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Abstract.  A cavity-enhanced optical lattice at a wavelength of 
814.5 nm for thulium atoms is designed and its characteristics are 
investigated. The parametric resonances at the vibrational frequencies 
of the trap are measured. The enhancement cavity will be applied to 
search for the magic wavelength of the clock transition at 1.14 mmmm 
in thulium atoms. 

Keywords:   frequency standard, optical lattice, enhancement cav-
ity, parametric resonances, ultracold atoms, thulium.

1. Introduction

The precision of modern optical clocks based on ensembles 
of neutral atoms in optical lattices and single ions achieves a 
few parts in 1018 [1, 2], which offers wide possibilities both for 
fundamental studies [3, 4] and for solving a number of applied 
problems [5]. In spite of the advances in the development of 
optical clocks using neutral atoms of strontium [6] and ytterbium 
[7],  as well  as  some  ions  (aluminium  [8],  ytterbium  [9]),  the 
search for new prospective atomic systems for frequency stan-
dards is still going on [10, 11]. We study the characteristics of 
the frequency standard based on neutral thulium atoms in an 
optical  lattice.  The  magnetic  dipole  transition  between  the 
fine-structure  components  of  the  ground  state  at  the wave-
length  1.14 mm having  the  natural  spectral width  1.4 Hz  is 
chosen as a clock  transition  in  thulium atom. According  to 
the calculations [12], this transition is expected to have a low 
sensitive to the frequency shift caused by the environmental 
thermal radiation.

The accuracy of  an optical  frequency  standard  is  deter-
mined mainly by the detailed knowledge of frequency shifts of 
the clock transition caused by external fields and the capability 
to control them. For atoms trapped in an optical lattice, one 
of the most essential frequency shifts of the clock transition is 
the shift caused by the radiation of the optical lattice itself. To 
minimise this shift,  the optical  lattice  is  to be formed at the 
so-called magic wavelength, for which the polarisabilities of the 
upper and  lower  levels of  the clock  transition coincide  [13]. 

Commonly, the magic wavelength can be calculated theoreti-
cally with an error of a few nanometres [14], whereas its exact 
value is determined experimentally from the shift of the clock 
transition frequency depending on the intensity of radiation 
in the optical lattice [15, 16].

As a rule,  in optical  frequency standards use  is made of 
optical lattices having a small depth of the order of 10 – 50 Erec, 
where Erec = h2/(2ml2)  is  the  recoil  energy; h  is  the Planck 
constant; l  is the wavelength of the optical  lattice; and m  is 
the atom mass. On  the other hand,  the use of deeper  traps 
makes it possible to increase the accuracy of determining the 
magic wavelength position and to study the level shifts, non-
linearly depending on the intensity [17, 18]. The enhancement 
of the optical lattice using an external cavity allows increasing 
the  range of  intensity  variation  and  selecting  the  specified 
spatial mode of radiation. Besides an increase in intensity, the 
use of an enhancement cavity allows a refinement of its value 
in the trap compared to the case of mere focusing, since the 
cavity mode size can be determined with high accuracy. The 
precise determination of intensity, in turn, offers a possibility 
of  reliable  measurements  of  the  absolute  values  of  atomic 
level polarisabilities from the frequency shift in the light field.

In the paper, we present the results of developing an external 
enhancement cavity for an optical lattice aimed to search for 
the magic wavelength of the clock transition in thulium atoms 
in the range 800 – 860 nm. The efficiency of loading thulium 
atoms from a magnetooptical  trap (MOT)  into  the optical 
lattice is measured as a function of the laser radiation power 
forming the lattice. The spectrum of parametric resonances is 
studied and the vibrational frequencies of atoms in the optical 
lattice are measured.

