of ultracold thulium 
atoms to the ground state level with the zero projection of the total 
angular momentum is described. The population dynamics of this 
state due to magnetic dipole – dipole interaction in an external mag-
netic field is studied.

Keywords: optical pumping, optical clock, clock transition, depo-
larisation, ultracold atoms, thulium.

1. Introduction

Atom pumping to specific levels including those with a certain 
projection of the total angular momentum mF is an actual prob-
lem in precision spectroscopy [1], physics of ultracold atoms 
[2], and quantum informatics and sensors  [3, 4]. In optical  fre-
quency standards, the interrogation method for a clock transi-
tion depends on the total atomic angular momentum F. Thus, in 
the  case  of  integer F,  the  transition between  central magnetic 
components with mF = 0 and m’F = 0 is used [5, 6]; and for half-
integer  values,  the  transitions  from maximally polarised mag-
netic sublevels are alternately interrogated [7, 8]. A clock transi-
tion in thulium-based optical clocks being developed is the inner-
shell transition (J = 7/2, F = 4, mF = 0) ® (J' = 5/2, F’ = 3, m'F = 
0)  between  fine-structure  sublevels  of  the  ground  state  at  l = 
1.14  mm [9]. Here, J is the total electronic angular  momentum of 
the atom. For the states with mF = 0, the linear Zeeman shift is 
zero; correspondingly, the shift of the clock transition, which is 
quadratic in the magnetic field intensity is small. In addition, the 
shift  of  the  level  due  to  magnetic  dipole – dipole  interaction 
between atoms is also zero. For the thulium atom it is especially 
important because it has a large dipole moment in the ground 
state μ = 4μB ( μB is the Bohr magneton).

Thus,  the necessary  stage  in designing optical  clocks on 
thulium atoms is pumping atoms to the central magnetic sub-

level  of  the  ground  state  with mF  =  0.  The  problem  can  be 
solved  in  various  ways  [10 – 12].  One  of  those  is  the  optical 
pumping  by  a  linearly  polarised  radiation, which  excites  the 
transition between the hyperfine sublevels having equal values 
of the total angular mom entum (F = F' ). For DF = F'– F = 0, 
the transition |mF = 0 ñ ® |m'F = 0 ñ is forbidden. Hence, the 
sublevel mF  =  0  is  ‘dark’  for  a  linearly  polarised  radiation, 
which increases its population due to atom spontaneous decay 
from the states with m'F = ± 1. The thulium nuclear spin is I = 
1/2; consequently, all its energy levels split into two hyperfine 
components. Thus, the two kinds of transitions can be used for 
optical  pumping  by  linearly  polarised  radiation:  1)  with  a 
change in the total electronic angular momentum J (|J = 7/2 ñ 
® |J' = J + 1 = 9/2 ñ) (Fig. 1a) and 2) without such a change 
(|J = 7/2 ñ ® |J' = J = 7/2 ñ) (Fig. 1b); in both cases, we have F = 
F’ = 4. The hyperfine level structure in the first case makes it 
possible to realise laser cooling on the transition |J = 7/2, F = 
4 ñ ® |J' = 9/2, F' = 5 ñ, which is used in our experiments for 
forming a magneto-optical trap (MOT). Correspondingly, for 
the optical pumping we can employ the same laser system with 
the emission wavelength of 530.7 nm as that for laser cooling. 
A drawback of this method is that in the result of spontaneous 
decay, the atom from the state |J' = 9/2, F' = 4 ñ transits to the 
state |J = 7/2, F = 3 ñ (the corresponding transition probability 
ratio is wF' = 4 ® F = 3 /wF' = 4 ® F = 4 = 35); that is, the transition |J = 
7/2, F = 4 ñ ® |J' = 9/2, F' = 4 ñ is not cyclic. In the second case, 
the transition |J = 7/2, F = 4 ñ ® |J' = 7/2, F' = 4 ñ is almost 
cyclic (the transition probability ratio is wF' = 4 ® F = 3 /wF' = 4 ® F = 4 

= 1/35); however, the optical pumping in this case requires an 
additional  laser  system,  for  example,  with  a  wavelength  of 
418.8 nm.