2. Enhancement cavity design

Previously,  we  have  calculated  that  the  preferential  magic 
wavelength for the clock transition in thulium atoms lies in the 
spectral range 806 – 815 nm [12]. To create an optical lattice, 
the radiation of a wavelength-tunable Ti : sapphire laser is used. 
We use  a  vertical  configuration  of  the  lattice  to  reduce  the 
probability of tunnelling between the cells [19]. The atoms are 
loaded into the optical lattice from MOT, described in detail 
in Refs [20, 21].

Two spherical mirrors, installed outside a vacuum chamber 
(Fig. 1), formed an external enhancement cavity. The power 
of radiation in an antinode of the standing wave in the centre 
of the cavity Pc is related to the input power of radiation P0 by 
the expression
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where Tin, Rin (Tout , Rout) are the intensity transmission and 
reflection coefficients of the input (output) mirror; and Tf is 
the intensity transmission coefficient of each flange.

The power ehnancement coefficient, defined as a ratio of 
the powers in the antinodes of the optical lattice in the cavity to 
that  in  the  absence  of  the  cavity  (when  the  input mirror  is 
absent) is given by

2( )
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T R R
T

1 f in out

in
2=

-
.  (2)

The  total  losses measured  at  the  flanges  of  the  vacuum 
chamber for the wavelengths near 800 nm amount to 13 % per 
roundtrip, i.e., Tf

4 = 0.87 for two flanges, each passed forward 
and backward. To maximise the power of radiation circulating 
in the cavity and to match the impedances, the reflection coef-
ficient  of  the  entrance mirror  should  also  equal  0.87. The 
second mirror was chosen to be highly reflecting with the reflec-
tion coefficient above 0.99.

The cavity configuration was chosen close to concentric, 
since it allows essential variation of the waist size by a relatively 
small change in the separation between the mirrors. For the 
chosen  curvature  radius  of  the  mirrors  (rm  =  25  cm),  the 
change  in  the  cavity  length within  460 – 495 mm  leads  to  a 
change in the waist radius w0 from 133 to 80 mm at the 1/e2 
intensity  level.  In  the present paper,  all measurements were 
performed in the configuration with the separation between 
the mirrors  equal  to  481±1 mm, which  corresponds  to  the 
waist size of 111.3±1.4 mm. The spatial mode of laser radiation 
was matched to the cavity mode by performing appropriate 
measurements and choosing the matching optics.

The cavity transmission peak was locked to the laser fre-
quency using the Hänsch – Couillaud method, and the tuning 
of the cavity length was implemented by displacing the highly 
reflecting mirror with a piezoelectric element (Fig. 1) [22]. The 
feedback bandwidth amounted to 6 kHz. The power of radia-
tion circulating in the cavity was determined using a photodi-
ode installed behind the output mirror of the cavity. The pro-
portionality coefficient U between the radiation power in the cav-
ity and the voltage at the photodiode was measured separately 

and was used in the subsequent experiments to determine the 
radiation power  in  the  lattice antinodes. The resulting relative 
error of the radiation intensity assessment in the trap region 
(I = 2Pc /pw0

2 = 2kU/pw0
2) is determined by the expression
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and equals 6 % – 10 % depending on the power at dk/k = 0.05, 
dU = 50 mV, U = 0.6 – 1.9 V, and dw0 /w0 = 0.0013.

The radiation power enhancement coefficient in the cavity 
is K = 8.5, which allows the efficiency of loading atoms from 
the MOT to the optical lattice to have the values up to 60 %. 
The maximal trap depth in the units of recoil energy is U0 = 
500Erec.  The  dependence  of  the  loading  coefficient  on  the 
radiation power in the lattice antinodes is presented in Fig. 2. 
The  loading  efficiency  is  limited  by  the  available  radiation 
power, as well as by the spatial overlap of the optical lattice 
waist with the cloud of atoms in the MOT.