We have realised efficient optical pumping of thulium atoms 
to  the magnetic  sublevel with mF = 0 of  the ground state by 
using the transition |J = 7/2, F = 4 ñ ® |J' = 9/2, F' = 4 ñ at l = 
530.7 nm with the natural linewidth g = 350 kHz, which is also 
used  for  secondary cooling of  thulium atoms  (case 1). Atom 
escape  from  the  pumping  cycle  was  prevented  by  using  the 
repumping radiation, which simultaneously excited the hyper-
fine component |J = 7/2, F = 3 ñ ® |J' = 9/2, F' = 4 ñ. The opti-
mal  radiation  parameters  of  optical  pumping  were  found 
numerically  and  then  experimentally.  In  addition,  the  time 
dependence of thulium central magnetic sublevel population in 
a one-dimensional optical lattice was studied and the depolari-
sation rate due to dipole – dipole interaction was measured.

2. Optical pumping, numerical simulation

The  diagram  of  the  energy  levels  involved  in  the  optical 
pumping is shown in Fig. 1a. For shortness, we use the fol-
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lowing designations for the states considered: |1 ñ º |J = 7/2, 
F = 4 ñ; |2 ñ º |J = 7/2, F = 3 ñ; |3 ñ º |J' = 9/2, F' = 4 ñ. The level 
|J' = 9/2, F' = 5 ñ is used only in the cooling cycle and does not 
participate in the optical pumping. The system under consider-
ation  comprises  25 magnetic  sublevels of  states |1 ñ, |2 ñ,  and 
|3 ñ interacting with two linearly polarised light fields that couple 
levels  |1 ñ ®  |2 ñ  (the  pump  radiation)  and  |2 ñ ®  |3 ñ  (rep-
umping radiation)  in an external magnetic  field. Hereinafter, 
the direction of the external magnetic field determines a quan-
tisation axis, the polarisations of the pumping and repumping 
electric  fields  are  aligned with  the magnetic  field  in ord er  to 
excite the transitions without a change in the projection of the 
total  angular momentum mF.  The  population  of  the  central 
sublevel was  determined  by  solving Liouville  equation  for  a 
density matrix. Calculations were performed using QuTiP [13].

In the rotating wave approximation, the Hamiltonian of 
the system considered has the form [14]:

H = HA + VAL,  (1)
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Here,  B0  is  the  external  magnetic  field  induction;  h  is  the 
Planck constant; Dq is the radiation frequency detuning from 
the frequency of unperturbed transition (in what follows, sim-
ply detuning); the summand HA describes atom in a magnetic 
field, and VAL accounts for atom interaction with the pump 
and repumping radiations; the energy of the level |3 ñ is taken 
zero; D3 = 0; mq is the projection of the total angular momen-

tum of the level |q ñ; gq is the Lande g-factor for the level |q ñ; 
q Î {1, 2, 3} ( g1 = 1, g2 = 1.28, g3 = 1.24); and W (3, m3; 1, m1) 
and W  (3, m3; 2, m2)  are  the Raby  frequencies  for  the  pump 
and  repumping  radiations,  respectively, which  are  given by 
the expression [14]
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Here, g is the natural linewidth of the transition; and S1 and 
S2 are the saturation parameters for the pump and repumping 
radiations, respectively. The evolution of population h of the 
central magnetic sublevel of the ground state is shown in Fig. 2 
at the pump parameters corresponding to the experiment.

In calculations, we maximised the population of the cen-
tral magnetic sublevel with mF = 0 attained in the pump cycle 
of duration tpump = 5 ms; for this purpose, the values of the 
external magnetic  field,  intensity and detuning of  the pump 
and repumping radiations were varied. Figure 3 presents some 
results  obtained,  namely,  dependences of  the population of 
the central magnetic sublevel with mF = 0 under the optical 
pumping of duration 5 ms on the value of the external mag-
netic field B0 and pump radiation detuning D1, on the intensi-
ties of the pump and repumping radiations (S1 and S2), and 
on the detunings of the pump and repumping radiations (D1 
and D2). The calculations show that the optical pump rate mono-
tonously increases with intensities of the pump and repump-
ing  radiations  (within  the  range  of  experimental  conditions 
available). Therefore, in experiments, the maximal intensities 
of the pump and repumping radiations were taken (S1 = 4.4, 
S2 = 4). In Fig. 3, one can see that at certain relation between 
the magnetic field and detunings, the system exhibits coherent 
population trapping (CPT), which reveals in a reduced popu-
lation h; hence, the magnetic field and detunings of the pump 
and repumping radiation should be chosen consistently. The 
magnetic field induction B0 should be sufficiently large to 
split the projection of the total angular momentum for all the 
levels considered; the value of Zeeman splitting should exceed 
the natural width of the transition line ∆E/h = μB g3B0 /h > g, 

J' = 9/2 J' = 7/2

J = 7/2 J = 7/2

F' = 4

F' = 5

F = 3

F = 4

F' = 3

F' = 4

F = 3

F = 4

D2

D1

|3 ñ

|2 ñ

|1 ñ

a b

Figure 1. Two kinds of transitions in the thulium atom, which can be 
used for optical pumping to the magnetic sublevel with mF = 0 of the 
ground state: ( a ) |J = 7/2, F = 4 ñ ® |J' = 9/2, F' = 4ñ and ( b ) |J = 7/2, 
F = 4 ñ ® |J' = 7/2, F' = 4 ñ, and |1 ñ, |2 ñ, |3 ñ are the levels considered in 
modelling the optical pumping with the transition at a wavelength of 
530.7 nm. Straight lines correspond to the transitions that should to be 
excited in the optical pumping, wavy lines correspond to spontaneous 
decay channels.

h

0.8

0.6

0.4

0.2

0 2 4 6 8 t/ms

mF = 0

1

2

Figure 2. Populations of the magnetic sublevels mF = 0, 1, and 2 of the 
ground state vs. the duration of optical pumping ( numerical solution ). 
The parameters of the pump and repumping radiations are: S1 = 4.4, 
S2 = 4, D1 = – 0.3g = – 0.1 MHz, and D2 = – 2.3g = – 0.8 MHz, B0 = 0.45 G.
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which in our case holds at B0 > 0.2 G. In the experiment, the 
magnetic field induction B0 was constant and equal to 0.45  G. 
The corresponding optimal detunings, at which the popula-
tion h = 1 is reached during the pump cycle of duration 5 ms, 
are D1 = D2 = 0.

3. Optical pumping. Experiment

Optical pumping of thulium atoms in an optical lattice to the 
central magnetic sublevel of the ground state was experimen-
tally realised. A schematic of the experimental setup is shown 
in Fig. 4. A sequence of used laser pulses is also presented in 
the figure. Preliminarily, atoms were cooled in a magneto-op-

tical trap and were captured to a vertical optical lattice at a 
wavelength of 813.3 nm. Cooling processes in MOT and atom 
reload into the lattice are described in [15, 16]. Magnetic sub-
levels  were  split  by  applying  the  horizontally  oriented  bias 
magnetic field B0 = 0.45 G just after MOT switches off. In a 
time delay of 20 ms after switching on the magnetic field, the 
pump and repumping radiations switched on for a time inter-
val of tpump. The delay after swit ching on the magnetic field is 
needed  for  all  transient  processes  to  finish.  The  pump  and 
repumping beams spatially coincide in the vacuum chamber, 
polarisations of both the beams were linear, and the polarisa-
tion vectors were parallel to the magnetic field vector. Thus, 
the  experiment  realised  the  system of  the  energy  levels  and 
light  fields  coupling  them  described  by  Hamiltonian  (1), 
which  was  considered  in  the  numerical  simulation.  In  the 
present work, direct and back-reflected beams were superim-
posed,  forming  one-dimensional  optical molasses;  this  par-
tially  compensated  for  atom  heating  by  the  pump  and 
repumping radiations.