3. Parametric resonances

As mentioned above,  the enhancement cavity allows one to 
increase  the  depth of  the  trapping potential  of  the  optical 
lattice and to determine it. One of the ways to determine the 
depth  of  the  trapping  potential  is  the  study  of  parametric 
resonances  [23]. The potential of  a one-dimensional optical 
lattice, formed by the Gaussian beam overlapping its reflected 
counterpart and arranged along the z axis is described by the 
expression

Ulat(r, z) = –U0(z) exp(–2r2/w0
2) cos2(2pz/l),  (3)

where U0(z) = 4aga0
3Pc /(cw2(z)) is the maximal depth of the 

lattice;  r  is  the distance  from  the  axis of  the optical  lattice; 
ag is the polarisability of the atom in the ground state; a0 is 
the  Bohr  radius;  c  is  the  velocity  of  light;  and w(z)  is  the 
Gaussian beam radius at the distance z from the waist along 
the beam axis. Near the minima, Eqn (3) has the form of a 
harmonic potential
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Figure 1. Schematic of the optical lattice enhancement cavity: 
(FI)  Faraday  isolator;  (PD)  photodiode;  (BD)  balance  detector;  nAOM = 
39  MHz is the frequency of the acoustooptical modulator (AOM); n0 is the 
radiation optical frequency. The curvature radius of the mirrors is rm = 25 
cm, the separation between the mirrors is 481 mm, and the reflection coef-
ficient is Rin = 87 % for the input mirror and Rout = 99.99 % for the highly 
reflecting one. Double arrows show the MOT cooling beams.
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Figure 2. Dependence of the fraction of atoms loaded from the MOT 
into the optical lattice on the radiation power Pc in the antinodes of 
the optical lattice (the points show the experimental data, the straight 
line corresponds to the linear approximation).
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where wr = 2pfr  is  the  transverse vibration  frequency; wz = 
2pfzz is the longitudinal vibration frequency for the atoms in 
the lattice;
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The harmonic modulation of the potential depth, i.e., the 
power of the radiation forming the lattice at the frequencies 
f = 2fi /n, where i = r, z, and n is an integer, leads to the para-
metric  excitation  of  atomic  transitions  between  the  vibra-
tional  energy  levels  [23],  the heating,  and  the  loss of  atoms 
from the trap. Thus, investigating the loss of atoms from the 
optical lattice as a function of the power modulation frequency, 
one can determine  the  longitudinal and  transverse eigenfre-
quencies of the trap. 

The  experiment on  recording  the parametric  resonances 
was carried out as  follows. The  thulium atoms were cooled 
and trapped in the MOT [20, 21]. In the trapping region, the 
radiation  of  the  optical  lattice  was  present  simultaneously 
with the MOT. After the cooling cycle, the trapping fields of 
the  MOT  were  switched  off,  and  part  of  atoms  remained 
trapped in the optical lattice. The radiation power of the opti-
cal  lattice  was  continuously  modulated  by  means  of  an 
acousto-optic  modulator  (AOM)  (Fig.  1).  The  lattice  was 
formed by the zero-order diffracted beam from the AOM, its 
power being determined by the power of the radio-frequency 
signal applied to the AOM. The amplitude modulation of the 
radio-frequency AOM signal  led to  the modulation of  laser 
radiation  power  at  the  same  frequency. During  the  experi-
ment, the enhancement cavity was stabilised. Its transmission 
bandwidth Dn amounted to 7 MHz, which essentially exceeded 
the used modulation frequencies, thanks to which the transmis-
sion coefficients  for  the  carrier  frequency and  for modulation 
sideband frequencies practically coincided. Thus, the presence 
of the cavity did not affect the modulation parameters.

We  studied  two  frequency  ranges,  corresponding  to  the 
longitudinal  and  transverse  resonance  frequencies  of  atom 
vibrations  in  the optical  lattice. The modulation depth was 
from 2 % to 10 % depending on the resonance strength. In t = 
100 ms  after  switching  off  the MOT  the  number  of  atoms 
staying in the optical lattice was measured. The results of the 
study of  the  loss of atoms  from  the  lattice are presented  in 
Fig.  3.  The  experiment  was  also  performed  in  a  different 
scheme, when, instead of continuous modulation, the lattice 
intensity was modulated during the first 300 ms after switching 
the MOT  fields off,  and  then  the number of  atoms  staying 
in  the  trap  was  detected.  The  results  obtained  using  both 
methods were similar. 