The efficiency of optical pumping was determined by spec-
troscopy of the clock transition at l = 1.14 mm, described in 
[17]. After a pump cycle, the transition between central mag-
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Figure 3. ( Colour online ) Populations h of  the central magnetic  sub-
level of the ground state after optical pumping with a duration of 5 ms 
( numerical solution ): ( a ) S1 = 4.4, S2 = 4, D2 = – 2.3g = – 0.8 MHz; ( b ) D1 
= – 0.3g = – 0.1 MHz, D2 = – 2.3g = – 0.8 MHz, B0 = 0.45 G; and ( c ) S1 = 
4.4, S2 = 4, B0 = 0.45 G. In each plot, the points are marked with the co-
ordinates, respectively, h = 0.8, B0 = 0.45 G, D1 = – 0.3g = – 0.1 MHz; h = 
0.8, S1 = 4.4, S2 = 4; h = 0.8, D2 = – 2.3g =  – 0.8 MHz, D1 =  – 0.3g = 
– 0.1  MHz, which correspond to the experimental data ( Fig. 5 ).
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Figure 4. ( a ) Schematic of the experimental setup. The frequency of a 
semiconductor laser radiation at l = 1061 nm is stabilised relative to the 
external  high-Q  Fabry – Perot ULF-cavity  ( FP )  by  a  feedback  ( FB ) 
system and is doubled ( l = 530.7 nm ). Then the double frequency is 
shifted by acousto-optical modulators AOM1 ( for  the optical pump-
ing ), AOM2 ( to  return atoms  to  the pump cycle –  repumping  radia-
tion ), and AOM3 ( for laser cooling ). The third beam for laser cooling, 
which is normal to the image plane, is not shown. A uniform magnetic 
field B0 is directed along the electric field vector of the linearly polarised 
pump radiation. ( b ) Scheme of a laser pulse sequence. After finishing 
the cooling ( 1 ), atoms are partially captured in the optical lattice. For 
optical pumping, the uniform magnetic field B0 is switched on. After the 
field attains a stationary value, the optical pumping continues for 5 ms 
( 2 ). Then, the clock transition |mF = 0 ñ ®  |m’F = 0 ñ is excited by a p-
pulse of linearly polarised radiation at wavelength l = 1.14 mm ( 3 ), and 
the number of atoms remaining in the ground state is determined by the 
luminescence signal under the action of the resonance probe radiation 
at l = 410.6 nm ( 4 ). In the experiment on measuring the rate of depo-
larisation,  the  time delay between  the pulses of optical  pumping and 
clock transition excitation was varied.
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netic components of  the ground and upper clock  levels was 
excited by a pulse of linearly polarised radiation of duration 2 
ms  with  the  intensity  corresponding  to  a  p-pulse  at  zero 
detuning.  A  frequency  of  the  clock  transition  was  scan ned 
and the probability of exciting the state |m'F = 0 ñ was mea-
sured by the level of luminescence of unexcited atoms. Note 
that the Raby frequencies and, correspondingly, durations of 
p-pulses differ for atoms in different vibrational states of the 
optical lattice potential, which limits the maximal excitation 
efficiency.  In  the  result,  the maximal  excitation  probability 
yields the lower bound for the relative population of the cen-
tral magnetic sublevel |m'F = 0 ñ. For obtaining the maximal 
population, the duration of the pump pulse, radiation intensi-
ties, and detunings were varied. For initial approximation, the 
results of numerical simulation were used B0 = 0.45 G, D1 = D2 
= 0, S1 = 4.4, and S2 = 4. The following optimal parameters 
were determined experimentally: tpump = 5 ms, S1 = 4.4, S2 = 
4, D1 = – 0.1 MHz, and D2 = – 0.8 MHz. In these conditions, 
the relative population was h = 0.79(2) (Fig. 5); part of atoms 
remaining trapped in the optical lattice after the pump cycle 
was 60 %. The substantial losses of atoms from the lattice are 
related to atom heating due to multiple scattering of repump-
ing  radiation  photons.  The  distinction  between  calculated 
and experimentally determined parameters of the pump and 
repumping  radiations probably  relates  to  the  fact  that  the 
modelling neglected atom heating and differential scalar and 
tensor polarisabilities. In addition, nonlinearity of the pump 
radiation pola risation or misalignement of the polarisation 
from the axis defined by the magnetic field may lead to exci-
tation of atoms on the central sublevel of the ground state 
and  reduce  the  overall  degree  of  polarisation.  However, 
experimental  data  sufficiently  well  agree  with  the  calcula-
tion results, which give a good initial approximation for fur-
ther experimental search for optimal parameters of the opti-
cal pumping.

The method of optical pumping described above is rela-
tively simple in implementation, because it requires no addi-
tional laser sources: the radiation frequencies needed are obta-
ined by using a cooling laser and acousto-optical modulators. 
Nevertheless,  this  approach  results  in  heating  the  ensemble 
and atom losses from the trap because atoms from the excited 
state mainly decay to sublevel |J = 7/2, F = 3 ñ of the ground 
state  from  where  those  should  be  returned  to  the  pump 
cycle by additional radiation. It can be obviated by using 

for pumping a  transition, which  involves  levels with  equal 
values of the total electronic angular momentum |J = 7/2ñ ® 
|J’ = J = 7/2ñ, for example, the transition at l = 418.8 nm with 
a  natural  linewidth  g  =  10.2 MHz.  The wavelength  of  this 
transition is convenient from the viewpoint of availability of 
laser radiation sources; its linewidth is sufficient for realising 
fast optical pumping.

4. Depolarisation

In an external magnetic field, the central magnetic sublevel of 
the ground state mF = 0 is not a lowest-energy state, and the 
depolarisation process occurs in a polarised atomic ensemble: 
spin flips due to interatomic magnetic dipole – dipole interac-
tion. The process may limit the duration of clock transition 
interrogation (which affects the spectral width of the line) and, 
as shown below, result in atom losses from the trap. Earlier, 
we calculated the depolarisation rates for thulium atoms in a 
two-dimensional optical lattice [9] without magnetic field. The 
calculations show that the population of the central magnetic 
sublevel should fall by 30 % in a time interval of 10 ms if the 
occupation number of cells of the two-dimensional lattice is 
close  to unity. The  calculations were performed  for  a  fixed 
distance between antinodes of the two-dimensional optical lat-
tice. In a one-dimensional optical lattice, where atomic mot-
ion is limited in one direction, the average distance bet ween 
atoms is substantially greater. We may also expect that in a 
magnetic field the rate of depolarisation will reduce.

In  order  to  describe  the  rates  of  depolarisation  due  to 
magnetic  dipole – dipole  interaction  in  the  presence  of  an 
external uniform magnetic field B0, consider two interacting 
atoms possessing magnetic dipole momenta m1 and m2, which 
mutual position  is given by a vector r. The Hamiltonian of 
this system consists of two parts: H = HZ + VDDI, where HZ is 
Zeeman interaction of atom with the external magnetic field, 
and

VDDI =  [ 3( ) ( )]
r

r r
4
1
3 1 2 1 2

p
m m m m-

  =  [ ]
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T T T T T T

4 3

1 2
0 0 1 1 2 2
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m m

+ + + + +- -
'

is the dipole – dipole interaction [18]. Here, the summand T0 
describes the elastic dipole – dipole interaction, for which the 
projection  of  the  total  angular  momentum  of  each  atom 
remains unchanged; T0'  describes the simultaneous change of 
the  projections  of  total  angular momenta  of  two  atoms  by 
plus  or minus one,  in which  their  sum  remains  constant  as 
well as the total internal energy of the system; and T1, T–1, T2, 
and T–2 correspond to the relaxation processes in which the 
internal  energy of Zeeman  interaction  transfers  to a kinetic 
energy and vice versa due to a change of the sum of projec-
tions of total angular momenta.

The energy corresponding to the change by unity of  the 
projection  of  the  totoal  angular momentum  for  one  of  the 
atoms is equal to the value of Zeeman splitting DE = mB gB. In 
the  considered  experiment,  a  typical magnetic  field  value  is 
0.45 G, which corresponds to the energy DE/kB = 30 mK. A 
depth  of  the  optical  lattice  potential U/kB  in  our  case  is  at 
most 20 mK, that is, the change in the sum of projections of 
the totoal angular momenta due to the reduction of the kinetic 
energy is suppressed because only a small part of atoms in the 
dipole trap has a sufficient energy. In turn, relaxation accom-