To  find  the  trap vibration  frequencies,  the  contours of 
parametric resonances near their centres were approximated 
by  quadratic  functions.  It  is  seen  that  in  accordance with 
Eqns (5) and (6) the change of the radiation power in the anti-
nodes of  the  lattice  leads  to  the  shift of  the  resonance  fre-
quency (see insets in Fig. 3). The values of the obtained lon-

gitudinal  and  transverse  frequencies  are  presented  in 
Table  1.

From the relation of these frequencies  [see Eqns (5) and 
(6)]  one  can  determine  the  dynamic  polarisability  of  the 
ground state of the thulium atom at the wavelength 814.5 nm 
and the size of the optical lattice waist:
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The polarisability calculated using Eqn (7) is ag = 146±44 a.u. 
For the calculations we used the vibration frequencies for a 
deeper potential, corresponding to Pc = 16.8 W, where the effect 
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Figure 3. Spectra of (a) low-frequency and (b) high-frequency parametric 
resonances in the optical lattice. The resonance frequencies are determined 
using a quadratic  approximation of  the  experimental points near  the 
resonances. In the insets, the shift of the resonance frequency depending 
on the radiation power in the lattice antinodes is shown.
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of anharmonicity  is smaller. Earlier  in Ref.  [12]  the polaris-
ability  of  the  ground  state  of  thulium  atom was  calculated 
theoretically in a wide range of wavelengths; the value found 
for it (195 a.u. at the wavelength l = 814.5 nm) agrees with 
the  result  of  the  above  experiment. This  proves  sufficiently 
high reliability of calculations,  in  spite of  the considerable 
difficulties  related  to  the  calculation  of  energy  levels  and 
oscillator strengths for rare earth atoms with partially filled 
inner shells [24 – 26]. The waist size w0 determined using Eqn (8) 
amounted  to  124±12 mm, which  agrees with  the  calculated 
value w0 = 111.3±1.4 mm within the error limits. The waist size 
obtained from the formulae for the frequencies of parametric 
resonances is overestimated because the temperature of atoms 
in  the experiment  is comparable with the  trap depth, which 
leads to essential anharmonicity of the potential [27]. In spite 
of the high uncertainty of the method, the agreement between 
the calculated and experimental values of the waist size means 
that the experimental estimate of the ground state polarisability 
is most likely valid.

4. Conclusions

We presented the results of studying ultracold thulium atoms 
trapped in an optical lattice formed in the external enhance-
ment cavity at the wavelength 814.5 nm. The power enhance-
ment coefficient of the cavity amounted to 8.5, which allowed 
one to achieve a power up to 25 W in the antinodes of the lat-
tice and an efficiency of 60 % for loading the atoms from the 
MOT to the optical lattice. The trapping potential of the opti-
cal lattice was characterised by analysing the parametric reso-
nances. From the  frequencies of  the parametric  resonances, 
we determined the polarisability of the ground state of thu-
lium  atom  at  the  wavelength  814.5  nm  that  amounted  to 
146±44 a.u.

The enhancement cavity allowed a significant increase in 
the depth of the optical lattice potential, which in the future 
will be used  in the experimental search for the magic wave-
length of the clock transition at 1.14 mm in the thulium atom. 
Moreover, we plan to measure the differential scalar and ten-
sor polarisability, as well as the differential static polarisabil-
ity that determines the sensitivity of the clock transition fre-
quency to the environmental thermal radiation.
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Table 1. Frequencies of parametric  resonances  in  the  studied  trap at 
two values of the radiation power in the loops.

Pc/W fr /Hz 2fr /Hz fz /kHz 2fz /kHz

10.8 62±10 131±10 52±5 97±7

16.8 82±10 171±10 57±5 116±7