P

0.8

0.6

0.4

0.2

0
–2 –1 0 1 D f/kHz

Figure 5. Experimentally  measured  probability  P  of  populating  the 
sublevel |m’F = 0 ñ by a 2-ms p-pulse vs. frequency detuning D f of the 
clock transition laser ( l =1.14 mm, points ). The curve is approximation 
of experimental data by the function sinc2(ptD f ).
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panied by an increase in the kinetic energy leads to atom loss 
from  the  dipole  trap.  Thus,  relaxation  processes  do  not 
change  the  relative  population  of  magnetic  sublevels,  but 
affect only the total number of atoms in the trap. Hence, in 
the dependence of the relative population of central magnetic 
sublevel on time we may limit our consideration to the first 
two summands in the expression for VDDI. In this case, depo-
larisation  is  described  by  the  following  Schrödinger  equa-
tions:

¶
¶

[ ( ) ( ) ]i
t

H r T r TZ 0 0'
y

x x y= + + ' .  (3)

Here,

HZ = gμB BS1z + gμBBS2z;

( )r
r4

1 2

3
x

p

m m
=- ;

T0 = (3cos2q – 1)S1z S2z;

T0'  = 1/4(3cos2q – 1)(S1+ S2– + S1– S2 +);

Siz, Si+, Si –  are  the  operator  of  the  projection  of  the  total 
angular  momentum,  raising  and  annihilation  operators 
affecting the total angular momentum of ith atom (i = 1, 2); 
and q is the polar angle, which defines the direction of r (see 
inset in Fig. 6). For the initial system state, we take |m1 = 0, 
m2 = 0 ñ where both atoms have zero total angular momentum 
projections to the quantisation axis. Numerical solutions for 
Eqn (3) are presented in Fig 6 for several distances between 
dipoles.

The depolarisation rate in the optical lattice configuration 
employed  was  experimentally  measured.  For  this  purpose, 
atoms in the lattice were pumped to the central magnetic sub-
level. Then, the excitation probability for the state |mF'  = 0 ñ 
was measured in a time interval tdelay = 5 – 1300 ms (Fig. 4b). 
Measurement results are shown in Fig. 6. By approximating 
experimental data with numerical  simulation, we  found  the 
average distance between atoms r = 1.24(6) mm.

One can see from Fig. 6 that the population of the mag-
netic sublevel with mF = 0 changes by less than 20 % in a time 

interval of 1 s. At the interrogation period t = 1 s, the trans-
form-limited  line width does not  exceed 1 Hz, which  is  less 
than the natural linewidth of the clock transition. Hence, in 
the optical lattice geometry described, at the atom concentra-
tion n ~ 1011 cm3, depolarisation due to magnetic dipole – dip-
ole interaction actually does not limit the interrogation time 
and width of the clock transition resonance.

5. Conclusions

Results of the numerical simulation and experimental realisa-
tion are presented for the optical pumping of thulium atoms 
to  the  central  sublevel with mF  =  0  of  the  ground  state  by 
using the transition at l = 530.7 nm, which also participates in 
the laser cooling cycle. The optimal values of detunings found 
experimentally for the pump and repumping radiations D1 = 
– 0.1 MHz, D2 = – 0.8 MHz (the numerical simulation yields 
D1 = D2 = 0) point to atom heating during optical pumping 
and to raising pump efficiency in the case of Doppler cooling. 
According to the modelling data, the pump efficiency can be 
enhanced  by  increasing  the  intensities  of  the  pump  and 
repumping radiations above the values used (S1 = 4.4, S2 = 4). 
At the parameters mentioned above, the attained population 
is h =0.79(2), and the atom losses due to heating reach 40 %. 
A scheme is suggested and analysed for the optical pumping 
at the transition with l = 418.8 nm (transition |J = 7/2 ñ ® |J' = 
J = 7/2ñ). In this scheme, the atom losses due to heating should 
be substantially  lower.  In  the near  future, we plan studying 
the optical pumping of thulium atoms by using the developed 
diode laser system operating at l = 418.8 nm.

In addition, the rate of a decrease in the relative popula-
tion  of  the  sublevel  with mF  =  0  of  the  ground  state  in  a 
magnetic  field  due  to  dipole – dipole  interaction  was  mea-
sured. The average distance between atoms in an optical lat-
tice found from modelling results is 1.24(6) mm. It is shown 
that  depolarisation  at  the  experimental  parameters  men-
tioned imposes no constraints on the interrogation time of 
the ensemble and on the width of the clock transition reso-
nance.
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